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a b s t r a c t

The low-frequency mechanical properties of La0.6Sr0.4Co1−xFexO3−ı (0 ≤ x ≤ 0.8) materials have been mea-
sured using a computer-controlled pendulum. For undoped sample, five internal friction peaks (P0, P1, P2,
P3 and P4) were observed. However, with the Fe doping, only two peaks (P3 and P4) were found at high
temperature. The peaks of P0 and P1 have the feature of phase transition-induced internal friction, while
the peaks of P2, P3 and P4 are the relaxation-type. From the analysis, it is suggested that the peak of P0 is
due to the phase separation and the peak of P1 is related to the ferromagnetic (FM)–paramagnetic (PM)
phase transition. For the peaks of P2, P3 and P4, they were associated with the motion of domain walls.
The formation of this kind of domain structure is a consequence of a transformation from the paraelastic
cubic phase to ferroelastic rhombohedral phase.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

LaCoO3-based materials have attracted considerable attention
because of their fascinating physical phenomenon such as spin-
state transition [1], and magnetic phase separation [2–8], as well as
their potential materials as oxygen permeable membranes [9]. The
parent compound LaCoO3 has a rhombohedrally distorted pseudo-
cubic structure with the space group R3̄c. This distortion decreases
monotonically with the strontium doping in La1−xSrxCoO3, and the
structure becomes cubic when x = 0.6 [10]. The magnetic properties
of this system are also strongly dependent on the strontium con-
tent. At low doping level, the La1−xSrxCoO3 system runs into a spin-
glass phase, when x ≥ 0.2, this system becomes ferromagnetically
ordered [2–4]. However, some evidences suggest that even below
the ferromagnetic ordering temperature TC, the system is still a
cluster-glass phase with short range ferromagnetic ordering [5–7].

Recently, the attention of researchers was concentrated on the
ferroelasticity of the LaCoO3-based system [11–18]. But till now, its
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origin is still in discussion. By means of in situ transmission elec-
tron microscopy (TEM) during thermal cycles, different types of
structural features of LaCoO3-based materials, such as twins and
antiphase domains have been observed by Orlovskaya et al. The
domain motion and de-twinning during heating, and the reappear-
ance of twins during cooling may be responsible for ferroelastic
behavior [14]. Vullum et al. also confirmed this conclusion by
the measurement of in situ synchrotron X-ray diffraction [15].
However, although similar ferroelastic behavior has been found in
La0.6Sr0.4FeO3, Orlovskaya et al. suggested that this behavior orig-
inates from the phase transformation and/or dislocation motion
since no domain/twin structure was observed [19].

As a systematic tool, the internal friction technique has
been proven to be particularly successful in investigating the
microscopic relaxation processes and phase transitions in solid
materials [20–25]. To gain more insight into the microscopic
origin of the inelasticity and phase transition in LaCoO3-
based materials, the low-frequency mechanical properties of
La0.6Sr0.4Co1−xFexO3−ı (0 ≤ x ≤ 0.8) are investigated in this paper.
Furthermore, the measurements of resistivity and magnetization
are also carried out to clarify the nature of the internal friction
peaks.
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Fig. 1. XRD patterns of La0.6Sr0.4Co1−xFexO3−ı at room temperature.

2. Experimental procedure

La0.6Sr0.4Co1−xFexO3−ı (0 ≤ x ≤ 0.8) powders were prepared via a citrate route.
Two aqueous solutions of iron nitrate and cobalt nitrate were firstly prepared and
analyzed by titrations to determine the concentration of Fe and Co ions. Then these
solutions were mixed together with the appropriate amounts of La2O3 (99.9%) and
SrCO3 (>99.0%), which were both completely dissolved by adding diluted nitric acid.
After forming a clear solution, citric acid was added at a molar ratio of citric acid:
metal ions = 1.5:1.0, followed by adjusting the pH value to 2–3. The solution was
subsequently stirred and evaporated at 80 ◦C until a formation of polymeric pre-
cursor, which was ignited in air to remove the organic contents. The resulting ash
was ground to fine powders and calcined at 1050 ◦C in air for 5 h. The obtained
powders were uniaxially pressed into bars at 150 MPa, subsequently isostatically
pressed at 300 MPa and sintered in air at 1250 ◦C for 10 h. Since the crystal structure
of La1−ySryCo1−xFexO3−ı is dependent on cooling rate [26], in order to obtain purely
rhombohedral phase sample, the cooling rate of 1 K/min is adopted.

The crystal structure of the calcined powders was characterized by XRD (Philips
X’Pert Pro Super, Cu K�). The electrical resistivity was measured by standard four-
probe technique. The zero-field-cooled (ZFC) magnetization was measured in an
external magnetic field of 100 Oe using a commercial quantum device (supercon-
ducting quantum interference device; Quantum Design MPMSXL). The internal
friction and shear modulus were measured in a computer-controlled automatic
inverted torsion pendulum using the forced-vibration method with the maximum
torsion strain amplitude kept at 1.5 × 10−5 at a heating rate of 2 K/min from 120 K
to 650 K.

3. Experimental results and discussion

The X-ray diffraction patterns of La0.6Sr0.4Co1−xFexO3−ı (x = 0,
0.1, 0.2, 0.3, 0.5, 0.8) are shown in Fig. 1. All the samples crystallize
in single phase and exhibit a rhombohedrally distorted perovskite
structure with R3̄c symmetry, which is in accordance with the ear-
lier studies [6].

Fig. 2 presents the temperature dependence of internal friction
Q−1 and shear modulus M for La0.6Sr0.4CoO3−ı. Four internal fric-
tion peaks are readily observed and marked as P0, P2, P3 and P4,
which locate at about 180, 320, 440, and 505 K. Besides these peaks,
another small shoulder peak is also found which locates at the
low temperature side of P2 and is marked as P1 (255 K). For P0
and P1, their positions do not shift with increasing the frequency,
which reveals that the two peaks are both phase transition-induced
internal friction peaks. However, the peaks of P2, P3 and P4 are of
relaxation type, since their peak temperature shifts to higher tem-
perature with increasing the frequency. For the peaks of P0 and
P1, from the earlier reports, no structure phase transitions have
been observed in this temperature range. So there should be other
reasons for these two peaks.

In order to clarify the origin of the peaks of P0 and P1, the mea-
surements of the magnetic and electric transport properties were
carried out. The results are shown in Fig. 3. It can be seen that the

Fig. 2. Temperature dependence of the shear modulus and internal friction of
La0.6Sr0.4CoO3−ı with various frequencies.

ZFC magnetization rises sharply at around 250 K, corresponding to
a PM–FM phase transition, and then undergoes a less rapid drop
down to 40 K. However, the resistivity shows a monotonic descend-
ing, and only a slope change is seen at the Curie temperature Tc,
which is regarded as a result of spin–disorder scattering. These
results agree well with the earlier reports [6]. Combined with the
results of magnetization and resistivity as shown in Fig. 3, the peak
of P1 at 255 K is suggested to be related with the magnetic transi-
tion, while the origin of the peak of P0 is still unclear. Therefore, we
considered other alternative mechanisms which could cause this
internal friction peak.

According to the phase diagram of La1−xSrxCoO3 [3,8], it is
postulated that in the low doping region (x < xm, xm ∼ 0.2), the
sample separates into hole-rich ferromagnetic clusters and hole-
poor nonferromagnetic matrix. The former is dominated by the
ferromagnetic double exchange interaction between Co3+ and
Co4+, and the latter is dominated by the antiferromagnetic (AF)
superexchange interaction between Co3+ and Co3+. Furthermore,
the ferromagnetic clusters are embedded in the nonferromagnetic
matrix, and the competition between the ferromagnetic and the
antiferromagnetic interactions along with the randomness lead to
spin glass (SG) states. With increasing the x, the ferromagnetic
double-exchange interaction is enhanced, and these ferromag-
netic clusters eventually coalesce, leading to the appearance of
the cluster glass phase with short range ferromagnetic order-
ing (xm < x < 0.50). According to this phase diagram, our sample
La0.6Sr0.4CoO3−ı should belong to the cluster glass phase. In fact,
this coexistence of two phases has been experimental confirmed

Fig. 3. The variation of the magnetization [M(T)] in a field of 100 Oe (zero-field-
cooled and taken on heating) and the logarithmic of the resistivity (on heating)
with temperature for La0.6Sr0.4CoO3−ı .
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