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Abstract

A systematic study of the magnetic and transport properties of the system (La1�xGdx)0.67Ca0.33MnO3 (0pxp1) is
presented in this article. Through this series, a great crystallographic distortion is achieved but keeping constant the

electronic density. At low Gd3+ content, these ions behaves in a paramagnetic state following a Brillouin function.

Low-temperature ferromagnetism remains unchanged. However, for the samples with large Gd3+ content a complex

magnetic behavior arises from several competing interaction as super-exchange, double-exchange and also the

interaction between Gd and Mn ions. Resistivity and thermopower follow a progressive increase as Gd3+ content does,

but the polaron energy in the paramagnetic range remains independent of all these changes. Thermopower infinite value

is also determined and analyzed. r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The experimental magnetic and transport prop-
erties of mixed-valence manganites have been
studied in great detail in the last decade, and there
have been many theoretical work in order to
understand the intriguing properties they offer [1].
Most of this has been centered until now on the
La2/3Ca1/3MnO3 compound [2], as it presents a
ferromagnetic–paramagnetic first-order transition
related with high values of magnetoresistance, the

as-known colossal magnetoresistance (CMR) [3].
However, many other cations can be accom-
modated in the structure and the phase diagram
of other compounds as La1�xSrxMnO3 [4],
Pr1�xCaxMnO3 [5], etc., had been completed very
quickly. In all these studies arises the deep relation
between structure, magnetism and electronic
transport. Following this trend of work, more
specific studies came up with the purpose of
studying one of the main contribution to the
physical properties of manganites. This is the
change in the crystallographic structure but main-
taining a fixed doping level. Several authors
completed a great number of different cationic
substitutions [6–9], that can be briefly summarized
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in the phase diagram proposed by Hwang et al. [6].
In all these works, the band filling is kept constant,
but the electronic transfer, that is governed mainly
by the mean Mn–O–Mn angle can be changed
considerably by the different radii of the cationic
substitutions [10]. All these experiments were
completed by others where external pressure
(rather than the internal chemical distortion) is
varied [11,12]. All the conclusions mainly
abounded in the interplay between structure and
electronic transport.
In this work we decided to perform a systematic

study of the structural, magnetic and electrical
properties of (La1�xGdx)2/3Ca1/3MnO3 (0pxp1).
By this way, the starting point of the serie is one of
the prototypical CMR manganites with an optimal
doping level. The progressive substitution of La3+

for Gd3+ is a particular favorable case, since the
Gd3+ ion has L ¼ 0; and therefore no complica-
tions are caused by the crystalline field. On the
other hand, the Gd substitution in La2/3-
Ca1/3MnO3 produces a continuous distortion in
the structure due to its smaller ionic radio. The
result are important changes both in the magnetic
and transport properties of the original manganite.
Moreover, the magnetic character of Gd3+ ions
appears superimposed to the interactions between
Mn3+/4+ ions, generating new consequences.

2. Experimental

For this study we synthesize a serie of poly-
crystalline samples with nominal composition
(La1�xGdx)0.67Ca0.33MnO3 (x ¼ 0; 0.10, 0.25,
0.50, 0.75, 1). All of them were prepared by solid
state reaction starting from high purity oxides and
with a final sintering treatment at 13001C for
100 h. X-ray Rietveld refinements show single
phase materials in all the cases. Magnetic measure-
ments were done in a SQUID magnetometer.
Resistivity was measured by the standard four-
probe method with gold contacts. Measurements
of thermoelectric power were performed with a
home-made apparatus and a temperature differ-
ence of 1K was applied between two parallel cuts
of each sample.

3. Results and discussion

3.1. Structural properties

The substitution of La3+ ions by Gd3+ leads to
a progressive reduction of the tolerance factor, t;
as a consequence of the decrease of the mean ionic
radio /rAS: This distortion in the perovskite
structure corresponds to a decrease in the mean
Mn–O–Mn bonding angle (see Table 1). As the
electronic doping level remains unchanged, and so
the band filling, the structural distortion is the
main responsible of the changes in the magnetism
and in the transport properties, as we shall discuss
after. All the following results have to be linked
with this previous one.

3.2. Magnetic properties

Firstly, we are going to revise the basic magnetic
properties in the whole serie of samples. The
temperature dependence from 5 up to 350K of the
magnetization is measured after cooling in zero
magnetic field (ZFC) and after cooling in a field
(FC) are reported in Fig. 1. It seems clear from the
data exposed that samples can be divided into two
different groups: the ones with small Gd percen-
tage (0%, 10% and 25%) and the others with high
Gd content (i.e. 50%, 75% and 100%). The first
group includes samples that shows a clear transi-
tion from a high-temperature paramagnetic state
down to a ferromagnetic one. Although the Curie
temperature is shifted down as Gd increases, the

Table 1

Mean ionic radii, tolerance factor and mean Mn–O–Mn angle

for several Gd content. It is clear that there is continuous

reduction in all the structural parameters as Gd content

increases

Gd percentage

(%)

/rAS t Mean Mn–O–Mn

angle (deg)

0 1.204 0.917 159.7

10 1.197 0.915 158.6

25 1.186 0.911 157.3

50 1.167 0.901 155.5

75 1.149 0.897 152.7

100 1.131 0.896 150.9

L.E. Hueso et al. / Journal of Magnetism and Magnetic Materials 238 (2002) 293–300294



samples present a long-range ferromagnetic state
at low temperature with none indication of
inhomogeneous magnetic state. In contrast, the
samples of the second group present a maximum
in both ZFC and FC curves around 50K (see
Fig. 2). All these results seems to fit perfectly with
the phase diagram proposed by Hwang et al. and
with similar results from other authors [6,13]. The
main point in this case is the decrease in both FC
and ZFC curves below transition temperature,
where magnetization presents a peak. The increas-
ing crystallographic distortion favor the interac-
tion between the Mn and Gd ions and could bring
about the Mn to undergo a spontaneous spin
reorientation that is reflected in the FC–ZFC peak,
as has been seen in other compounds like
Gd2CuO4 [14,15], or orthoferrites [16]. This effect
is only present when the structure is very distorted
and the antiferromagnetic superexchange (SE)
contribution between Mn ions is much larger that
the ferromagnetic double-exchange (DE) one.
From low-temperature hysteresis loops in fields
up to 50 kOe (Fig. 3) we can separate the same two
groups of samples. The group one, that is, the
samples with low Gd content, show the typical
ferromagnetic curve, although a paramagnetic
component is observable. This contribution arises
from the Gd ions, that behave as purely para-
magnetic in the low doping range. But again, the

samples with larger Gd percentage present a
complex magnetic behavior. We believe this is
the result of the competing magnetic interactions
in that scenario, the ferromagnetic DE, the
antiferromagnetic SE and also, the interaction
between Gd3+ spins and the ordered Mn3+/4+

ions. First of all, we have carefully studied the
magnetic response of low doped samples in order
to understand the possible paramagnetism of
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Fig. 1. Zero-field-cooled–field-cooled (ZFC–FC) measure-

ments for the samples with different Gd percentage.
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Fig. 3. Magnetization hysteresis loops at T ¼ 5K for all the
samples studied.
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Gd3+ ions. Demagnetizing factor (D) was esti-
mated in terms of a phenomenological approach
[17], and values for D between 3.1 and 4.3 were
taken in account in order to correct magnetization
hysteresis loops. In large fields, the reference
measurement in the sample without any Gd
content was fitted to saturation approach law [18],

M ¼ Ms 1�
a

H
�

b

H2

� �
; ð1Þ

where a and b are suitable constants. In the specific
case of the experimental magnetization at T ¼ 5K
of the reference compound La2/3Ca1/3MnO3,
fits gave a result of a ¼ 14278Oe, b ¼
20 5107500Oe2 and Ms ¼ 20 660730 emu/mol.
Samples with 10% and 25% of Gd content can be
fitted assuming two different parts, so their total
magnetization should be the sum of the Mn3+/4+

contribution (MMn) plus the Gd
3+ one (MGd), as

M ¼ MMn þ MGd: ð2Þ

With this protocol it is possible to separate the
contribution of Gd ions, subtracting from the total
magnetization the data corresponding to %
Gd=0, and to study them alone. If Gd3+ ions
are well magnetically diluted in a paramagnetic
state rather than correlated to Mn lattice for this
concentrations, they will have to obey the well-
known saturation law of paramagnetic substances
[18],

MGd ¼NgmBJ
2J þ 1
2J
coth

2J þ 1
2J

� �
y

�

�
1

2J
coth

1

2J

� �
y

�
; ð3Þ

where N is the number of paramagnetic ions, g is
the gyromagnetic ratio for the electron (E2), mB is
the Bohr magneton, and J is the atomic angular
momentum quantum number (in this specific case,
the Gd3+ has L ¼ 0 and therefore J ¼ S ¼ 7=2).
Moreover,

y ¼
JgmBH

kBT
; ð4Þ

where kB is the Boltzman constant. With this
expression (3) of the Brillouin function, we can
obtain information about the magnetic properties
of Gd3+ ions (Fig. 4). For example, in Fig. 5,

presents the magnetization of Gd3+ ions in the
sample of 25% after subtracting the contribution
of Mn ions from the total magnetization. In the
same graph appears the fit to the already cited
Brillouin function. The results obtained of the only
free parameter in Eq. (3) (N; number of para-
magnetic ions) can be compared with the theore-
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Fig. 4. Magnetization of Gd3+ ions (open circles) obtained

after subtracting the contribution of Mn3+/4+ ions from the

total magnetization as mentioned in the text (Eq. (2)) for the

sample with Gd = 25%. The solid line indicates the best fit to

Brillouin function.
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Fig. 5. Thermal dependence of resistivity for all the samples.

(Inset) Magnetoresistance (H ¼ 10 kOe) versus temperature
curves for the samples with less Gd content.
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tical one calculated from the stoichiometry of the
samples. The experimental data for the samples
with 10% and 25% of Gadolinium are
(4.570.4)� 1022 and (8.270.3)� 1022mol�1, re-
spectively, and the predicted are 3.0� 1022 and
7.4� 1022mol�1 for the same ones. As it was
observed, the data do not match perfectly, but they
show the clear tendency described above. The
important result is that Gd3+ ions are behaving
without interactions between them at low concen-
trations levels and so, their behavior is reprodu-
cible in their main aspects with pure paramagnetic
laws.

3.3. Transport properties

First of all, we have to analyze the electrical
resistivity data of the whole serie of samples
prepared. In Fig. 5, we show resistivity data from
375 down to 77K. Temperature where metal–
insulator transition takes place (TM2I) is reduced
when Gd doping is increased, and for values up to
10% it totally disappears from our experimental
data range. Resistivity values also increase mani-
festly with Gd doping. As we indicate before, these
are well-known results in La2/3Ca1/3MnO3 sub-
stituted manganites with Gd or other smaller
size ions [6–9]. Correspondingly, the magneto-
resistance effect, is defined as %MR=
((R(H=10kOe)FR(H=0))/R(H=10kOe)), is
also increased as TM�I is reduced (see Fig. 5,
inset). This is also an expected result that tests the
relation between structure and the lattice effects
that governs the CMR effect [6–8,19]. In the
paramagnetic range, Emin and Holstein calculated
resitivity in the adiabatic regime and found a
mobility with thermally activated form [20],
that directs to

rðTÞ ¼ r0T expðEr=kTÞ; ð5Þ

where Er is the activation energy, and the
resistivity prefactor r0 depends on the concentra-
tion of polarons, the hopping distance and the
frequency of the longitudinal optical phonons.
Resistivity in the semiconductor range was satis-
factorily fitted by small-polaron hopping equation
(Eq. (5)) and the activation energy value are shown

in Fig. 6. Activation energy for resistivity increase
as Gd percentage does.
The second transport property studied is ther-

mopower. In a case of thermally activated
conduction, it takes the form:

S ¼
k

e

ES

kT

� �
þ SN; ð6Þ

where ES is again the activation energy (that differ
from resistivity one, not as in the case of classical
semiconductors) and SN is the thermopower high-
temperature limiting value [21,22]. From a careful
study of both resistivity and thermopower mea-
surements it is possible to understand the polaro-
nic nature of conductivity in manganites and to
enlighten some of the points that remains without
a clear explanation.
In Fig. 7, we plot the thermopower temperature

dependence. Low doping rate samples present a
transition almost coincident with TC and TM�I (see
inset). However, it is noticed that the change in the
sign observed around that temperature is not
related with a change in the carriers nature but on
the competition between the entropic term and the
energy transport term of the thermopower [22].
The values in the metallic range are constant and
small, around a few mV/K, as is typical in these
systems.
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Fig. 6. Variation of resistivity activation energy with Gd

percentage. Line is a linear fit to the data.

L.E. Hueso et al. / Journal of Magnetism and Magnetic Materials 238 (2002) 293–300 297



If we study the paramagnetic span, the values
are very high and coincident with the reduced
carrier mobility viewed through resistivity [23]. All
the samples can be accurately fitted to Eq. (6).
Activation energy values for the thermopower are
depicted in Fig. 8, and the high-temperature limit-
ing value SN is also shown in Fig. 9. With these
results, we have to focus in the possible explana-
tions and the consequences derived from them.
From the fits employing Eq. (6), it is unambiguous

again that the linear dependence is obtained
between the doping level and SN: However, this
result has to be studied very carefully, as other
measurements up to 1000K realized by other
groups suggest a common infinite temperature
value for samples with different tolerance factor
[24,25].
The values obtained are always negative and

should reflect the combination of several contribu-
tions, generally [26,27]:

SN ¼ Ss þ SME: ð7Þ

The first term (Ss) is determined by the configura-
tional entropy of placing a spin s1 hole in a spin s0
background, and it is given by

Ss ¼
k

e

� �
ln
2s1 þ 1
2s0 þ 1

� �
ð8Þ

in our specific case, the right values are s1 ¼ 3=2
and s0 ¼ 2; leading to a final value of
Ss ¼ �19:2 mV/K. The second term (SME) is the
mixing entropy term that counts in how many
different ways x holes can be distributed between n

sites. There are several alternative models con-
sidered in the bibliography, like the Heikes
correlated limit [27,28], the Heikes uncorrelated
limit [22,27–29], that has been usually employed by
several groups, and the Chaikin–Beni expression
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[21,29]. This is probably the most accurate
theoretical approach to this problem, as it
considers fermions with spin, but with on-site
repulsion, so that two electrons with either spin
parallel or opposed are forbidden double occu-
pancy of a single site. The results proposed is
given by

SME ¼
k

e

� �
ln
2ð1� xÞ

x

� �
: ð9Þ

For our constant doping (x ¼ 0:33), this mixing
entropy term contributes SME ¼ �120:0 mV/K to
the total thermopower infinite-temperature limit.
So, the total result will be SNE� 140 mV/K. As it
is denoted, this result reflects the sign of the
thermopower, but not none of the absolute values
obtained from our fits, or even the temperature-
independent values suggested in other publications
[24,25].
At a fixed doping value, all the models cited

before supports a constant value, so they cannot
predict the linear fit obtained from our experi-
mental data. However, we could try to understand
this behavior not forgetting the crystallographic
distortion induced by Gd doping, that is not taken
into account in the development of the theoretical
expressions. The greater the distortion, the less
accessible the hopping sites for the electrons, and
so, the more important the entropy term that
inform us about the disorder of the system, as it is
suggested in our experimental result. In any case,
new measurements at higher temperatures should
have to be done in order to avoid uncertainties.
From the activation energies of resistivity and

thermopower it is possible to obtain one of the
fundamental parameter from the transport proper-
ties, that is, the small polaron formation energy in
the paramagnetic range. In general, we can employ
the relation [21]:

Er ¼ ES þ WH � J; ð10Þ

where WH is one-half of the polaron formation
energy and J is the transfer integral. If we assume
J to be much smaller than WH; we conclude:

WP=2 ¼ WH ¼ Er � ES: ð11Þ

By this way, we have computed the polaron
formation energy for all the samples studied (see

Fig. 10). As is clearly seen, the obtained result is
almost independent of the doping level, or in other
way, of the distortion of the structure. Despite the
great changes induced in the exchange interaction,
that transform enormously the magnetism and the
transport properties, this parameter seems to
behave limitless from this dependence. This an
exciting result that has to be interpreted theoreti-
cally in a proper way.

4. Conclusions

Systematic study of the structural, magnetic and
transport properties on the system (La1�xGdx)0.67-
Ca0.33MnO3 (0pxp1) were reported. These mea-
surements indicate the progressive distortion of the
perovskite structure as Gd3+ content increases
and a clear change in the magnetism and transport
linked with this effect. Magnetic properties allows
us to define two sets of samples, the group with Gd
content up to 25% and the ones. The first ones
present a ferromagnetic low-temperature state
derived from the double-exchange interaction
between Mn3+/Mn4+ ions, plus a paramagnetic
contribution arising from the Gd3+ ions. The
second group reveals complex magnetic behavior
resulting from the dominant antiferromagnetic
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superexchange plus the reminiscent double ex-
change and the interaction involving the Gd and
the Mn ions together. The transport properties
studied (resistivity and thermopower) reveals a
gradual destruction of electronic conductivity
mainly due to the already cited crystallographic
distortion. Both activation energies increase with
Gd3+ percentage, but the already calculated
polaron energy in the paramagnetic range remains
almost unchanged even when magnetic and trans-
port properties are greatly modified. Finally, a
tentative study of high-temperature limiting ther-
mopower values is presented.
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