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Abstract

(Tb1�x Smx)0.6Sr0.4MnO3� compounds were obtained by sol–gel method, by using oxides and acetates. The compounds were
sintered in O2 atmosphere at 1200

�C. The samples contain only a perovskite phase, with orthorhombic (Pnma) structure. Depen-

dence of the tolerance factor and of the variance vs. chemical composition of the samples was observed. An increase of Tb con-
centration leads to a sudden decrease of the specific magnetization of the samples, but has little influence on the Curie temperature.
A typical magnetoresistance behaviour (a maximum of the resistivity vs. T) was observed for the sample without Tb. The samples

containing Tb have a decrease of the resistivity (�) vs. the intensity of the applied magnetic field and with the increase of the tem-
perature (d�/dT <0, typical for a semiconductor). An increase of the activation energy of the charge transport takes place with the
increase of the Tb concentration in the samples.

# 2003 Elsevier Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Manganite compounds of general formula
A1�xBxMnO3 (A is rare earth element, B is an alkaline
earth metal) are of high technological importance
because of their interesting electronic and magnetic
properties, of their colossal magnetoresistance (CMR)
and charge ordering properties [1–3]. The magneto-
resistance effect can be described as a large decrease of the
resistance on application of an external magnetic field
and can be observed in some magnetic perovskites near
the Curie temperature. ‘‘Colossal magnetoresistance’’
was first observed in multilayers or granular systems.
The colossal magnetoresistance, as a change of the

resistivity vs. the applied magnetic field could be due to:

1. the melting of the long-range charge/orbital-

ordered ground state [4];

2. a change in the relative fraction of a ferromag-

netic (metallic) phase and insulating long-range
charge/orbital-ordered domains [5];
3. a charge localization within the nanoferro-

magnetic cloud [6].

The conduction in LnMnO3 like perovskites can be
explained by supposing that the real fast charge transfer
takes place via the equilibrium reaction [5]:

Mn IIIð Þ t3e1
� �

�O2p2� �Mn IVð Þ t3e0
� �

ð1Þ

where an electron from Mn(III) replaces the electron
with the same spin from the oxygen on the free
orbital e of the Mn(IV). It leads to a ferromagnetic
order of magnetic moments associated with Mn
cations.
Zener postulated also that below Curie temperature

(TC) the mobility of the cluster formed by two Mn
cations is given by the equation [5]:

� ¼ eD0

kT ð2Þ

where e is electron charge, D0 is the temperature-
independent diffusion coefficient, k is the Boltzmann
constant, T is the temperature. It leads to a linear
dependence of the resistivity vs. temperature.
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In the manganese oxides stationary clusters grow with
the decrease of the temperature, as the mobile species
are progressively condensed into more conductive
ferromagnetic clusters. The CMR occurs because the
volume of these clusters grows also with the intensity of
the applied magnetic field [7]. The Sm0.55Sr0.45MnO3

samples were investigated by small-angle neutron scat-
tering (SANS), the scattering results indicating the pre-
sence of the ferromagnetic clusters also in the
paramagnetic phase [8].
In the presence of Mn3+ cations appears a strong

coupling between the charge and the lattice and the
Jahn–Teller distortions lift the degeneracy of eg orbitals
and can localize the corresponding electrons in the
paramagnetic state. On other hand the increase of the eg
band quenches the Jahn–Teller distortions and deloca-
lises the eg electrons [8].
One of the most typical examples of the presence of

the double-exchange is the La1�xSrxMnO3 system. The
magnetic and electric behaviour near the Curie tem-
perature can be explained by means of the electronic
structure of the magnetic perovskites [9]. The FMR
study of the manganite films [(La, Nd)x(Ca, Sr,
Ba)1�xMnO3+�] indicated an inhomogeneous state of
the samples containing high conductive regions (10�2


.cm) and low-conductive regions (>1 
. cm) [10]. The
La1�xSrxMnO3 [x 2 ð0:25�0:5)] compounds are fully
ferromagnetic, Curie temperature being practically
independent on Sr concentration in the sample [11].
It is known that at a low carrier density the ferro-

magnetic metallic regions can be seen as isolated
droplets in an insulator antiferromagnetic matrix [12].
The increase of the electronic density leads to an increase
of the ferromagnetic metallic regions and finally to
the percolation of the ferromagnetic ordering in the
crystal [12].
The purpose of present paper is to study the influence

of the concentration ratio of Sm and Tb on the
structure, magnetic and electric properties, including
magnetoresistance, at some (Tb1�xSmx)0.6Sr0.4MnO3

compounds.
2. Experimental

The samples with the chemical composition
(Tb1�xSmx)0.6Sr0.4MnO3, where x=(0.45–1.0), were
prepared by means of sol–gel method, using as pre-
cursors rare earth oxides (Tb4O7 and Sm2O3) (purity:
99.99%) and Sr and Mn acetates (purity: 99.00%). The
oxides and the acetates were firstly solved in an aqueous
solution of nitric acid and in an aqueous solution of
acetic acid, respectively [13,14]. Then the precursors
were mixed in corresponding stoechiometric ratios and
a gel was obtained by addition of the aqueous solution
of the citric acid (10%). The gel was heated at 105 �C to
remove the excess of the solvent and calcinated at 300 �C
to decompose the organic constituents.
The resulting powders were ground and pressed into

pellets and presintered at 700 �C for 15 h in air. The
presintered samples were again ground and finally sin-
tered at 1200 �C for 7.5 h in O2 atmosphere. The Mn4+

concentration was determined by an iodometric titra-
tion, by using sodium thiosulphate [15].
Phase composition, structure, lattice constants and

volume of the lattice cell were monitorized by X-ray
analysis in presintered and sintered samples. We used
a diffractometer, equipped with a Co X-ray tube and
previewed the results with a data acquisition system.
The interplanar distances were corrected for the zero
goniometer and the off set of the sample against the
goniometer axis. The precision of the interplanar dis-
tances was better as 0.001 Å.
The electrical measurements were carried out using

the four probes method between 77 and 450 K. The
magnetic measurements were performed with a vibrat-
ing sample magnetometer between 77 and 600 K. The
measuring system of the magnetoresistance and the
magnetometer were also previewed with a data acquisi-
tion system.
3. Results and discussion

The structure of the sintered samples depends on the
nature and the concentration of the rare earth cations.
The samples contain only a phase, which has an
orthorhombic structure—SG 62—Pmna (see Fig. 1) in
agreement with the literature [14,16].
The volume of the unit cell of Sm0.6Sr0.4MnO3+� is

224.55 Å3, in agreement with the unit cell of SrMnO2.69.
This is thought to be due to the substitution of the Sr
(rSr =1.38 Å) with a cation, which has a smaller radius
(rSm=1.098 Å).
The volume of the unit cell has a minimum with

the increase of the terbium concentrations in the
(Tb1�xSmx)0.6Sr0.4MnO3+� samples (Table 1).
Fig. 1. The diffractograms of the (Tb1�xSmx)0.6Sr0.4MnO3+�.
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This could be due to: (1) the radii of Tb cations,
which are smaller than the radii of Sm cations, (2) the
increase of the cation vacancies concentration and (3)
the decrease of the valence state of the Mn. The sub-
stitution of Sr with Sm, a cation with a radius smaller as
that of Sr, leads to a decrease of the unit cell and also to
a chemical disorder.
The decrease of the concentration of the cation

vacancies is associated with the decrease of the tolerance
factor (see Table 2) [17]:

t ¼ dA�Offiffi
2

p
dM�O

ð3Þ

where: dA�O and dM�O represent, respectively, the dis-
tance between the A (twelve fold O-coordinated) and O,
respective, M (six fold O-coordinated) and O.
A strong dependence has been observed of the var-

iance �2, defined by equation �2=
yiri
2�rA

2 (ri represent
the radii of the rare earth cations and of the Sr cation,
rA is the average radius of the A placed cation and yi is
their occupancies of the i ions, 
yi=1) on the chemical
composition (see Table 2).
The increase of Tb concentration in the

(Tb1�xSmx)0.6Sr0.4MnO3+� compounds seems to lead to
a decrease of the Mn3+ and Mn4+ concentration ratio.
The decrease of the Mn3+ and Tb3+ concentration in
the sample is associated with the increase of the degree
of the chemical disorder and a decrease of the tolerance
factor (see Table 2).
Concerning the magnetic properties of the

(Tb1�xSmx)0.6Sr0.4MnO3+� samples, we observed that
the magnetic moment per molecule sudden decreases vs.
increase of Tb concentration: the specific magnetization
decreases about five times by substitution of 0.2 Sm
atoms with an equivalent Tb quantity (see Table 2 and
Fig. 2). The double exchange interaction between the
Mn3+ and Mn4+ is responsible for the total magnetic
moment of the sample. The specific magnetization at
low temperatures is practically independent of the tem-
perature and decreases with an increase of Tb concen-
tration in the sample, although the magnetic moment of
Tb is much greater than that of Sm. On other hand, the
magnetic moment of the studied perovskites is smaller
than the one due to a ferromagnetic alignment of the
magnetic moment of Mn.
The magnetic coupling between the neighbour man-

ganese cations is due to an overlap of a strong double
exchange interaction and a weak super-exchange inter-
action. The double exchange interaction leads to the
appearance of a ferromagnetic state (parallel alignment
of elementary magnetic moments), while the super-
exchange interaction enhances the antiferromagnetic
alignment of the magnetic moments. Because Mn4+ con-
centration increases with the increase of Tb concentration
in the perovskites with (Tb1�xSmx)0.6Sr0.4MnO3+� (see
Table 3) composition, the result is an increase of the
super-exchange interaction relative to the double
exchange interaction. The double exchange interaction
remains dominant for the samples with a Tb concen-
tration less or equal with 0.2, but decrease with the
increase of the Tb concentration.
The decrease of the specific magnetisation vs. the

increase of Tb concentration could be due to the fol-
lowing factors:

� To the increase of the chemical disorder, which
leads to the decrease of the molecular field
intensity and consequently determines the orien-
tation of magnetic moments associated to the
manganese cations. In a simple model, the mag-
netic moments of Mn cations are randomly dis-
tributed on a conic surface. The increase of the
magnetic field could lead to an increase of the
total magnetic moment of the sample. On other
hand, the increase of the disorder degree leads to
an increase of the average angle between the
atomic magnetic moments and implicitly to a
lowering of the total magnetic moment of the
sample. The increase of the chemical disorder
enhances the fluctuation degree of the length and
of the angle of the Mn–O–Mn bonds, these
parameters being very important for the double
exchange interaction [20].
Table 1

The variation of the lattice constants vs. chemical composition
Chemical composition
 a(Å)
 b(Å)
 c(Å)
 V(Å3)
Sm0.6Sr0.4MnO3+�
 5.371
 7.666
 5.454
 224.55
Tb0.2Sm0.4Sr0.4MnO3+�
 5.385
 7.639
 5.390
 221.72
Tb0.33Sm0.27Sr0.4MnO3+�
 5.405
 7.495
 5.479
 222.00
Table 2

The variation of the Curie temperature (TC), concentration of Mn3+–Mn4+ couples (CMn3+�Mn4+), tolerance factor (t), the chemical disorder (�
2)

and magnetic moments of the molecule (p)
Chemical composition
 TC (K)
 CMn3+�Mn4+
 t
 �2(Å2)
 p(mB)a
Sm0.6Sr0.4MnO3+�
 192.2
 0.30
 0.941
 0.866 10�2
 2.11
Tb0.2Sm0.4Sr0.4MnO3+�
 194.0
 0.06
 0.930
 1.616 10�2
 0.43
Tb0.33Sm0.27Sr0.4MnO3+�
 191.8
 0.015
 0.924
 2.087 10�2
 0.10
a The values calculated from the magnetic measurements accomplished at 77 K.
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� To the fact that Tb does not participate to the
exchange interaction and implicitly to the mag-
netic moment of the sample.

� To the concentration decrease of Mn3+–Mn4+

couples (see Table 2).

According to Terai [21], the lower the tolerance factor
the lower the Mn–O–Mn bond angles. This means that
the interaction between the magnetic atoms decreases,
or that there is a decrease of the magnetic atoms num-
ber, which contributes to the total magnetic moment of
the sample. The increase of chemical disorder leads to
the formation of regions where the magnetic moments
of the Mn are parallel, separated by regions where the
Mn magnetic moments are antiferromagnetically cou-
pled. The presence of Tb seems to enhance the appear-
ance of an antiferromagnetic insulator phase. The Curie
temperature of the doped samples slightly decreases vs.
Tb concentration (see Table 2). This happens even when
Sm, which has a small magnetic moment (0.1 mB), is
substituted with Tb (9.5 mB). The main ferromagnetic
interaction takes place between the Mn cations and is
practically independent relative to the distance between
the Mn cations or to the substitution of Sr cations with
rare earth cations.
The Sm0.6Sr0.4MnO3.01 sample has a magnetoresistive

effect, the transition temperature being about 125 K. In
the temperature range where the measurements were
performed, it was not observed a semiconductor to
metallic state transition for the Tb containing samples
(see Figs. 3 and 5). This behaviour is similar to that
observed for other compounds as: La1�xCaxMnO3

(Wagner et al. [18]) and Ho0.5Sr0.5MnO3 (Autret et al.
[19]). According to the results obtained by Autret et al.
[19], the substitution of Sm3+ with a smaller radius
cation (e.g. the substitution of Sm with Tb) could lead
to an increase of local microstrains, modifying the angle
and the length of Mn–O–Mn bonds. On other hand, the
colossal negative magnetoresistance (CMR) is corre-
lated with the transition from the ferro- to the para-
magnetic state and depends on the intensity of the
magnetic field and on the tolerance factor in
Ln0.7Ca0.3MnO3+� system (Ln=rare earth or Y) [18].
Tb cation has a radius which is closer to the ideal

radius of the A site comparing with the Ho radius,
which means that the local microstrains of the lattice are
smaller for (Tb1�xSmx)0.6Sr0.4MnO3+� as for Ho0.5S-
r0.5MnO3. This fact justifies a stronger dependence
between the resistivity of (Tb1-xSmx)0.6Sr0.4MnO3+g

samples and the magnetic field, comparing with
Ho0.5Sr0.5MnO3 [19].
The (Tb1�xSmx)0.6Sr0.4MnO3+� samples have differ-

ent behaviours of the resistivity vs. Tb/Sm concen-
tration ratio and temperature (see Figs. 3 and 4). The
increase of the Tb concentration in the sample leads to
an increase of the oxygen concentration (see Table 3).
The decrease of the Mn3+/Mn4+ ratio is associated
Fig. 2. The dependence of specific magnetization vs. chemical com-

position for the (Tb1�xSmx)0.6Sr0.4MnO3+� system trated in O2:

(a) Sm0.6Sr0.4MnO3+�; (b) Tb0.2Sm0.6Sr0.4MnO3+�; (c) Tb0.33Sm0.6

Sr0.4MnO3+�.
Table 3

The activation energy (Ea) of the transport properties of the (Tb1�xSmx)0.6Sr0.4MnO3+� samples and concentration Mn3+/Mn4+
Chemical composition
 T(K)
 Ea(eV)
 �
 Concentration

Mn3+

Concentration

Mn4+
H=0 T
Sm0.6Sr0.4MnO3+�
 130	200
 0.226
 0.01
 0.58
 0.42
200	265
 0.056
Tb0.2Sm0.4Sr0.4MnO3+�
 125	250
 0.3
 0.035
 0.53
 0.47
Tb0.33Sm0.27Sr0.4MnO3+�
 144	263
 0.363
 0.048
 0.5
 0.5
Fig. 3. The variation of the resistivity of the

(Tb1�xSmx)0.6Sr0.4MnO3+� samples: (a) Sm0.6Sr0.4MnO3+�; (b)

Tb0.2Sm0.6Sr0.4MnO3+�; (c) Tb0.33Sm0.6Sr0.4MnO3+�.
450 M.-L. Craus et al. / Ceramics International 30 (2004) 447–452



with a change in the resistivity behaviour (see Table 3
and Fig. 3).
For the Sm0.6Sr0.4MnO3.01 oxide, we have observed a

transition from metallic to semiconductor behaviour, in
the investigated range of the temperatures, (see Fig. 4).
This observation is in agreement with other authors’
results [22].
For low magnetic fields and low temperatures, the

absolute magnitude of the magnetoresistance for the
Sm0.6Sr0.4MnO3.01 sample is described by the following
relation (see Fig. 4):

MRj j ¼
A

2T
bH ð4Þ

where A represents the height of energy barrier between
two states of a ferron pair, MR is the standard defini-
tion of the magnetoresistance, H is the applied field, b is
a constant which describes the antiferromagnetic
exchange between local spins in neighbouring layers
[23].
The samples behave as semiconductors for tempera-

tures higher than the transition temperatures. The acti-
vation energy of the conduction becomes apparently
smaller when a magnetic field is applied (see Fig. 5),
indicating that the samples are magnetoresistive. The
activation energy associated with the charge transport
generally increases with the increase of the rare earth
and Mn4+ concentrations. On other hand, when the
activation energy is higher than 0.3 eV, the magneto-
resistivity (corresponding to Tb0.33Sm0.27Sr0.4MnO3+�)
becomes zero.
4. Conclusions

The nature and the concentration of rare earth
cations, which substituted Sr cations, determined the
structure and the magnetoresistivity behaviour of the
(Tb1�xSmx)0.6Sr0.4MnO3+� manganites. The substitu-
tion of Sm with Tb leads to changes of the unit cell
parameters and to the modification of the magnetic
cations interaction.
The increase of Tb concentration in the samples leads

to the increase of the chemical disorder and, conse-
quently, to an increase of the super-exchange interac-
tion comparing with the double-exchange interaction.
An increase of the average angle of Mn–O–Mn bonds
takes place concomitantly with a diminishing of the
magnetic moment of the sample. For the samples with
Tb concentration higher than 0.2 the samples behave as
an antiferromagnet.
If we corroborate the resistivity variation vs. tem-

perature for different Tb concentrations, alternatively
measured in the absence and in the presence of the
magnetic field, we can conclude that for Tb concentra-
tions higher than 0.33/chemical formulas the magnetor-
esistive effect disappears.
The substitution of Sm with Tb cations could led to a

displacement of transition temperature from metallic to
semiconductor state at lower temperatures, including a
possible cancellation of the metallic state, for relatively
high values of Tb concentration in the sample.
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