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Abstract. Low-temperature transport properties are investigated in the self-doped compound, La0.9Mn0.98

Zn0.02O3. The analysis of the low-temperature resistivity is performed considering various scattering mechanisms.

The parameters involved with different scattering processes such as electron–electron, Kondo, electron–phonon and

electron–magnon are found to be strongly influenced by the applied magnetic field. The results suggest that inter-

play between electron–electron and Kondo-like scatterings lead to the localization in the temperature dependence of

resistivity at low temperature.
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1. Introduction

The investigation on mixed-valent manganites with per-
ovskite structure is on run for the last two decades. Specially,
the studies on the hole doped manganites, La1−δAδMnO3

(A = divalent atom) still demands special attention because
of the intriguing magnetic and transport properties [1–5]. In
recent times, the self-doped manganites with composition
La1−δMnOǫ also display analogous features in the magnetic,
transport and structural properties depending on ǫ and δ

[6–15]. Mn4+ appears in these compounds due to the La defi-
ciency, leading to the spectacular changes in the physical
properties.

In recent times, the electronic transport in few mangan-
ites displays localization effect in the metallic region at
low temperature, suggesting different opinions [16–23]. The
low-temperature localization in resistivity was suggested due
to the grain boundary effect in La0.5Pb0.5MnO3 [16]. The
electron–electron (e–e) scattering ascribed to the enhanced
Coulomb interaction was interpreted in La0.8Sr0.2MnO3

and thin film of La0.7Ca0.3MnO3 [17,18]. The coexis-
tence of Kondo-like behaviour and e–e scattering has
been proposed in the polycrystalline hole doped mangan-
ites, La2/3Ca1/3MnO3 and Y-doped (La1−δYδ)2/3Ca1/3MnO3

[20,21]. The increase of localization effect as a result of
minor Co and Fe substitutions has also been investigated
in La0.87Mn0.98M0.02O3 (M = Fe and Co) where minor
magnetic impurity or spin-glass-like phase appeared due to
the substitution resulted in the dominant localization effect
[22,23]. In contrast to the substitution by magnetic impu-
rity such as Fe and Co, the substitution of nonmagnetic Zn
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also decreases the conductivity and lowering of Curie tem-
perature in La0.91Mn0.95Zn0.05O3 [24]. Signature of glassy
magnetic behaviour and decrease of conductivity ascribed
to the disorder created by the Zn substitution was observed
in LaMn1−xZnxO3 [25]. The minor Zn substitution in hole
doped, La(Ca)MnO3 modifies the grain boundary, resulting
in the decrease of conductivity [26–28].

In this article, the low-temperature localization effect
due to the minor Zn substitution in La0.9Mn0.98Zn0.02O3 is
investigated. At low temperature the localization effect is
confirmed due to the interplay between e–e and Kondo scat-
terings in accordance with the reported phenomenological
models.

2. Experimental

The polycrystalline compound with composition La0.9Mn0.98

Zn0.02O3 was prepared by the chemical route as described
in our earlier literature [29]. The final annealing was per-
formed at 1200◦C for 12 h in air followed by furnace cool-
ing down to room temperature. In order to avoid ambigu-
ity ascribed to the oxygen non-stoichiometry, sample was
again annealed in atmospheric pressure of oxygen for 6 h at
1000◦C. The single phase of the sample was confirmed by the
powder X-ray diffraction (XRD) (Seiferd XRD 3000P) using
CuKα radiation. All the diffraction peaks could be indexed
in the rhombohedral structure

(

R3c
)

with lattice parame-
ters a = 5.47(2) Å and α = 60.59◦. Scanning electron
microscopy (SEM) image in figure 1 shows the size and mor-
phology of the grains in the sample. The particles exist as
big grains with not well-defined edges. The inhomogeneity
of the grain size with average diameter ≈ 90 nm was noticed
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Figure 1. SEM image for La0.9Mn0.98Zn0.02O3.

in the SEM observation. The resistivity (ρ) was measured
using the standard four-probe technique where application of
the magnetic field and temperature variation were carried out
by an electromagnet (Polytronic Corp., India) and a cryogen-
free cryostat operating down to 10 K (Janis Research Inc.,
USA), respectively. Magneto-resistance (MR) is defined as
[

{ρ(H) − ρ(H = 0)} /ρ(H = 0)
]

where ρ(H) is the resis-
tivity measured in field (H ). All the thermal variation dur-
ing resistivity measurement was carried out at a fixed rate
of 2 K min−1. The magnetization (M) was measured using
a commercial superconducting quantum interference device
(SQUID) magnetometer (MPMS, XL). In case of zero-field
cooled (ZFC) mode the sample was cooled down to the
desired temperature at zero magnetic field while for the field-
cooled (FC) mode the sample was cooled in a static magnetic
field.

3. Results and discussions

Temperature variation of resistivity ρ measured in zero-field
and 2 kOe field is shown in figure 2 for La0.9Mn0.98Zn0.02O3.
A sharp peak in resistivity ρ is observed at 235 K (TP) which
is accompanied by a broad maximum around ∼175 K (Tm).
The features in the temperature dependence of resistivity ρ

are in accordance with the parent compound, La0.9MnO3

where TP and Tm are shifted towards the low temperature
in the present observation. The result is also consistent with
those reported in La0.9Mn1−xFexO3 (0 ≤ x ≤ 0.05) [22]
and La0.9Mn0.98M0.02O3 (M = O, Fe and Co) [23]. It was
noted that the considerable increase of ρ involved with the
minimal Zn substitution in the entire temperature range com-
pared to the parent compound. This is in accordance with
the minor Zn substitution in LaMnO3 as well as hole doped,
La(Ca)MnO3 where disorder introduced by the Zn substitu-
tion, partial disruption of double-exchange interaction, mod-
ification of the grain boundary effect have been proposed to
interpret the results [25–27].

Figure 2. Temperature dependence resistivity (ρ) in zero field for
compounds La0.9Mn0.98Zn0.02O3 and La0.9MnO3.

Figure 3. Temperature dependence resistivity (ρ) under ZFC
condition with different applied fields, the solid lines indicate the
fitted results by using equation (3).

Temperature dependence of ρ by varying field, H rang-
ing from 0 to 3.0 kOe is shown in figure 3 below 100 K.
It has been noted that resistivity minimum appeared at Tmin

is shifted towards high temperature compared to the par-
ent compound [23]. Furthermore, Tmin shows the strong field
dependence where Tmin is shifted towards low temperature
with the increase field which is shown in the inset of figure 4.
In figure 4 the resistivity upturn, ρ10K defined as {ρ10K−

ρ(Tmin)} /ρ(Tmin) (%) is plotted as a function of H where
ρ10K and ρ(Tmin) are the resistivities at 10 K and mini-
mum in the temperature dependence of ρ, respectively. The
plot clearly demonstrates that low-T resistivity is strongly
influenced by the magnetic field. Therefore, it can be sug-
gested that the spin-dependent scattering must be associated
with the resistivity minima of this sample which is gradually
suppressed by external magnetic field.
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Figure 4. �ρ10K = (ρ10K − ρ(Tmin))/ρ(Tmin) (%) as a function
of the applied field. The inset shows the dependence of Tmin on the
applied field, H .

In order to elucidate the origin of low-T upturn different
phenomenological models have been proposed considering
spin-dependent Kondo-like scattering, e–e interaction, weak
localization, inter-granular tunnelling of polarized charge
carriers, etc [16–21]. The e–e scattering due to Coulomb
interaction between the charge carriers has been proposed
in references [30–32]. Note that interpretation using e–e
may be adopted in the analysis when the magnitude of low-
temperature resistivity is higher than Motts maximum limit
of metallic resistivity with ρ ≈ 10 m� cm [30,31], which
for the present sample is well satisfied. In order to test the
possible e–e interaction, T 1/2 dependence of ρ(T ) − ρmin at
different H is plotted in figure 5 for T ≤ Tmin. The figure
shows that the plots fit satisfactory over a wide tempera-
ture range below Tmin at different fields. We also tried to
fit all the curves by taking into account the Kondo scatter-
ing term ln(T ) which has been used to fit the low-T resis-
tivity in few manganites [18,20,21]. The inset of figure 5
shows the ln(T ) dependence of resistivity in zero field.
The plot indicates that it fits satisfactorily in a limited low-
temperature region which departs at much lower tempera-
ture than Tmin indicated by the arrows in the figure. In addi-
tion to the elastic e–e scattering and Kondo-like scatter-
ing, the resistivity in the metallic region is ascribed to the
various inelastic contributions such as electron–phonon and
electron–magnon scattering processes. At low temperature
e–e and Kondo scatterings dominate while the inelastic term
dominates at high temperature. Therefore, the resistivity may
be defined by adding both the elastic and inelastic scattering
terms as

ρ = ρelastic + ρinelastic. (1)

Considering elastic e–e scattering, ρelastic is given by ρelastic =

1/
[

σ(0) + BT 1/2
]

where σ(0) is the residual conductivity
and B the constant [30,31]. The inelastic scattering term is
given by a power law, ρinelastic = AT n. This single power law
adequately describes all the temperature-dependent inelastic

Figure 5. T 1/2 dependence of resistivity subtracted the minimum
value defined as ρ(T )−ρ(Tmin) under different applied fields (H ≤

3 kOe). The solid lines are the fitting results. The inset shows the
dependence of ln T with ρ(T ) − ρ(Tmin), where solid lines are
indicated the linear fits.

scattering processes at high temperature. Thus, equation (1)
is redefined as

ρ(T ) =
1

σ(0) + BT 1/2
+ AT n. (2)

The interplay between these two temperature-dependent
terms in equation (2) leads to the resistivity minimum in
the temperature dependence. At low field the grain bound-
ary effect is also typically observed in the magneto-resistance
for granular manganites having ferromagnetic ground state
[15,33]. Therefore, as discussed before, in addition to the
elastic e–e scattering, a Kondo scattering term ln(T ) has been
introduced for interpreting the low-T upturn [20,21] and it
has been noted that the degree of fitting (χ2) is improved
further by one order of magnitude after considering this
additional ln(T ) term for the analysis of the experimental
data. Thus, the following phenomenological relation [20,21],
where all the scattering terms are separated:

ρ(T ) = ρ0 + ρeT
1/2 − ρs ln T + ρpT

n (3)

is used to fit the ρ(T ) data for all H and is shown by the solid
lines in figure 6. The low values of χ2(∼10−7) give satisfac-
tory fit with the experimental data. The strong magnetic field
dependence is noticed in all the fitted parameters. Inelas-
tic term involved with the electron–phonon and electron–
magnon scattering is found to be several orders of magni-
tude smaller than the other contributions. Inelastic scatter-
ing exponent (n) is found in between 2.39 and 2.75 (table 1)
which is close to that observed in La1−δCaδMnO3 by Schiffer
et al [34] with n = 25. Table 1 shows that the values of ρ0, ρe

and ρs decrease monotonically with applied magnetic analo-
gous to that observed in La09Mn098M002O3 (M = O, Fe and
Co), La2/3Ca1/3MnO3 and Y-doped (La1−δYδ)2/3Ca1/3MnO3

[20,21,23]. The decrease of residual resistivity ρ0 with the
increase in H is different from the usual conductor where
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Figure 6. Temperature dependence of ZFC (open symbols) and
FC (solid symbols) magnetizations in an applied field of 100 Oe.
Inset shows the magnetization as a function of applied field at 10 K.

Table 1. Parameters are obtained from the fits of ρ−T curves in
figure 3 to equation (3).

H (kOe) ρ0 ρe ρs ρp (10−6) n χ2 (10−7)

0 0.297 0.020 0.018 1.99 2.39 1.10
0.5 0.276 0.018 0.016 0.42 2.69 3.60
1.0 0.263 0.014 0.015 0.28 2.75 1.50
2.0 0.238 0.012 0.013 1.43 2.45 0.77
3.0 0.226 0.012 0.012 0.47 2.65 0.38

ρ0 generally is independent of T and H . In case of man-
ganites, ρ0 may be related to intrinsic properties of system
and reflects CMR effect and disorder characteristics of the
system. From table 1, ρp does not show monotonic change
with H and may be interpreted to be field insensitive and is
smaller in few orders of magnitudes than the other effects
at low temperatures. Compared to ρp (the inelastic scatter-
ing), the values of ρe and ρs are much higher, both are pos-
itive and comparable to each other at all fields. Both are
monotonically decreasing with the increase in field. This
explains the decrease of resistivity with field at low temper-
ature due to suppression of spin-dependent scattering result-
ing in �ρ10K and shifting of Tmin at lower temperature. In
case of La2/3Ca1/3MnO3 the Kondo scattering was found to
be negligible for H ≥ 10 kOe [21]. Herein, Kondo scattering
had to be taken into account even at 3.0 kOe. A good agree-
ment between the experimental data and fitting results pro-
vides the possibility to understand resistivity minimum at
low temperatures using the theory of both e–e interaction and
Kondo-like scattering.

In order to understand the interesting change of the spin
scattering strength, dc magnetization measurements in the
field cooling (FC) and zero field cooling (ZFC) modes were
performed. Figure 6 shows the temperature dependence of
ZFC magnetization MZFC and FC magnetization MFC at low

field, H = 0.01 T. A sharp PM to FM transition is observed
at TC, as determined from the deep in the plot of temper-
ature derivation of FC magnetization (dMFC/dT ) with T .
The value of TC was estimated to be 235 K which coincides
the value of TP in ρ(T ). Large thermo-magnetic irreversibil-
ity is observed below TC. The degree of separation of the
M–T curves reflects the degree of the strength of the spin
disorder. It is well known that this separating phenomenon
of MT curve is a possible AFM or the spin-glass (SG)
characteristic.

In relation with this observation, the nature of low field
MR at selected temperatures has also been studied by vary-
ing the magnetic field up to 5.0 kOe. The plots of MR are
shown in the inset of figure 7, exhibiting different character-
istic features at different temperatures. The nature of MR–
H curves at 200, 175 and 113 K are similar. In contrast, the
MR at 235 K (TC) is linearly depended on field and having
the value of MR is ≈19% at 5.0 kOe. The MR–H curve at
50 K in figure 7 shows a sharp decrease initially up to
≈15 kOe and then it decreases further almost linearly from
3 kOe to higher field. Initial rapid decrease in MR exhibits the
typical feature of grain boundary-assisted tunnelling magneto-
resistance while the high-field linear component manifests
the intrinsic component attributed to the double-exchange
mechanism [15,33]. Here, the contribution of Kondo term
decreases monotonically with the increase in field and it is
still observed until 3.0 kOe. This is reasonable because the
contribution to the magneto-resistance from grain boundary
effect still exists in the polycrystalline compound as seen in
figure 7. If we compare both M–H curve at 10 K and MR
curve at 50 K as seen in figure 8, we observe that M–H curve
has typical ferromagnetic characteristics where M increases
sharply with the increase in field and started to get satura-
tion near 3.0 kOe. MR also shows similar changes corre-
spondingly, i.e., it decreases sharply with the increase in field
and then almost linearly at around 3.0 kOe. This correlation
between electrical transport and magnetic properties at lower

Figure 7. Magnetoresistance (MR) curve is plotted with field (H )
at 50 K. High field range satisfying linear dependence is indicated
by the straight line. Inset shows the MR at different temperatures.
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Figure 8. Simultaneous dependence of magnetoresistance (MR)
and magnetization (M) on the applied magnetic field at 50 and 10 K,
respectively.

field reflects grain boundary contribution in the system at low
temperature.

Finally, as a result of Zn substitution a minor spin-glass-
like state was also reported in LaMn1−xZnxO3 [25]. The
increase of low-temperature localization in the transport
property was attributed to the minor spin-glass-like state
in La09Mn098Fe002O3 [22,23] and Y-doped (La1−δYδ)2/3

Ca1/3MnO3 [20]. Here, dominant grain boundary effect is
considered to be involved with the appearance of minor spin-
glass-like state due to the Zn substitution which has an addi-
tion localization effect associated with the electron–electron
scattering in the transport properties at low temperature.

4. Conclusions

In summary, low-T transport properties are investigated in
the self-doped compound, La09Mn098Zn002O3. The analy-
sis of the low-T resistivity using phenomenological model
indicates the interplay among contributions from electron–
electron, Kondo, electron–phonon and electron–magnon
scatterings leading to the minimum in the temperature depen-
dence of resistivity. The analysed parameters involved with
different scattering processes strongly depend on the applied
low magnetic field. The localization effect at low temperature
is suggested due to the coexistence of electron–electron and
Kondo-like scatterings in the transport properties. The corre-
lation between low-temperature M curve and MR curve sup-
ports the grain boundary contribution and grain boundary-
assisted tunnelling in the system.
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