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Abstract

This work reports a detailed study of magnetic and transport properties of the manganite compounds

ðR1;R2Þ0:67ðM1;M2Þ0:33MnO3 (R1; R2=La, Gd, Pr, Tb, Ho; M1; M2=Ca, Sr, Ba). Taking into account that the

ferromagnetic-to-paramagnetic and the metallic-to-semiconductor transition temperatures, as well as the magnetoresistance peak

temperature, depend on the ionic radius of the A-site cations, /rAS; as well as on the A-site (A ¼ R1; R2; M1 and M2) cationic size

mismatch, s2ðrAÞ; and also on the ratio Mn3+/Mn4+, compositions of the samples employed here were chosen to keep these
parameters approximately constant. X-ray diffraction patterns indicate that all samples have similar structural characteristics.

Experimental results show that they all present similar ferromagnetic–paramagnetic and metallic–semiconductor transition

temperatures, as well as similar behavior of the magnetoresistance. We also found evidences of magnetic coupling between rare-

earth and Mn moments at low temperatures, while at high temperatures the rare-earth ions have paramagnetic behavior. These

results indicate that by controlling the structural parameters and preparation conditions, one can obtain samples with similar

magnetic and electrical properties.

r 2003 Elsevier Inc. All rights reserved.

PACS: 75.47.Lx; 75.47.Gk; 73.43. Qt
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1. Introduction

The discovery of colossal magnetoresistance (CMR)
in perovskite-type manganese oxides has generated
considerable interest in these materials. These systems,
with the general formula (RE, AE)MnO3, where RE is a
trivalent rare-earth and AE is a divalent alkali-earth,
have being studied not only to understand the basic
aspects of the interaction mechanisms present in these
compounds, but also for a possible use in technological
applications. This situation implies the need to search
for materials exhibiting a CMR at room temperature
under lower applied magnetic fields. Substitution of the
trivalent element by a divalent one produces mixed
valence Mn3+/Mn4+ affecting both magnetic and
transport properties. These properties can be qualita-
tively described on the basis of the double-exchange
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(DE) model proposed by Zener [1]. According to this
theory, the ferromagnetic interaction between Mn3+

and Mn4+ is established by the motion of charge
carriers in the compounds via oxygen anions. The
double-exchange mechanism depends on the Mn–O–Mn
bond angle through the matrix element tij: The decrease
in the bond angle reduces tij which, in turn, governs the
electron hopping between Mn sites. This reduction leads
to a systematic decrease in the ferromagnetic-to-para-
magnetic transition temperature (TC) [2,3].
Many studies have shown that TC and the metallic-to-

semiconductor transition temperature (TMS), as well as
the CMR peak temperature, can be tuned by controlling
independently some parameters, as the ionic radius of
the A-site cations, /rAS; the A-site cationic size
mismatch, s2ðrAÞ; and the relative ratio of manganese
atoms with different valences, Mn3+/Mn4+ [4,5].
Several authors have reported that TC and TMS are

shifted to higher values with the increase of /rAS and
that these temperatures tend to saturate at high /rAS
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values, probably because many of these manganites have
A-site cations with a large size mismatch [6,7]. Moreover,
the disparity of A-site cations, due to the difference in
ionic radius, should cause different local distortions of
the lattice around rare-earth ions, which could result in
magnetic inhomogeneity and lead to complex magnetic
structures. To measure the size disparity (or size
mismatch effect), Rodriguez-Martinez and Attfield [6,7]
employed the statistical variance in the distribution of
radii, s2ðrAÞ: They showed that TC and TMS in these
manganites are very sensitive to the mismatch in the sizes
of the A-site cations. They also have found that, keeping
/rAS constant for different values of the Mn3+/Mn4+

ratio, TC decreases linearly with s2ðrAÞ:
These studies indicate the crucial role played by the

set of parameters /rAS; Mn3+/Mn4+ and s2ðrAÞ; on
the electric and magnetic properties but, in most of the
cases, the studies were based on materials with only one
or two fixed parameters [7,8].
Taking these considerations into account, we have

studied the magnetic and transport properties of a
number of manganites of the series
ðR11�yR2yÞþ30:67ðM1zM21�zÞþ20:33MnO3 maintaining all
three parameters fixed, i.e., all samples prepared have
very similar values of /rAS; as well as of Mn3+/Mn4+

and s2ðrAÞ: This situation allows one to predict that the
crystallographic structures should be similar and,
consequently, so would the Mn–O–Mn bond angles.
Therefore, one should expect similar magnetic interac-
tions (double-exchange and superexchange) from one
compound to the other. X-ray diffraction and magne-
tization measurements corroborate those expected
results. In this paper we also discuss the role played by
rare-earth ions in the A-site, since evidences were found
for the occurrence of a coupling between the Mn
magnetic structure and the rare-earth moments at low
temperatures. The composition with Mn4+=0.33 was
chosen because this doping concentration seems to
maximize the double-exchange effect, as seen in the
lanthanum compounds [9].
2. Experimental procedure

A series of ðR1yR21�yÞþ30:67ðM1zM21�zÞþ20:33MnO3 (R1;
R2=La, Gd, Pr, Ho, Tb; M1; M2=Ca, Sr) samples
were synthesized using a sol–gel method [10]. The
samples were prepared with three of the experimental
variables, namely /rAS; s2ðrAÞ and the Mn3+/Mn4+
ratio, maintained constant. The stoichiometry of the
compounds was calculated using a computational
program, specially developed to evaluate all possible
combinations of the involved elements (A ¼ R1; R2; M1
and M2), with the objective of obtaining the composi-
tions of the samples with the desired parameter values.
This series of compounds was prepared with values of
Mn4+=0.33, /rAS ¼ 1:23 Å and s2ðAÞB0:005 Å
2 respec-

tively. The /rAS and s2ðAÞ values for this set of samples
were estimated using ionic radii of nine-fold coordina-
tion number [11].
Stoichiometric amounts of oxides and carbonates

were dissolved, separately, in a solution of nitric acid
and de-ionized water. After this, all metallic solutions
were mixed together in an aqueous citric acid solution
(in a molar ratio of 3:1 of metallic cations) which was
heated up to B50�C. This solution, to which ethylene
glycol (4:6 molar ratio of the citric) was added, was then
heated up to 70�C. The pH value was increased to about
5 by addition of ammonia. The resulting solution was
turned to a gel by heating in temperatures of 90�C.
Afterwards the gel was heat-treated to 200�C (2 h) at
1�C/min ratio and from 200�C up to 400�C (4 h) at 2�C/
min. The resulting powder was ground and calcined in a
temperature of 700�C for 12 h, reground and calcined
again at 800�C for another period of 12 h. After that,
powder was pelletized and sintered for 12 h at 1200�C in
a flowing oxygen atmosphere.
The crystallographic structures were investigated by

X-ray diffraction (XRD) using a Siemens-D5000 equip-
ment. Magnetoresistance studies were performed in a
Physical Properties Measurement System (Quantum
Design), using the standard four probe method to
measure the field- and temperature-dependent resistance
of the sample RðH;TÞ: Measurements were taken
between 100 and 360K with applied fields up to
70 kOe on parallelepiped-shaped samples (all with
almost similar dimensions, of the order of
1.0� 1.2� 4.0mm3). Magnetization (M) measurements
were performed in a SQUID magnetometer (Quantum
Design). Measurements were carried out under fields up
to 50 kOe, at temperatures from 2K up to 350K, and
were taken either while warming the sample after
cooling it in the absence of a field (ZFC), and while
cooling in a field (FC).

TC was determined as the temperature where dM=dT

is minimum and TMS as the maximum of the resistance
versus temperature curve. The magnetoresistance was
defined as MR ¼ ½ðRð0Þ2RðHÞÞ=Rð0Þ
 � 100%; and the
peak temperature of the magnetoresistance curve was
labeled as TMR: The compositions of the samples
prepared, and their respective labels are:
La0.51Gd0.16Sr0.33MnO3 (LGS), La0.53Tb0.14Sr0.33MnO3
(LTS), La0.13Pr0.54Sr0.32Ba0.01MnO3 (LPSB) and La0.57-
Ho0.10Sr0.31Ca0.02MnO3 (LHSC). All were prepared to
have the following nominal values: Mn4+=0.33,
/rAS ¼ 1:23 Å and s2ðAÞB0:005 Å

2.
3. Results and discussion

As shown in Fig. 1, the X-ray diffraction patterns
of all samples indicate that a single phase of the
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perovskite-type structure was formed. No extra peaks
were observed, indicating the absence of secondary
phases. The inset of Fig. 1 reveals the presence of
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Fig. 1. X-ray diffraction pattern of the studied samples shown.

Meaning of labels is given in Table 1.
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Fig. 2. Temperature dependence of magnetization for the studied

samples under 50Oe taken on warming after cooling the sample in

zero-field (ZFC) and cooling runs in a field (FC) of 50Oe.

Table 1

Nominal composition of the studied samples: ðR1yR21�yÞþ30:67ðM1zM21�zÞþ20:33
Mn4+=0.33, /rAS ¼ 1:23 Å and s2ðAÞB0:005 Å

2

Samples Composition TC (K)

LGS La0.51Gd0.16Sr0.33MnO3 312

LTS La0.53Tb0.14Sr0.33MnO3 303

LPSB La0.13Pr0.54Sr0.32Ba0.01MnO3 306

LHSC La0.57Ho0.10Sr0.31Ca0.02MnO3 314

Some distinctive temperatures are also shown for each sample.

TC: magnetic transition temperature.

TMS: metal-semiconductor transition temperature.

TMR: peak temperature of MR curve.

TSh: temperature where R=RMAX exhibits a change of slope.
double-peak structures for samples LPSB and LHSC,
possibly indicating a slight difference in their structural
symmetries. This could be possibly ascribed to the fact
that these samples have up to four elements with
different ionic radii in the A-site, being thus expected
that different local distortions of lattice be formed, what
could diminish the structural symmetry. Also noticeable
is the absence of peak shifts from sample to sample,
indicating no significant variation on the volume of the
unit cell.
The temperature dependence of the magnetization

of the studied compounds under an applied field of
50Oe is shown in Fig. 2 (ZFC and FC procedures). The
TC values for all samples, collected in Table 1, are all
very close to each other, within the temperature range
303–314K. This suggests that the magnetic structure is
probably preserved, indicating that the competition
between antiferromagnetic (AFM) and ferromagnetic
(FM) interactions are similar for all samples. According
to de Gennes [3] the competition between superexchange
(AFM) and double-exchange (FM) interactions
define the magnetic structure, and can lead to a
canted or helical spin structure. This might be indica-
tive that at room temperature the DE interaction is
roughly the same for all samples, and that this situation
does not change as temperature decreases. Although
ions in the A-site have different characteristics, no
influence on the magnetic structure was observed,
indicating that, close to room temperature, rare-earth
ions are likely to be in the paramagnetic state in these
compounds.
X-ray diffraction and magnetization measurements

confirm those expected results at room temperature.
From these results—position of peaks and TC practi-
cally unchanged—one can also suggest that the oxygen
content is essentially the same for all samples. Since, it
has been shown that a decrease on the oxygen content
leads to an increase of the volume and a decrease of
magnetic transition temperatures [12].
We now focus on the influence of the rare-earth

moments. The RE ions used in different compounds
have different characteristics at low temperatures. In
MnO3 (R1; R2=La, Gd, Tb, Pr and Ho; M1; M2=Ca, Sr, Ba) with

TMS (K) TMR (K) TSh (K)

234 296 303

230 295 291

244 304 300

250 306 308
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fact, bulk Gd is ferromagnetic below TC ¼ 293K, while
bulk Tb is weakly ferromagnetic below TC ¼ 231K. By
its turn, bulk Ho is weakly ferromagnetic below
TC ¼ 20K, with a conical ordering of the moments.
Between 20K and TN ¼ 132K, it has an AFM ordering,
with helical structure. Bulk Pr orders antiferromagneti-
cally at very low temperatures, with TN ¼ 50mK. In
general, bulk samples of the rare-earths order in
complex magnetic structures at low temperatures,
involving a great variety of anisotropic interactions
[13,14].
Based on these observations, it is reasonable to expect

that the interaction between Mn and rare-earth mo-
ments can result in the formation of complex magnetic
structures, especially at low temperatures. This possibi-
lity has been discussed previously by Park et al. [15] for
single crystals of some selected manganites. In Fig. 2 we
observe that the magnetization (ZFC and FC) behavior
below TC is distinct for each composition of our
samples. All samples present a decrease on the ZFC
magnetization as the temperature decreases, indicating
the appearance of a magnetic ordering which reduces
the magnetization. This leads to the idea that an
antiferromagnetic component of the exchange interac-
tion is manifesting at these low temperatures. This can
be due to the formation of a canted magnetic structure,
as already suggested for other manganite compounds
[16,17]. If one has a type of canted ordering, it is to be
expected that a low applied field at some constant
temperature, in this range below 20K, should induce a
transition to ferromagnetism. If the field required to
induce the transition is small, it might be difficult to
detect the related anomaly—an inflection point—in
MðHÞ curves as those displayed in Fig. 3. The
temperature dependence of dM=dH (inset of Fig. 3),
however, presents the indicative peak which reveals the
occurrence of a field-induced magnetic transition from a
canted state to a FM one [18].
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Fig. 3. Applied field dependence of magnetization for the studied

samples at 2K. Inset: dM=dH as a function of the applied field at 2K.
In the low-temperature region of Fig. 2 (below
TE50K) one can observe that, under a magnetic field
of 50Oe, the antiferromagnetic component is switched
to ferromagnetic when samples LGS and LTS are
field-cooled. However, for the LHSC sample one sees
that the antiferromagnetic component persists for
temperatures below 50K, in spite of a tendency to
switch to ferromagnetic ordering. For the LPSB sample,
a marked decrease of magnetization is seen below 50K,
indicative that the dominant magnetic order is one that
reduces M: These observations seem to suggest that the
rare-earth moments in our compounds behave more or
less as their corresponding bulk specimens, supporting
our speculation that Gd and Tb order ferromagnetically,
while for Ho and Pr the order is of the antiferro-
magnetic type. The following discussion elaborates more
on this.
We address now the differences in magnetization

magnitude for different samples. Of course one should
expect that, if the above assumptions are correct, the
rare-earth moments contribute for the saturation
magnetization, MS; except for the LPSB sample. This
would thus suggest that MS should be larger than the
theoretical value, MST ¼ NgSavemB; calculated assuming
full alignment of all Mn3+ and Mn4+ ions. In the
expression, N is the number of Mn ions per volume unit,
g is the gyromagnetic ratio (gMn ¼ 2), mB is the Bohr
magneton, and Save is the average spin of the
constituents, namely S ¼ 2 for Mn3+ and S ¼ 3=2 for
Mn4+. For our compounds, with fully aligned Mn3+

(67%) and Mn4+ (33%), MSTB90 emu/g.
Fig. 3 depicts the magnetization versus applied field

curve at 2K for fields up to 50 kOe for all compounds.
Values for the saturation magnetization are 109 emu/g
for LGS, 95 emu/g for LHSC and LTS, and 80 emu/g
for LPSB. These results reveal that, for samples LGS,
LTS and LHSC, the presence of rare-earth moments
contribute to increase MS; suggesting that these ions are
coupled ferromagnetically with the Mn magnetic struc-
ture. On the contrary, the LPSB sample, in spite of the
higher content of substitutional rare-earth ions, has the
lowest value of MS; even smaller than the theoretical
figure of 90 emu/g. This must be related to the presence
of interactions depressing the magnetic moment of the
sample, what might be supported by the fact, reported
by Jensen and Mackintosh [14], that antiferromagnetism
can be induced in Pr by an internal coupling due
magnetic impurities, shifting TN for higher tempera-
tures. Thus, an antiferromagnetic coupling between Pr
and Mn moments is plausible, leading to a substantial
canting of the Mn magnetic structure and, consequently,
decreasing MS: The decrease of the FC magnetization
observed (Fig. 2) for the LPSB sample below 50K, is
probably due to an antiferromagnetic alignment of Pr
ions induced by field. A similar behavior seems to be
present for the Ho-substituted sample.
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Also in Fig. 3 one can observe different degrees of
difficulty in promoting the magnetic alignment as the
applied field is increased from 0 to 10 kOe. This can be
better shown through the normalized curves M=MS

(Fig. 4). For the LGS, LPSB and LHSC samples, MðHÞ
quickly increases under applied fields lower than 10 kOe.
However, for the LTS sample the process of magnetiza-
tion is somewhat slower, which is contrary to that
expected if Tb moments were simply ferromagnetically
aligned with Mn moments. Thus, we must expand the
discussion regarding this possible coupling between Mn
and rare-earth moments, suggested by the experimental
data. In a more complete analysis one has to consider
that the position of the rare-earth ions are different from
the ones they occupy in the corresponding bulk speci-
mens. While the symmetry of our samples can be treated
as cubic, bulk specimens of the rare-earths employed
here as substitutionals have hexagonal symmetry.
However, although the structural characteristics of the
rare-earth bulks are similar, their magnetic properties
differ considerably, mainly because the ordering of the
rare-earth moments in the crystallographic planes are
different. In the case of the samples studied here,
magnetization data seem to indicate that the rare-earth
moments in ground state are canted with respect to the
Mn magnetic lattice. This is reflected by the data shown
in Fig. 4, where the relative magnetization, normalized
to one at saturation, highlights the contrasting differ-
ences experienced by each sample to have its moments
aligned with the external field. For example, in the case
of the LTS sample, we speculate that the canting angle
between Mn and Tb is higher than the corresponding
angle between the rare-earth and Mn for the others
samples. This would also explain the behavior of the
magnetization at low temperatures (Fig. 2). When
submitted to a ZFC procedure, Mn moments align with
the rare-earth moments at low temperatures and, when a
field is applied, this configuration is maintained until
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Fig. 4. Normalized magnetization as a function of the applied field at

2K.
thermal fluctuations are large enough to decouple the
two sublattices which however will remain coupled only
to the magnetic field. On the other hand, under a FC
procedure, both Mn and rare-earth moments remain
aligned along the applied field. From this reasoning one
sees that the results of magnetization seem to be
compatible with the existence of a magnetic interaction
between Mn and rare-earth ions at low temperatures.
We turn now our discussion to the resistance versus

temperature curves, taken with and without an applied
field. In general terms, resistance curves should also
reflect the magnetic behavior, and their overall char-
acteristics can be compared to those revealed by
magnetization curves. Measured in the absence of a
magnetic field, a similar electrical behavior is expected
for all samples. Under an applied field, however,
resistance curves should differ at temperatures well
below those of the magnetic transition region, while
above this region these curves should be similar. In the
transition region the resistance should mirror the
magnetic behavior.
It is worth mentioning that the resistance values are

approximately of the same order for all samples studied
here. In order to compare the overall behavior of
different specimens, we deal only with the normalized
resistance, R=RMAX: The temperature dependence of
R=RMAX measured in the absence of magnetic fields, for
all prepared samples, is shown in Fig. 5. The curves
almost overlap, and were shifted vertically for the sake
of clarity. All curves exhibit a maximum at a tempera-
ture labeled TMS; at which the sample undergoes a
metal-to-semiconductor transition. For all samples, TMS
is found to occur between 230 and 250K (Table 1) and,
for each sample, this temperature is lower than the
corresponding TC: All curves exhibit a shoulder above
TMS; at which there is a sudden change of slope. In the
temperature region where the shoulder appears, the
experimental curves can be approximated by two
straight lines. We have drawn such lines to emphasize
the abrupt change of slope, occurring at TSh; indicated
by arrows. Not surprisingly, this shoulder corresponds
to the magnetic transition, as has been observed
previously by other authors [19]. A simple inspection
on Table 1 shows that this correspondence between TC
and TSh is reasonable. It is easily explained by the
argument that electrical conductivity depends on the
spin ordering. The inset of Fig. 5 shows the temperature
derivative of R=RMAX; to further demonstrate the
change of slope discussed above.
The similarity of these curves confirms that the

magnetic structure is preserved for all samples, since
the transport mechanism depends on the Mn spin
ordering [1]. This indicates clearly no influence of the
rare-earth moments on the magnetic structure. Also, one
is led to conclude that the crystallographic structures for
all samples are quite similar, since a variation of the cell
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volume would lead to a corresponding change on the
Mn–O–Mn bond angle and, thus, on the magnetotran-
sport response. For example, in La0.67Ca0.33MnO3,
when La is substituted by Y to form
La0:60Y0:07Ca0:33MnO3 [20], the lattice parameters di-
minish by some 0.2%, while TMS and TC are shifted
down by 90K. For that system, on TC the shift
represents a change of 0.34%, whereas the correspond-
ing percentage is smaller than 0.04% in the present case.
Magnetoresistance versus temperature curves when

the samples studied were submitted to applied fields of
10 and 70 kOe, are presented in Fig. 6. Each of them
exhibits a local maximum around TC: Below 250K, the
MR (both for 10 and 70 kOe) increases monotonously as
the temperature decreases. If only Mn and its magnetic
structure were affected, then we should expect similar
slopes (dMR ¼ DMR=DT) for all curves. Contrarily, if
the applied field induces ordering of the rare-earth
moments, a consequence could be a non-negligible
interaction between Mn and rare-earth moments,
affecting the Mn magnetic structure responsible by the
DE mechanism. The different slopes observed in Fig. 6
below 250K for all samples clearly indicate that the
magnetic response on the spin structure under an
applied field is different from sample to sample as the
temperature decreases. Thus, the rare-earth contribution
seems to be a necessary ingredient to explain these
results. Now, we also observe that the slopes of the MR
curves at 70 kOe associated to samples LTS and LGS
are identical, below 225K, what is possibly related to
the ferromagnetic behavior of Tb and Gd moments, as
suggested earlier in this analysis. This observation is
consistent with the fact that, at high fields, both Mn and
rare-earth moments are aligned along the external field
and, thus, the interaction between them should be
similar in both samples. However, the slopes of samples
LHSC and LPSB are very different. This might be
attributed to a more complex magnetic behavior, as also
suggested earlier. In the transition region (280–315K),
the values of the MR peak and of the corresponding
temperature where it takes place, TMR; differ from one
specimen to another, what is expected, since position,
size and shape of the MR peak are strongly correlated to
the magnetic transition. Above 315K the slopes of all
MR curves are very similar, indicating that, as expected,
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the transport mechanism is the same for all samples in
the paramagnetic phase.
In order to verify the magnetic state of rare-earth ions

in our samples, we have measured the MR versus
applied field at 300K, a temperature for which the rare-
earth ions are paramagnetic when in bulk specimens, but
all the samples studied here are ferromagnetic
(TC4300K, see Table 1). Now, if the rare-earth ions
are found in the paramagnetic state, they should have a
similar behavior under an applied field and, conse-
quently, should cause similar effects on the Mn magnetic
structure. The magnetoresistance measurements, shown
in Fig. 7, corroborate the expected behavior, revealing
an approximately linear increase of MR with the applied
field, being the MR values for different samples very
close to each other, within measured field range, from 0
up to 70 kOe. This indicates that the magnetic structure
responds similarly under an applied magnetic field and,
consequently, that the mechanisms of electrical conduc-
tion are similar for all samples studied. In short, these
results obtained from transport measurements corrobo-
rate those obtained from magnetization experiments.
In summary, we have reported the results of

magnetic and electrical measurements of compounds
ðR1yR21�yÞþ30:67ðM1zM21�zÞþ20:33MnO3 (R1; R2=La, Gd,
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Pr, Ho, Tb, Y; M1; M2=Ca, Sr). It is clear that our
results of transport, magnetization and XRD measure-
ments show that magnetic and crystallographic struc-
tures are quite similar for all compounds at room
temperatures, in spite the disparity of A-site cations due
to the difference in ionic radius. Results were discussed
on the basis of the coupling between Mn and rare-earth
moments, taking as fixed the parameters Mn3+/Mn4+

ratio and crystal structure.
4. Conclusion

We have shown that, maintaining constant structural
parameters (Mn3+/Mn4+, /rAS and s2) and the
preparation conditions, we were able to obtain samples
with similar structural, magnetic and electric properties.
The magnetization measurements indicate that the rare-
earth ions in our samples have similar behavior as
compared to those of the respective bulks. Therefore,
one might expect that complex magnetic structures will
be formed at low temperatures. We have also observed
that TC is similar for all studied samples, indicating that
the specific magnetic characteristics introduced by
different rare-earth ions are irrelevant at high tempera-
tures. However, at low temperatures an anomalous
behavior of the magnetization shows evidence of
magnetic coupling between of Mn and rare-earth
moments, as discussed previously by others.
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