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a b s t r a c t

We have investigated the influence of europium (Eu) doping on structural and magneto-electrical proper-
ties of La0.7Ca0.3MnO3 compounds. In order to analyze the physical mechanism of a spin disorder system
and study their relative evolutions, two samples of nominal compositions (La0.7−xEux)Ca0.3MnO3 (x = 0.0
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and 0.1) have been elaborated and characterized. In addition to structural changes seen by this kind of
doping, the magnetoresistance (MR) and resistivity are increased while the metal–insulator transition
temperature is decreased. Comparing the experimental data with the theoretical models shows that in
the metal-ferromagnetic region, the electrical behaviour of both samples is quite well described by a the-
ory based on Kondo-like spin dependent scattering, electron–electron scattering, electron–phonon and
electron–magnon scatterings. For the high temperature paramagnetic insulating regime, the adiabatic

odel
oping small polaron hopping m

. Introduction

In the past few decades, AMnO3 perovskite-type manganites
ave been extensively analyzed because of their rich electrical
ransport and magnetic properties [1–3]. Considerable attention
as been exposed from not only academic research but also mag-
etic industries. The growth of interest in their properties stems

n large part from their wide range of technological applications
uch as read heads for magnetic information storage, low and high
eld magnetic sensors and more recently spintronic applications
4–6]. Numerous studies have been devoted in the rare earth man-
anite perovskite with the series of (La1−xREx)2/3Ca1/3MnO3 (RE
s trivalent rare earth elements such as Y, Pr, Eu, and Sm) which
re exhibiting colossal magnetoresistance (CMR) properties [7,8].
hese compounds are Mn3+ rich and doping with divalent atoms
ntroduces mixture valency of Mn3+ and Mn4+ ions that plays a

ajor role in the double exchange (DE) ferromagnetic interac-
ion coupled with metallic resistivity [9]. Double exchange effect
s an exchange of electrons from neighboring Mn3+ to Mn4+ ions

hrough oxygen when their core spin are parallel. The hopping is
ot favored when they are anti-parallel. Although, more elucida-
ive mechanisms need to explain the observed high magnitude of

agnetoresistivity, such as polaronic effects, intrinsically inhomo-
eneous states and Jahn–Teller (JT) distortion [10–15].

∗ Corresponding author. Tel.: +90 374 2541000; fax: +90 374 2534642.
E-mail address: terzioglu c@ibu.edu.tr (C. Terzioglu).
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is found to fit well the experimental curves.
© 2011 Elsevier B.V. All rights reserved.

According to the literature, it was reported that the partial sub-
stitution of La3+ by Tb3+ in La0.7Ca0.3MnO3 causes sharp changes in
the magnetic and electrical properties [16]. Also, the substitution
by Y3+ or Pr3+ decreases the Curie temperature and enhances the
resistivity of the samples [17,18]. The effect of Eu doping at A-site of
manganites has been studied by many groups. In fact, Reddy et al.
[19] showed that the Eu doped La0.67−xEuxCa0.33MnO3 compounds
with x ≤ 0.29 exhibit lower Curie and insulator–metal transition
temperatures with respect to the undoped sample in addition to
possessing CMR property. Similar results have been reported too
by several groups in Sm, K and Gd doped CMR manganites [20–22].

In this work and for a better understanding of the effect of
Eu doping on structural and magneto-electrical properties of lan-
thanum based compounds, we have elaborated and characterized
two samples of nominal compositions La0.7−xEuxCa0.3MnO3 (x = 0
and 0.1). This is a typical example of a spin-disorder system and
is suitable for studying the physical mechanisms and their rel-
ative evolutions. In addition to structural changes seen by this
kind of doping, an increase in resistivity and a decrease of the
metal–insulator transition temperature are revealed. As observed
in recent studies [23–26], a minimum in resistivity was also
obtained in the present work. In order to explain the origin of this
behaviour, the experimental data is analyzed by using different

mechanisms, such as spin dependent transport mechanism, Kondo
like scattering and quantum correction to conductivity [27–29].
Although there are many works including the physical mechanism
of the low temperature resistivity minimum, it needs further clar-
ifications for a deeper understanding. At high temperatures, the

dx.doi.org/10.1016/j.jallcom.2011.01.008
http://www.sciencedirect.com/science/journal/09258388
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emi-conducting-like curve resistivity is fitted by the small polaron
opping (PH) model and the nature of the conduction is inferred.

. Experimental

Bulk samples of La0.7Ca0.3MnO3 and La0.6Eu0.1Ca0.3MnO3 were prepared by the
onventional solid-state reaction method. The highly purified powders (99.9%) of
a2O3, Eu2O3, CaCO3 and MnO2 are mixed in stoichiometric ratios, ground and cal-
ined at 1173 K for 20 h. The remaining black powder was ground, pelletized and
intered for another 20 h at 1273 K with two intermediate grindings. Finally the
btained pellets are reground, pelletized and annealed at 1423 K for 10 h. The phase
urity and crystal structure are examined by X-ray diffraction (XRD) using a D 8-
dvance Bruker type diffractometer with Cu K� radiation (� = 1.5418 Å). The cell
arameters are refined by use of JANA2006 software [30]. Microstructure exam-

nation of the samples is done by use of a Philips XL30 SFEG scanning electron
icroscope (SEM). Resistivity measurements are carried by the standard four probe

echnique on a He gas contact crycooler and superconducting coil magnet in differ-
nt applied fields (0–7 T) over a temperature range 5–300 K. The magnetoresistance
MR) ratio is defined by:

∣∣�(0) − �(H)
∣∣
R (%) =
�(0)

× 100, (1)

here �(0) and �(H) are the measured resistivity without and with magnetic field,
espectively.

a

b

ig. 1. XRD patterns of the (a) La0.7Ca0.3MnO3 and (b) (La0.6Eu0.1)Ca0.3MnO3 (b).
he insets show the superposition of the observed (dots) and the calculated (line)
atterns. The bars just below the patterns are the Bragg positions and the lines at
he bottom correspond to the difference.
ompounds 509 (2011) 4510–4515 4511

3. Results and discussion

3.1. Structural aspects

The X-ray diffraction patterns of all samples were recorded at
room temperature and are displayed in Fig. 1. Significant peaks that
representing different h k l planes had been observed from the XRD
patterns of LCMO and LECMO. One can see from the XRD patterns
that the samples are well crystallized in a single phase since no extra
peaks are detected. The observed lines of both samples belong to the
simple-perovskite-type structure and are in agreement with previ-
ous results [31]. The superposition of the observed and calculated
XRD patterns for both samples is shown in the insets of Fig. 1. The
refinement of cell parameters was done in the orthorhombic sys-
tem with Pbnm space group. Details of the procedure are as follows.
The experimental intensities are fitted by use of pseudo-Voight
function. A 36 terms of Legendre polynoms was used to describe the
backround and the Simpson method was applied for the asymmetry
correction. The obtained cell parameters as well as the agreement
factors (Rp, Rwp) and the goodness of the fit (GOF) are listed in
Table 1. As can be seen, the GOF values for LCMO and LECMO were
found to be 1.07 and 1.08, respectively. It is well known that when
GOF value is ∼1, the fitting is expected to be very good. The decrease
of the cell volume with doping may be associated to the low ionic
radii of Eu3+ (1.120 Å) than that of the substituted La3+ (1.216 Å)
[32].

The representative SEM micrographs with 3000× magnification
obtained at room temperature for LCMO and LECMO composites
are shown in Fig. 2. Overall, SEM images show that various sizes of
grains are randomly distributed and uniform grain size with signif-
icant pores is formed for both samples that one can observe clear
grain boundaries.

3.2. Electrical behaviour and magnetoresistance

The evolution of the resistivity with temperature under differ-
ent magnetic applied fields is plotted in Fig. 3. Both samples are
found to exhibit a metal–insulator transition in the studied tem-
perature range. Compliant with other systems previously studied
[19,33,34], the metal–insulator transition temperature Tp is found
to decrease with Eu doping from 194 to 165 K (Table 1). Also and as
it can be seen from the same figure, the resistivity of the doped sam-
ple is twice larger than that of the undoped one. This improvement
of conductivity could be associated to a successive substitution of
Eu3+ at A-site (La3+) which reduces the value of 〈rA〉. Consequently,
〈rA〉 becomes too small to fill the space in the cube centers, and
the oxygen tends to move towards the center, reducing the d
A–O
and dMn–O bond distances. This leads to a distortion in the lattice,
and further a deviation in the Mn–O–Mn bond angle (�) from 180◦

which provides a local trap for eg electrons, possibly causing phase
or domain separation. Moreover, the hopping amplitude of charge

Table 1
Experimental data of LCMO and LECMO.

Sample La0.7Ca0.3MnO3 (La0.6Eu0.1)Ca0.3MnO3

Sample code LCMO LECMO
Ionic radii (Å) 1.216 1.12
a (Å) 5.412(1) 5.379(2)
b (Å) 5.445(1) 5.447(1)
c (Å) 7.711(1) 7.706(1)
V (Å)3 227.2(1) 225.8(1)
Rp, Rwp (%) 9.61,12.54 9.24,11.80
GOF 1.07 1.08
Space group Pbnm (N◦62) Pbnm (N◦62)
Tp (K) 194 165
MR (%) around Tp for 7 T field 44 47
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Fig. 2. SEM images of LCMO (a) and LECMO (b).

arriers between Mn3+ and Mn4+ naturally decreases as � becomes
maller than 180◦, leading to local lattice distortions of the MnO6
ctahedra. By consequence, the tendencies of charge localization
ncrease due to the reduction in the mobility of the carriers. Due
o that, the value of Tp is expected to decrease with decreasing 〈rA〉
33,35].

In zero field measurements of resistivity one can see from Fig. 3
hat with decreasing temperature, the resistivity (�) increases up
o metal–insulator transition temperature (Tp) and then decreases
n further decrease of temperature and finally reaches a minimum
alue at about 20 K for LECMO and 24 K for LCMO. On further
ecrease of temperature below Tmin, � is found to increase rapidly
nd the behaviour is a characteristic feature of an insulator [36]. In
ontrast with the normally observed metallic behaviour in the fer-
omagnetic region, the samples of present investigations are found
o exhibit insulating behaviour. An obvious example can be seen
n the insets of Fig. 3 for 0 T. In fact a similar type of behaviour was
eported earlier in other kinds of materials [28,37,38]. Moreover,
hen the magnetic field is increased from 0 to 7 T, the maximum

f the resistivity decreases from 21.5 to 11.8 � cm and from 9.7 to
.5 � cm for LECMO and LCMO, respectively. At the same time, the

ransition temperature Tp shifts towards high temperature region
y an amount of 10 K for both samples. This may be due to the fact
hat the applied magnetic field delocalizes the charge carriers by
ausing local ordering of the electron spins. Due to this ordering,
Fig. 3. Temperature dependence of resistivity under different magnetic fields for
LCMO (a) and LECMO (b).

the ferromagnetic metallic (FMM) state might have suppressed the
paramagnetic insulating (PMI) regime resulting in increasing Tp val-
ues under the influence of magnetic field [39]. Further, Tmin is found
to shift towards low temperature region with increasing magnetic
field. The resistivity upturn below Tmin is also found to suppress
with increasing magnetic field. The origin of this resistivity
minimum at low temperatures could be associated to compe-
tition between the weak localisation effect, electron–electron
scattering process and electron–phonon scattering
process [40].

As the MR is a fundamental property of manganites, its percent-
age of the samples has been calculated using Eq. (1). Its evolution
with temperature under an applied magnetic field of 7 T is shown
in Fig. 4. The obtained values around Tp are given in Table 1. For
both samples, the largest MR is observed around Tp and remains
still remarkable even at the lowest temperatures. A maximum
of 47% and 44% is obtained for the doped and undoped samples,
respectively. The doping with Eu increases the magnetoresistance
of La0.7Ca0.3MnO3 system which is consistent with the same con-
tent of yttrium doped system [18]. Fig. 5 shows the variation of MR
as a function of the applied magnetic field (from −4 to 4 T) at dif-

ferent temperatures. At low temperatures (≤100 K), the MR in the
field below 1 T increases sharply with the increase of the applied
field and shows the general behaviour of the polycrystalline sam-
ples with a large low-field MR [41,42]. After this value (H > 1 T), a
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ig. 4. MR (%) vs. temperature plots of the LCMO (�) and LECMO (©) samples in a
eld of 7 T.

lower variation of MR with H is observed. On the contrary, the

ariation of MR with H is quasi-linear at high temperatures. At 4 T
nd for all temperatures below Tp, the doped sample exhibits the
ighest value of MR.

a

b

ig. 5. MR (%) vs. magnetic field at different temperatures for LCMO (a) and LECMO
b).
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3.3. Low-temperature behaviour

In spite of nearly two decades of intense work on CMR mate-
rials, the variation of resistivity at low temperatures (T < Tp) and
relative strengths of the different scattering mechanisms originat-
ing from different contributions are not yet understood throughly.
Therefore, in order to explain the origin of the low temperature
resistivity upturn, the experimental data have been analyzed using
the following empirical equation [24].

�(T) = �(0) + �2T2 + �4.5T4.5 + �eT1/2 − �s ln T + �pT5 (2)

where �0 arises due to grain or domain boundaries. As the poly-
crystalline materials contain grains, grain boundaries and their
significant contribution to the resistivity is proved in microwave
measurements [43] and hence term �0 will play a major role
in the conduction process. On the other hand �2T2 indicates the
electron–electron scattering, while �4.5T4.5 is attributed to two
magnon scattering processes. The last three terms are based on
strong correlated effect in manganites; �eT1/2 takes care of the
contributions from correlated electron–electron interactions, while
�s ln T represents the contributions due to Kondo-like spin depen-
dent scattering. �pT5 term is due to electron–phonon interactions.
The experimental resistivity data of present investigation were fit-
ted to Eq. (2) and the best fit figures at 0 T and 7 T are shown in
Fig. 6. It can be seen from the figures that the theoretical and the
experimental curves match well. The fit parameters obtained for

both curves are tabulated in Table 2. One finds from the table that
all the parameters are found to decrease with increasing magnetic
field (except �s for LCMO) whereas they all increase with Eu dop-
ing. The observed behaviour may be explained as follows: when the
magnetic field increases, the domain enlarges reducing the value of

LCMO 0 T

7 T

0 50 100 150 200 250 300

0

2

4

6

8

10

T K

Ρ
cm

LECMO 0 T

7 T

0 50 100 150 200 250 300

0

5

10

15

20

T K

Ρ
cm

a

b

Fig. 6. Theoretical fit of low temperature resistivity data for LCMO (a) and LECMO
(b).
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Table 2
Best fit parameters of low temperature resistivity data.

Sample code �0 (� cm) �2 (×10−6 � cm/K2) �4.5 (×10−9 � cm/K4.5) �e (� cm/K1/2) �s (� cm) �p (×10−10 � cm/K5)

7 T 0 T 7 T 0 T 7 T 0 T 7 T

1.98308 0.165863 0.164143 0.309403 0.349267 1.58392 1.23866
5.28103 0.446547 0.278124 0.805593 0.626395 5.61911 3.31422
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Table 3
Fitting parameters of the PH model for LCMO and LECMO.

Sample code H (T) R2 EA (meV) �˛ (×10−6 m� cm/K)

LCMO 0 0.9990 150.39 17.288
7 0.9942 131.84 33.765
0 T 7 T 0 T 7 T 0 T

LCMO 1.96153 1.33255 34.8501 34.5014 2.70948
LECMO 4.06633 2.66228 11.8577 9.27109 9.60308

0. This may be related to the intrinsic properties of the system and
oes reflect CMR effect and disorder characteristics for the mangan-

te system [41]. The reduction in �2 and �4.5 could be attributed
o decrease in electron spin fluctuations in the presence of mag-
etic field. The increase in the last three terms indicates that the
eak localization, electron–electron and electron–phonon scatter-

ng increase with Eu-doping, wherein disorder increases and the
aterial becomes disordered.

.4. High-temperature behaviour

In order to explain the variation of electrical resistivity with
emperature in the high temperature insulating (semiconducting)
egime (above the metal–insulator transition temperature Tp), the
esistivity data is fitted by the adiabatic small polaron hopping (PH)

odel [44]. According to this model the expression of resistivity is

iven by the relation:

�

T
= �˛ exp

(
EA

kBT

)
, (3)

a

b

ig. 7. Theoretical fit of high temperature resistivity data for LCMO (a) and LECMO
b).

[
[

[
[
[
[

LECMO 0 0.9996 158.65 8.4943
7 0.9988 143.97 14.658

where EA represents the activation energy and �˛ = 2kB/3ne2a2� is
the residual resistivity. Here kB is Boltzmann’s constant, e is the
electronic charge, n is the density of charge carriers, a is site-to-site
hopping distance, and � is longitudinal optical phonon frequency.
The resistivity curves of the samples are plotted as ln(�/T) versus
(1/T) at 0 and 7 T (Fig. 7). Applying the PH model, we have calculated
the values of activation energy EA, and the fitting parameters for this
model are presented in Table 3. One can see from the table that the
activation energies are decreased by application of the magnetic
field. This behaviour may be attributed to a reduction of the charge
localization.

4. Conclusion

In summary, the structural and magneto-electrical properties of
bulk (La0.7−xEux)Ca0.3MnO3 (x = 0 and 0.1) samples are presented.
The Eu doping causes a decrease of the metal–insulator transi-
tion temperature Tp from 194 to 165 K and makes the resistivity
twice larger. A maximum of magneto-resistance of 44% and 47% is
observed at a magnetic field of 7 T for the undoped and doped sam-
ples, respectively. Moreover, these values are observed around their
Tp and remains still remarkable even at the lowest temperatures.
It has also been concluded that the electrical conduction mech-
anism at low temperatures (T < Tp) can be explained by a theory
based on Kondo-like spin dependent scattering, electron–electron,
electron–phonon and electron–magnon scattering while the adi-
abatic small polaron hopping machanism can be used in the high
temperature (T > Tp) regime.
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