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We present results of a comprehensive investigation of the structural, frequency dependent ac sus-
ceptibility, dc magnetization, magnetoresistance and thermoelectric power measurements on poly-
crystalline samples of La1�xLixMnO3 (0.05rxr0.30). All samples undergo ferromagnetic to para-
magnetic transition and metal to semiconductor transition. A cusp in the zero field-cooled in dc mag-
netization and a frequency-dependent peak in the ac susceptibility reveal the glassy behaviors. The out of
phase component of the ac susceptibility shows frequency-dependent peaks below the Curie tempera-
ture (indicative of glassy behavior) which have previously been interpreted in terms of freezing of
clusters. The grain boundaries play a dominant role in the conduction process. The framework of the
magnon and phonon drag concept analyzed thermoelectric power data at low temperature, while small
polaron conduction mechanism explained thermoelectric power data at high temperature. It has been
found that the percolation threshold sample is x¼0.10, so the author’s point of view refers to make spot
on this sample in the future works.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

The magnetoresistance (MR) phenomenon [1] has attained
interest from scientists due to their industrial applications in
magnetic, magnetoelectronic, photonic devices, infrared detector,
as well as spintronic technology.

The R1�xAxMnO3 compounds (R¼rare earth and A¼divalent
alkali) were extensively studied for their significant magnetic be-
haviors [2–4]. The undoped compound LaMnO3 (x¼0) is an anti-
ferromagnetic semiconductor (AFS) which evolves to a ferromag-
netic metal (FMM) when a mixed Mn3þ/Mn4þ valency is induced
by the R3þ/A2þ substitution. This interpreted by the double ex-
change theory (DE), where the carrier spins are aligned and hope
from one Mn-site to the other through Mn–O–Mn without change
in their spin orientation [4]. The Mn3þ/Mn4þ ratio can play a large
role in the different interactions such as double exchange (DE) [5],
superexchange (SE) and coulomb interaction (CI) among Mn ion.
The relative change in Mn3þ/Mn4þ is due to a competition be-
tween the double exchange (DE) ferromagnetism (FM) and the
superexchange (SE) antiferromagnetism (AFM), as a result of a
homogenous or inhomogeneous distribution of electron density
which leads to phase transition [6,7–9] and the coexistence
r_Hanyfathy@yahoo.com (H.F. Moh
different magnetic phases in manganites [7–9].
The other parameter can effect on the magnetic and electric

behavior of the materials is the average size of the A-site cation.
Relieve of incorporates the different sized A-site cation in

perovskite structure make it available to design a verity of man-
ganites, giving a wide range of magnetotransport properties. A-site
disorder caused by occupying the A-site with different sized ion,
its importance (variance s2¼Σi xiri 2� 〈rA〉) for the magnetic and
electrical transitions is well-understood [10].

The basic physics of doped manganites is not only dependent
on the DE interaction but there is other mechanism such as the
formation of the small polaron in the paramagnetic–semi-
conducting (PMS) phase [11].

The semiconducting behavior explained by the polaron for-
mation [12] and polaronic hopping conduction mechanism. In
these magnetic manganites such a competition between AFM and
FM favors the spin-glass (SG) state at low temperature.

The thermoelectric power (TEP) is a crucial tool to inspect
important properties of the polycrystalline samples [13,14] in-
cluding the type of the dominant carrier [15]. Noteworthy, in the
transition metal oxide, various mechanisms such as diffusion,
phonon drag, or magnon drag can influence the TEP [16]. However,
amed).
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Fig. 1. XRD diffraction patterns for La1�xLixMnO3 (x¼0.05, 0.10, 0.15, 0.20, 0.25 and
0.30), the inset shows the variation of peak shape with doping for the most intense
peak. (b) Rietveld refined patter of the La0.95Li0.05MnO3 sample.

Table 1
Rietveld refined of La1–xLixMnO3 (x¼0.05, 0.10, 0.15, 0.20, 0.25 and 0.30) manganite sys

X 0.05 0.1

Cell parameter
a (Å)¼b (Å) 5.5308 5.5266
c (Å) 13.3579 13.3559
Volume (Å3) 353.8708 353.3873

Bond length
La/Li–O 2.666 2.6635
Mn–O (Å) 1.9648 1.9637

Bond angle
Mn–O–Mn (deg) 163.9 164
O(x) 0.4505 0.4491
Mn4þ% 10.0204 20.006
Δ 0.098 0.067
Tolerance factor (tcalc ) 0.9527 0.9511
Tolerance factor (tobs) 0.9595 0.9591
s2 ( Å2) 0.0076 0.0144
〈rA〉 (Å) 1.2660 1.2635
average crystallite size L (nm)XRD 54.47 69.32

R-factor (%)
Rp 9.88 10.7
Rwp 13.7 14.3
Rf 3.64 5.46
RBragg 3.4 3.47
Goodness of fit indicator χ 1.387 1.336
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deep interpretation of the temperature dependence of Seebeck
coefficient [S(T)] is rarely reported [17–19].

This work presents a study on the effect of Li doping on the
magnetic, electrical, magnetoresistance and thermoelectric prop-
erties of LaMnO3. Through magnetization (dc and ac), resistivity
(with and without applied magnetic field) and Seebeck coefficient
measurements, we present a comprehensive configuration of the
empirical behavior of the compositions under study.
2. Experimental

Set of La1�xLixMnO3 samples with x¼ 0.05, 0.10, 0.15, 0.20, 0.25
and 0.30 were prepared by a conventional solid-state reaction
method. Specifically, amounts of La2O3, Li2CO3 and MnO2 powders
(99.99% purity) were mixed together according to the stoichio-
metric ratios and then ground thoroughly. Each mixture was
pressed into small pellets under pressure 2ton/cm2, subsequently,
the pellets were calcined at 1273 K for 24 h. After cooling to room
temperature, they were reground and again pressed into pellets
and sintered at 1373 K for 48 h. The x-ray diffraction (XRD) in-
vestigation was carried out at room temperature using Brucker
(Axs-D8Advance) diffractometer with CuKα radiation
(λ¼1.5406 Ǻ). The dc magnetic properties were studied using a
superconducting quantum interference device (SQUID) magnet-
ometer (Quantum Design) and the ac susceptibility was measured
using the magnetic option of the physical property measurement
system (PPMS) of Quantum Design. The resistivity was measured
as a function of temperature using the standard four-point
method. The thermoelectric power measurements were carried
out by means of a home-built setup published in our previous
work [20–22].
3. Results and discussion

3.1. Structural properties

Fig. 1 shows the x-ray diffraction patterns of the samples de-
termined at room temperature. The data imply that the samples of
xr0.10 are single rhombohedral phase with space group R c3̄ ,
tem (with R c3̄ space group) at room temperature.
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Fig. 2. Scanning electron micrographs of of La1�xLixMnO3 (a�x¼0.05, b�x¼0.10, c�x¼0.15, d�x¼0.20, e�x¼0.25, and f�x¼0.30) manganites.
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where La/Li atoms are located at 6 a (0, 0, 0.25), Mn at 6b (0, 0, 0)
and O at 18e (x, 0, 0.25) Wyckoff positions. Note that no peaks of
impurities or other phases could be detected. The samples with
(0.15rxr0.3) are close to single phase with minor amount of
Mn3O4 impurity. Noteworthy, Shih et al. [23] obtained similar re-
sults, and they imputed the appearance of the impurity phases to
limitation of Li solubility in La sub-lattice. Such limitation causes
mismatch in the valence and ionic radius between Li and La. Si-
milarly, Rao et al. [24] reported about appearance of similar type of
impurity phase (with ratio 5%) in Na-doped LaMnO3 sample and
they confirm that it has no influence on any of the physical
properties. The gradual change in the shape of split peaks (110)
and (104) (see inset of Fig. 1(a)) suggests onset of the orthor-
hombic phase [25].

Stander Rietveld refinement technique was utilized for refining
the experimental data and calculating the cell parameters of all
samples and the data are presented in Table 1. A typical plot of
XRD pattern of x¼ 0.05 with its Rietveld refined one, including the
difference between observed and calculated patterns are shown in
Fig. 1(b) as an example. Generally, one can observe that the lattice
parameters and the unit-cell volume decrease as the lithium
content increases. This shrinkage of the lattice with Li doping is
due to two factors: firstly, the ionic radius of Li (0.092 nm) is much
smaller than that of La ion (0.136 nm) [26], secondly, increasing
the Li content increases Mn4þ ion, which has smaller (ionic radii,
0.53 Å) than the Mn3þ ion (ionic radii, 0.645 Å) [26]. Presence of
smaller cations in the B sublattice of the ABO3 perovskite is re-
sponsible also for the lattice distortion because of the mismatch
between the sizes of ions and the interstices occupied by them in
the perovskite lattice. The lattice distortion is represented by the
tolerance factor tcalc,obs.¼(rAþrO)/√2(rMnþrO)¼dA–O/√2dB–O
(where rA, rMn, and rO, are the ionic radii for A-site, Mn-site and
oxygen ion, respectively). If t is close to one, the cubic perovskite
structure is realized. Furthermore, if rA decreases, t also does and
the lattice structure transforms to the rhombohedral structure
(0.93oto1) and then to the orthorhombic structure (to0.93), in
which the bending of Mn–O–Mn bond and the deviating of the
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Fig. 3. Magnetization vs. temperature curves of La1�xLixMnO3 (x¼0.05–0.30) measured under ZFC and FC condition in a magnetic field of 100 Oe.

A.M. Ahmed et al. / Journal of Magnetism and Magnetic Materials 392 (2015) 27–4130
bond angle from 180° increase. In these samples the tolerance
factor (tcalc. and tobs.) show a downward trend, resulting in trans-
forming the crystal structure to low symmetry.

Another issue can contribute to the lattice distortion which is
the deformation of the Mn3þO6 octahedra originating from the
Jahn–Teller (JT) effect that is inherent to the high-spin (S¼2)
Mn3þ ions with double degeneracy of the eg orbital. The static JT
distortion is given by the following formula [27]:

Mn O Mn O
1
3 1iJT

2[ ]∑σ = ( − ) − −
( )

where (Mn–O)i stands for the three independent Mn–O bond
lengths and ‹Mn-O› is the average Mn–O bond length. As has been
mentioned above, our samples are characterized by rhombohedral
(R c3̄ ) structure. Since all three Mn–O distances are equal in the R c3̄
phase, the static JT distortion parameter is equal to zero according
to Eq. (1). This trend is in agreement with the x-ray data. It can be
deduced that, the contributions of the static JT distortions are
eliminated and only the crystal structure distortions are respon-
sible for the lattice deformation.

Fig. 2 shows the scanning electron microscope (SEM) images of
the fractured surfaces of the La1�xLixMnO3 (x¼0.05, 010, 0.15,
0.20, 0.25 and 0.30) samples. The grains are well connecting with
each other and the grain sizes significantly change with increasing
the Li content. The XRD results allowed to calculate the average
crystallite sizes of the materials using Scherrer’s formula, 〈D〉¼Kλ/
β cosθ, where 〈D〉 is average particle size, K is a constant (shape
factor of 0.89), λ is the Cu Kα wavelength, and β is the full width at
half maxima of the XRD peak. The crystallite sizes are found to be
in the range of 54–49 nm. Obviously, the grain sizes observed by
SEM are several times larger than those calculated by XRD, which
indicates that each grain observed by SEM consists of several
crystallites.

3.2. Magnetic properties

The temperature dependence of magnetization was studied in
zero field M(T)ZFC and field M(T)FC cooling regimes at a fixed ap-
plied magnetic field 100 Oe within a temperature rang 50–300 K.
The M(T)ZFC plots show that all samples undergo a sharp FM to PM
transition at certain temperature TC. The Curie temperature (TC)
values are determine by the minimum of the dM/dT vs.
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temperature curves and tabulated in Table 3. In the low doping
level (up to x¼0.10) the TC values increase as the Li content in-
crease and then decrease with further Li doping. This behavior
may be explained by considering the fact that increasing the Li
doping raises up the ratio of Mn4þ/Mn3þ and thus favors the DE
interaction. In this process, the number of ferromagnetically
aligned domains supersedes the paramagnetically aligned ones so
that the percolation threshold is attained and the compound be-
comes FM, thereby raising the TC values initially in the low doping
regime. As the concentration of Mn4þ exceeds Mn3þ , the SE
contribution dominates over DE resulting in a decrease in the TC
values. In fact, similar observations were reported earlier by other
groups[28,29]. Furthermore, the transition temperature depends
also on the competition between the rhomobedral and orthor-
hombic phases. Specifically, the rhombohedral perovskite struc-
ture is characterized by a weak Hund’s coupling favoring an in-
crease in the TC [30, 31]. In an orthorhombic symmetry, the
transfer of the eg electron is slow when compared with the
rhombohedral symmetry. The structural change from rhombohe-
dral to orthorhombic with higher doping may stimulate the cor-
responding effect.

The low field M(T)ZFC and M(T)FC curves exhibit strong irre-
versibility just below the TC. Moreover, the ZFC magnetization
shows a hump at certain temperature TC/F. The TC/F, represents the
onset of canting and/or random freezing of the spins, where the
magnetization decreases with the decrease of temperature (Fig. 3).

For further clarification, we measured isothermal M vs. H plots
at 5 K (Fig. 4). Obviously, the saturation magnetization Ms in-
creases with Li doping up to x¼0.10 and decreases thereafter (see
the inset of Fig. 4). The Ms decrease may be arising from the spin
canting [32,33] of the AFM Mn sublattices or existence of local FM
regions according to the spin cluster model. It was found that the
spin cluster model is more applicable to these magnetic behaviors.
It is postulated that the system phase may consists of two separate
kinds of clusters depending on the interaction form (direct and/or
indirect). The first is the FM clusters characterized by ferromag-
netic double exchange interaction between Mn3þ and Mn4þ while
the second is AFM clusters that are embedded in the matrix
[32,34–36]. The AFM cluster occurs due to the Mn3þ–Mn3þ or
Mn4þ–Mn4þ interactions. The coexistence of and competition
between FM and AFM interactions could lead to spin glass (SG)-
like behavior. The observed behavior of the Ms can be interpreted
similarly as was presented above for the change of the TC. That is,
by increasing the Li content up to xr0.10, the percentage of the
Mn4þ increases. Consequently, the DE interaction increases and
the percolation threshold is attained and the compound becomes
FM, thereby the Ms value enhances. Further doping raises up the
concentration of Mn4þ over that of Mn3þ . Therefore, the SE con-
tribution dominates over the DE and thus, the observed decrease
of the MS beyond the samples x¼0.10 is reasonable.

AC susceptibility measurements are crucial method to confirm
spin cluster/glass behavior, complex spin states and phase transi-
tion. Fig. 5 shows the temperature dependence of the ZFC ac
susceptibility. Both χʹ and χʺ (the in-phase and out-of-phase
components, respectively) are measured at 11, 111, 1111, 5111,
9111 Hz. The χʹ(T) plots show small decrease below a certain
temperature Tcusp. The Tcusp has a fixed value and does not change
with increasing the frequency-suggesting onset of ferromagnetic
ordering. Additionally, shoulders have been observed at lower
certain temperature. Noteworthy, the temperatures at which these
shoulders appear are frequency dependent. (The inset of the figure
shows these shoulders at higher magnified scale)

The χʺ(T) plots are characterized by two maxima χʺmax1 and
χʺmax2 at two different temperatures. Noteworthy, the value of the
maximum appears at low temperature χʺmax1 decreases with in-
creasing the Li doping level up to x¼0.10 and increases thereafter.
This clearly indicates that the loss or dissipation in the system
decreases by Li doping up to x¼0.10 but increases subsequently.
The value and position of the high temperature maximum (χʺmax2)
are nearly frequency independent. However, χʺmax1 shows shifts to
higher temperatures as the frequency increases. These behaviors
are typical for the cluster-glass features [37–39]. The maximum
χʺmax2 correspond to the onset of the ferromagnetic ordering,
while χʺmax1 maximum is associated with freezing of the cluster
magnetic moments [40].

Glassy orientation in the spin glasses can be determined by the
DC magnetization or low frequency AC susceptibility measure-
ments and it is associated by a memory effect. Noteworthy, the SG
phase (ordinary or re-entrant) is featured by pronounced memory
behavior, whereas the disordered and frustrated FM phase exhibits
little or no memory effect [41]. The primary criterion to predict the
SG state for a material is δTf¼ΔTf/TfΔ(log10 f), where ΔTf re-
presents the change in the χʺmax1 position with the frequency
variation. For typical spin glass systems, δTf varies in the range of
0.004–0.018 [42]. The quantity δTf for these samples give values
around 0.0044, which are in good agreement with the typical
values of the spin glass system.

Eq. (2) (the conventional critical “slow down” of the spin dy-
namics) is used to describe the spin glass behavior in the systems
under study [43,44]:

⎛
⎝⎜

⎞
⎠⎟

T T

T 2o

f SG

SG

z
τ
τ

α
−

( )

ν−

where ταf�1, TSG is the critical temperature for SG ordering (this is
equivalent to the f-0 value of Tf), zυ is a constant exponent, and τ0
is the characteristic time scale for the spin dynamics. The coin-
cidence with Eq. (2) was tested by plotting ln(f) as a function of ln
(Tf�TSG/TSG) as shown in Fig. 6 for the sample x¼0.05 as an
example. The best fit to Eq. (2) is obtained by choosing the value of
TSG determined by extrapolation to zero frequency (plot is not
presented). The values of τ0 and zυ are then determined from the
intercept and slope, respectively. The extracted parameters should
be compared to canonical SG systems where typical values are
zυE10 and τ0�10–13 S [43,44]. As illustrated in Fig. (7) the data
show the expected increase in the τ0 and TSG values with the Li
content up to x¼ 0.10 followed by a decrease thereafter with
further doping (in consistent with the ZFC dc magnetization data).
These data clearly indicate that the Li incorporation results in



Fig. 5. (Color online) temperature dependence of the in-phase χʹ and out–of–phase χʹ and X″ components of the ZFC ac susceptibility of La1�xLixMnO3 (x¼0.05–0.30). The
data were taken at 11, 111, 1111, 5111, 9111 Hz as indicated in the figure.
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slower/faster spin dynamics and larger/smaller cluster sizes in the
low/high doping level. The existence of a frequency-dependent
peak in χʺ(T) below TC is a very clear indication that these samples
do not exhibit conventional long-range FM ordering.
4. Magnetotransport properties

Fig. 8 shows the electrical resistivity vs. temperature ρ(T) plots
measured in zero and 0.6 T magnetic field for the La1�xLixMnO3

compounds. It was found that, the zero field resistivity increases as
the Li content increases. All the compounds exhibit transition from
semiconducting state (dρ/dTo0) to a metallic one (dρ/dT40) on
lowering the temperature. The transition occurs at certain tem-
perature values (denoted as Tms) which decreases with increasing
the Li concentration (as shown in Table 3). Obviously, the low
doping is associated with gradual decline ofTms.

The observed change of Tms and ρ with both the Li content and
crystallite size can be interpreted as the following:
1.
 The partial substitution of Li1þ at A-site (La3þ) reduces the
value of orA4 (the A-site radius) and thus, increases the
variance of the A-cation radius distribution s2 (as shown in
Table 1). Therefore, orA4 becomes too small to fill the space
in the cube centers, which makes the oxygen to move towards
the centers. Consequently the (Mn3þ)–O–(Mn4þ ) bond bends



Fig. 6. ln[(Tf�TSG)/TSG] for x¼0.05, demonstrating the agreement with Eq. (2). The
solid line is a best fit the data with the parameters shown in the figure.
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with a certain angle, act as a local trap for eg electrons, and
possibly causes phase or domain separation. Moreover, the
transfer integral bij of the electron hopping decreases as Θ
(Mn–O–Mn) becomes smaller than 180° that leads to de-
formation of the local lattice in the MnO6 octahedra and in turn
influences the double exchange. Consequently, the tendencies
of charge localization increases due to the reduction in the
carrier mobility and the increase of forbidden band broadness
near the Fermi level and thus the electron transport path is
blocked.
2.
 It has been suggest that the rhombohedral structure manga-
nites doped with certain level are characterized by a weak
Hund coupling between eg and t2g spins, and weak electron–
phonon coupling that favor an increase in TC [24,45]. For the
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samples under investigation, the TC values increases with the Li
concentration x¼0.10 and thereafter decreases up to x¼0.30.
Therefore, it is logical to predict that Hund coupling and elec-
tron–phonon decreases and then increases as the Li content
increases.
3.
 Additionally, Zhang et al. [46] explained the decrease of Tms and
the increase of ρwith decreasing the particle size in the view of
the core–shell model. The core–shell structure is characterized
with enhancement of the grain boundaries and thus higher
residual resistivity. Consequently, the density of the ferromag-
netic metallic (FMM) particle decreases and the Tms shifts to
lower values. Another factor may affect the Tms is the change in
the oxygen stoichiometry associated with the tiny size of the
crystals.

Regarding the effect of applying magnetic field on the electrical
properties of the materials under study, the results imply that
applying magnetic field decreases the resistivity of the samples
throughout the temperature range. Tms shifts a little to higher
temperature side due to alignment of the Mn spins that causes the
suppression of the PMS state by FMM state. Because of the spin
ordering, the charge carriers also suffer less scattering with in-
crease of the exchange interaction, hence the resistivity decreases,
and a large negative magnetoresistance (MR) occurs. Since the
spin ordering is more pronounced in the FM phase, the effect of
the magnetic field on the resistivity is much more in the low
temperature region.

In order to analyze the temperature dependence of MR% plots
depicted in Fig. 9, there are two different mechanisms describe the
appeared maximum magnetoresistance should be taken in con-
sideration. The first one is the intrinsic magnetoresistance i-MR,
which arises due to the suppression of spin fluctuations by
aligning the spins due to applying of the magnetic field. Note that,
the maximum of the i-MR appears near the ferromagnetic tran-
sition temperature. The second one is the extrinsic magnetore-
sistance e-MR, which arises due to inter-grain spin-polarized
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tunneling across the grain boundaries (GBs) [47–49]. Appearance
of the two maxima in the MR–T plots (see Fig. 9), confirm that
both mechanisms are strongly effective in the present case. The
enhancement of MR% at low temperature is reasonable where the
spin polarized tunneling is relatively large due to large disordered
surface shells associated to the small size of the particles in our
samples.

4.1. Conduction mechanism

The low temperature range (TrTms) (characterized by FM
phase) of the ρ–T plots measured with and without magnetic field
was found to be well represented by the empirical relation

T T 30 2
2

4.5
4.5ρ ρ ρ ρ= + + ( )

where the term ρ0 is the resistivity due to the grain/ domain
boundary effects [45,50], ρ2T2 term arises due to the electron–
electron scattering [51] and the term ρ4.5T4.5 arises due to the
electron–magnon scattering process [52]. As shown in Table 2, the
fitting parameters continuously increase with increasing the
dopant amount that is reasonable because of the associated
increase of the grain boundaries confirmed above by aforemen-
tioned analyses. On the other hand, the alignment of the spins,
existed in the domain wall, in the direction of the applied
magnetic field and thus improvement of the magnetic domains
suppresses various scattering contributions and as a result ρ0, ρ2,
and ρ4.5 decreases with applying the magnetic field.

The high temperature range (TZTms) (characterized by the
semiconducting phase) can be divide into two distinct parts de-
scribed by two different mechanisms. The first one lies in the
range TmsrTrθD/2 (θD is the Debye’s temperature) and is well
described by the variable range hopping (VRH) model proposed by
Mott and Davis [53] which includes a hopping of the carriers be-
tween states of nearly equal energy. Such states are placed at
random distances in the lattice due to the randomness in the
potential. Note that, half of the value of θD is defined as the tem-
perature at which deviation from linearity in ln(s) vs. T�1/4 plots
occurs. The second part (at TZθD/2) fits well with the small po-
laron hopping (SPH) model where the carriers hop only to the
nearest neighbors and assisted by the thermal energy. A polaron
can be thought to be trapped inside a local energy well of height Ea
and, when the field is applied, one side of the well is lowered
slightly with respect to the other one, thereby allowing the
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Table 2
The best-fit parameters obtained from low temperature (ToTms) resistivity data both in presence and in absence of magnetic field for LLMO group of mangnaites.

Sample ρ0 (Ω cm) ρ2 (Ω cm K�2) ρ4.5 (Ω cm K�4.5)

B¼0 T B¼0.6 T B¼0 T B¼0.6 T B¼0 T B¼0.6 T

0.05 1.187353276 0.948319177 6.35E�05 7.34E�05 �6.02E�11 �8.26E�11
0.10 1.539861109 1.24265431 3.19E�04 2.68E�04 �4.44E�10 �3.35E�10
0.15 12.06705 9.540105 4.91E�04 5.17E�04 �7.57E�10 �7.84E�10
0.20 29.19077 22.14070822 7.48E�03 6.61E�03 �2.63E�08 �2.27E�08
0.25 50.50192 34.11828 8.77E�03 8.52E�03 �2.40E�08 �2.58E�08
0.30 474.3478 392.7154 1.36E�02 1.36E�02 �7.55E�08 �7.55E�08
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polaron to hop easily in that direction [50]. According to the VRH
mechanism the temperature dependence of resistivity is re-
presented by the equation,

⎛
⎝⎜

⎞
⎠⎟

T
T

exp
4o

o

1
4

σ σ= −
( )

−

where s0 is a pre-exponential factor, T0 is a constant [¼16α3/kBN
(EF)] and N(EF) is the density of states at Fermi level which is
calculated from the slope of the ln s vs. T�1/4 curves (as shown
Fig. 10 ). The hopping distance (R) and hopping energy (W) can be
written, at a given temperature T, as

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥R

K TN E
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8 5B f
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4
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The values of N(EF), R and W at room temperature were esti-
mated by taking α¼2.22 nm�1[54] and have been listed in Ta-
ble 3. Obviously, the calculated values are very close to those re-
ported in other works [55–58]. Additionally, Li doping has sig-
nificant effect on the calculated parameters where the T0 de-
creases up to x¼0.10 and increases thereafter while N(EF) shows
opposite trend. The increase of the T0 value is argued to the
following:
�
 the increase in the bending of the Mn–O–Mn bond and hence
the enhancement of the carrier effective mass or narrowing of
the band width which in turn results in drastic change in the
resistivity and sharpening of the resistivity peak in the vicinity
of Tms [59].
�
 the decrease of the localization length and thus the reduce of
the carrier mobility which increases the resistivity and shifts
the Tms towards lower temperatures.



Table 3
Parameters estimated from the best fit of the electrical transport data using two models.

Sample x¼0.05 x¼0.10 x¼0.15 x¼0.20 x¼0.25 x¼0.30
TC (K) 183.35 197 185.32 183.27 170.29 157.27

B¼0.0 B¼0.6 T B¼0.0 B¼0.6 T B¼0.0 B¼0.6 T B¼0.0 B¼0.6 T B¼0.0 B¼0.6 T B¼0.0 B¼0.6 T

Tms (K) 156.000 158.000 154.000 157.000 126.000 126.000 109.000 109.000 106.000 106.000 90.000 90.000
θD (K) 460.000 468.000 416.000 422.000 412.000 424.000 362.000 368.000 360.685 368.679 356.000 376.000
νph (Hz)x10�12 9.585 9.752 8.668 8.793 8.585 8.835 7.543 7.668 7.515 0.000 7.418 7.835
Eρ (meV) 149.977 146.649 145.347 142.197 150.987 148.396 151.628 149.502 152.050 149.522 155.297 153.219
WH (meV) 145.708 142.380 141.078 137.928 146.718 144.127 147.359 145.233 147.781 145.253 151.028 148.950
WD (meV) 291.417 284.760 282.155 275.856 293.436 288.254 294.717 290.466 295.563 290.506 302.056 297.900
H (mev) 30.542 30.629 28.811 28.854 28.954 29.242 27.170 27.295 27.140 27.321 27.110 27.765
J (meV) 23.666 23.974 21.947 22.184 21.788 22.262 19.773 20.019 19.719 20.046 19.527 20.344
γp 7.352 7.061 7.871 7.586 8.265 7.889 9.448 9.160 9.509 9.144 9.846 9.194
exp(γp) 1558.729 1165.487 2619.794 1969.881 3885.486 2668.473 12678.310 9504.733 13484.277 9357.505 18884.417 9839.073
T0 (K)x10�6 1.167 1.065 0.961 0.816 2.553 2.135 5.448 3.693 6.262 5.555 10.910 9.416
N(EF) (eV-1cm3)x10-20 17.404 19.073 21.150 24.889 7.956 9.515 3.729 5.500 3.244 3.657 1.862 2.157
n (cm-3)x10-23 31.725 34.768 38.553 45.370 14.503 17.344 6.797 10.026 5.914 6.666 3.394 3.933
R (Å)x10-7 1.388 1.356 1.322 1.269 1.688 1.614 2.040 1.851 2.112 2.049 2.426 2.339
W (meV) 51.321 50.159 48.880 46.931 62.414 59.684 75.434 68.448 78.106 75.801 89.736 86.491
αR 3.080 3.011 2.934 2.817 3.746 3.582 4.528 4.108 4.688 4.550 5.386 5.192
Es (meV) 50.646 32.494 23.584 21.281 17.611 11.596
α` �1.802 �1.044 �0.723 �0.601 �0.481 �0.281
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Therefore, The applied magnetic field causes suppression of the
magnetic domain scattering, so we found that To values are
smaller than in the applied magnetic field [60]. υph is known with
the optical phonon frequencies which equal to kBθD/h.

Both of υph and θD/2 decrease as the Li content increases, hence
the frequency of the lattice wave decreases. As seen in Table 3 θD/2
is much higher than Tms, which reveal that the VRH mechanism
dominate over a wide range of the temperature of measurements.

At TZθD/2, the conduction mechanism is described by thermal
small polaron hopping [61] and fits well by this model, which it
proposed by Mott and Davis [66], viz.

T exp E k T/ / 7B( )ρ ρ= ( )α ρ

where ρα is the resistivity coefficient, Eρ is the activation energy
and kB is the Boltzmann constant. The activation energy Eρ (de-
termined from the slope of the ln(ρ/T) vs. 1/T plots presented in
Fig. 11) increases by Li doping with varying x from 0.10 to 0.30 as
shown in Table 3. However, it exhibits a decrease with Li doping in
the low doping level from x¼ 0.05 to 0.10. Like this decrease is
explained by considering that increasing Li doping level causes
charge delocalization and reduce the liberate energy of a free
carriers. However, further doping leads to significant increase of
the Eρ value.

On the contrary, while the Eρ increases. Furthermore, we ob-
served that the activation energies under magnetic field decrease
for all doping (Table 3). This is due to delocalization of charge
carriers and spin ordering in the system.

For polaron hopping conduction [62]

E W W for T and E W for T/2 /4 8H D D D D/2 θ ρ θ= + ( > ) = < ( )ρ

where WH is the polaron hopping energy and WD is the dis-
order energy. The difference between Eρ and Es (where Es is acti-
vation energy determined from the corresponding temperature
range of Seebeck coefficient vs. temperature plots) is the polaron
hopping energy; i.e. WH is determined from the relation [63]

W E E 9H s= − ( )ρ

We seek to present a thorough study on the conduction me-
chanism of the materials, as we try to find out the nature of
hopping conduction (adiabatic or non-adiabatic). It is known from
Holstien’s relation [64] that the polaron bandwidth realize the
conditions J4H or JoH for adiabatic or non-adiabatic hopping
conduction respectively. Where

H k TW h2 / / 10B H ph
1/4 1/2( )( )π ν π= ( )

Note that, the condition should be realized for the small po-
laron formation is JrWH/3 [64]. J can be evaluated from the ap-
proximate relation for the high temperature jump site

J T h T0.67 / 11ph D
1/4( )ν θ( ) ≈ ( )

The data presented in Table 3 show that J (290 K)oH and J
(290 K)oWH/3 which confirm that the DC conduction in the
system is due to SPH in non-adiabatic regime. To estimate the
small polaron coupling constant (γ), which is a measure of the
electron–phonon interaction constant of the sample, we have used
the relation γ¼ 2WH/hνPh suggested by Mott and Austin [65]. It
was found that γ increases as the Li content increases (see Table 3).
With applying the magnetic field, γ decreases indicating to a de-
crease in the electron–phonon coupling (and thus causing a de-
crease of the resistivity). Rao et al. prove that for the La–Na–MnO
system Tms increases with the Na doping [66]. They predicted that
Na doping induces a transition from strong Hund coupling be-
tween eg and t2g spins to weak Hund coupling. In addition, they
argued that the increase of Tms corresponds to a transition from a
strong electron–phonon coupling (give rise to a high resistivity) to
a weak electron–phonon coupling (favor low resistivity). From the
calculation of coupling constant γ we deduced that the decrease of
Tms with Li doping is associated with increase of γ. Consequently,
this confirms the previous predication that Li doping induces a
transition from weak Hund coupling between eg and t2g spins to
strong Hund coupling.
5. Thermoelectric power

5.1. Low temperature range

In order to study the thermoelectric power (TEP) properties,
temperature dependence of Seebeck coefficient (S) measurements
were carried out within a temperature range of 80–300 K. The S–T
plots are depicted in Fig. 12a. The data reveal that Li doping re-
markably affects the sign and magnitude of S. The samples of
xZ0.10 possess positive S values over the whole range of the



Fig. 11. Variation of ln(ρ/T) vs. 1/T of La1�xLixMnO3 (a�x¼0.05, b�x¼0.10, c�x¼0.15, d�x¼0.20, e�x¼0.25, and f�x¼0.30) samples. The dash line represents best fit to
Eq. (8).
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measurement temperature. The sample of the lowest doping level
(x¼0.05) exhibit negative S values at the low temperature range
(To89 K) change to positive as the temperature increases to
higher values. The change in the S sign may be attributed to the
orbital degeneracy of the eg band. It is well known that the eg band
consists of degenerate 3d orbital (i.e., d3z2-r2 and dx2-y2) and may
split into upper and lower bands by an order of JH [67]. If the lower
(spin-up) band splits further into two bands in the FM state then
the new lowest band is filled. In such case, the dopants may in-
troduce holes thereby showing positive S values. However if the
lowest band still empty; it shows negative (electron-like) values.
All the plots are characterized by a metal–semiconductor
transition at certain temperatures denoted as S(Tm) (see Table 4).
According to the definition of S(TC) as the onset temperature of
sudden drop of S with increasing the temperature, the values of TC
was determined and tabulated in Table 4. The sudden drop of the S
coefficient (as shown in Fig. 12a) may arise from condensation of
trapped carriers into (Zener) extended states [63].

Other peaks can be observed at temperatures lower than S(Tms)
and they appear very common for all manganites. They can be
ascribed to either phonon or magnon drag contributions. There-
fore, we have analyzed the thermopower data below S(Tms) to
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explain the origin of lower peak using an expression

S S S T S T 120 3/2
3/2

4
4= + + ( )

where S0 is a constant which accounts the low temperature
variation of thermoelectric power, the second term (S3/2T3/2 ) is
due to the magnon scattering process and the third term (S4T4) is
attributed to the spin wave fluctuations in the ferromagnetic
phase. For our samples, the low temperature data are not well
represented with the above equation but fit well with the fol-
lowing equation (see Fig. 13) which takes in consideration the
diffusion and phonon drag contribution [68],
Table 4
The best fit parameters obtained from thermoelectric power data for LLMO3 system.

Sample S (Tms) S (TC) S0 (μV/K) S1 (

0.05 283 223 �0.5726 2.4
0.10 263 213 �0.55042 2.4
0.15 253 203 �0.4186 2.0
0.20 243 193 �7.82E-02 4.7
0.25 233 193 �7.49E-02 5.3
0.30 233 163 �0.4060 2.4
S S S T S T S T S T 130 1 3/2
3/2

3
3

4
4= + + + + ( )

where S1T and S3T
3 terms are due to diffusion and phonon drag

contributions to the thermopower. Table 4 presents the corre-
sponding fitting parameters. Noteworthy, S3/2»S3 suggesting strong
contribution of electron–magnon scattering at low temperature. It
is interesting to note from Fig. 13 that the extrapolated phonon
drag component approaches zero as the temperature approaches
the absolute zero. This indicates that the phonon drag effect might
disappear probably due to depleting the number of phonons at
μV/K2) S3/2 (μV/K5/2) S3 (μV/K4) S4 (μV/K5)

8E�02 �2.21E�03 3.78E�07 �7.11E�10
8E�02 �2.25E�03 4.04E�07 �7.80E�10
1E�02 �1.89E�03 3.88E�07 �8.14E�10
7E�03 �5.08E�04 1.50E�07 �3.75E�10
0E�03 �6.01E�04 2.06E�07 �5.50E�10
3E�02 �2.56E�03 7.40E�07 �1.97E�09
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T¼0. Furthermore, the overlapping temperatures of the phonon
drag are higher than those of the magnon drag indicating that
both of them might occurs together in a narrow temperature re-
gion. Generally, based on the aforementioned results one can
conclude that the magnon and phonon drag effects contribute to
the TEP of the samples.

5.2. High temperature behavior

The S(T) data at high temperature region (characterized with
the paramagnetic/semiconducting phase) fit well with the fol-
lowing equation proposed by Mott [62]:

S k e E K T/ / ‘ 14B s B α= [ + ] ( )

where Es is the TEP activation energy and α‘ is a constant of
proportionality between the heat transfer and the kinetic energy
of an electron. α‘o1 suggests hopping due to SP and α‘42 sug-
gests existence of large polarons. Coincidence of Mott’s equation to
our experimental data at high temperature (T4Tms) can be ob-
viously observed from the S vs. T�1 plots depicted in Fig. 14. The
values of α‘ obtained from intercept of the fitting (Table 3), confirm
that the SP hopping characterize the TEP in the paramagnetic re-
gion in the materials at hand. As seen in Table 3, the Es values
decrease continuously with the Li concentration. According to the
polaron model, the measured activation energy Eρ is the sum of
the activation energy needed for creating the carriers and acti-
vating their hopping process, and Es is the energy required to ac-
tivate the carriers hopping only. Therefore, the polaron hopping
energy (WH) values are calculated using the relation, WH¼ Eρ�Es
and given in Table 4. Note that, large difference between the ac-
tivation energies Eρ and Es is hallmark of the SPH conduction [69].
Note that, the WH values increase with increasing the Li con-
centration except in the case of sample x¼0.10. The increase in the
hopping energy signifies a decrease in the polaronic radius (rp)
where rp is inversely proportional to WH and is given by the re-
lation WH¼e2/4ε(1/rp�1/R). Therefore, we concluded that the SPH
mechanism might be appropriate to explain the electrical re-
sistivity as well as thermopower data in the high temperature
regime.
6. Conclusion

We have presented a detailed set of structural, magnetotran-
sport, ac susceptibility and thermopower measurements on poly-
crystallines of La1�xLixMnO3 with x¼0.05–0.30 step 0.05. In
magnetic properties, the M(TC) and the magnetization values for
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samples of xZ0.10 are found to decrease with increasing dopant
concentration. Clear indications of spin glass a frequency-depen-
dent peak in the in-phase component of ac susceptibility could be
observed and described by critical slowing down of spin dynamics.
Slower spin dynamics in the low doping level increases and the
cluster sizes grow. In terms of magnetotransport properties, we
observe and describe the metal to semiconductor transition Tms.
The magnetoresistance contribution increases as the temperature
decreases. Both of intrinsic and extrinsic MR mechanism is
strongly effective in the compound. The grain boundary plays a
dominant role in the conduction process and it acts as the region
of enhanced scattering center for the conduction electron. The
thermopower value after an initial increase (x¼0.10) are found to
decrease with increasing dopant concentration and thus also with
increasing resistivity. The SPH mechanism might be suitable to
explain the electrical resistivity as well as thermopower data in
the high temperature regime.
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