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Abstract
The effect of annealing on magnetic and transport properties in
La0.5Sr0.5CoO3−δ thin films is studied. The samples were prepared by annealing
amorphous films at different temperatures. With increase in annealing
temperature, the resistivity decreases, and the Curie temperature (Tc) and
negative magnetoresistance (MR) increase. These results arise from an increase
of ferromagnetic coupling in grains and between grains, and a reduction of the
spin dependent and disorder scattering. In addition, the conduction is very
sensitive to oxygen deficiency. The thermopower (TEP) data for the films
obtained by annealing at 600 and 1000 ◦C show totally different behaviours.
The film obtained at 1000 ◦C shows temperature-linear dependence, and is
typical of a metal, while the TEP of the film obtained at 600 ◦C increases
sharply at about 150 K. This may arise from the transformation of intermediate
spin Co(iii) to low spin Co(III) and the contribution from the amorphous and
hole-poor matrix.

1. Introduction

Mn-based perovskite oxides R1−x Ax MnO3−δ , where R is a rare earth element and A = Ca,
Sr or Ba, have attracted much attention because of their colossal magnetoresistance (CMR)
effect [1–4]. A large negative magnetoresistance (n-MR) ratio has been reported in another
group of CMR oxides, (La, A)CoO3 (A = Ca, Sr or Ba), by Briceno et al in 1995 [5]. These
CMR oxides offer exciting possibilities for improved magnetic sensors, magnetoresistance
read heads and magnetoresistance random access memory.
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La1−x Srx CoO3 exhibits diverse magnetic and transport properties with spin state
transitions. Itoh et al [6] deduced the magnetic phase diagram of La1−x SrxCoO3 from
magnetization measurements. The electrical and magnetic properties of La1−x Srx CoO3 are
very sensitive to the Sr-doping level. In the low Sr region (x < 0.18), it is a semiconductor
with spin-glass (SG) character at low temperatures. For x > 0.18, it becomes metallic cluster
glass (CG) and is associated with long range magnetic order below a critical temperature [6].
It is a paramagnetic material above the critical temperature.

Highly strontium-doped La0.5Sr0.5CoO3 (LSCO) shows a good metallic conductivity and
a large MR below the critical temperature where the paramagnetic to ferromagnetic transition
occurs. Recently, many investigations have been done researching into physical properties
and device applications for LSCO thin films [7–10]. We have studied the dynamics of
crystallization and phase transition in La0.5Sr0.5CoO3−δ thin films. It is found that electron–
grain boundary scattering plays a key role in various temperature regions during the resistance
measurement [10]. The number of grain boundaries per unit volume decreases due to the
increase of grain size with increase of the annealing temperature. In order to study the
effect of annealing in LSCO thin films, amorphous films were prepared. Then they were
annealed at different temperatures. The amorphous films start to nucleate at 400 ◦C, and
become polycrystalline with very small crystal grains. The grains in the films continue to
grow and reorient with increase of the annealing temperature. When the temperature reaches
560 ◦C, recrystallization occurs. The thin films should become metallic only after annealing
at high temperature (>750 ◦C) [10]. In addition, annealing in ambient conditions results in
an oxygen loss from LSCO films [11]. Oxygen deficiency also affects transport and magnetic
properties of LSCO films. Therefore, annealing at different temperatures provides a way to
obtain samples with different grain sizes and oxygen deficiencies δ. In addition, strain between
film and substrate is another factor which affects transport and magnetic properties of films.
In our samples, the lattice parameter of LaAlO3 substrate (3.788 Å) matches well with that
of LSCO (3.805 Å) [11]. Therefore, the effect of strain is small, and is ignored in our paper.
In this paper, we study the effect of annealing by measurement of magnetic and transport
properties for the three films which were obtained by annealing the amorphous films at 500,
600 and 1000 ◦C for 2 h. It is unfortunate that we cannot measure the precise value of the
oxygen deficiency δ.

2. Experiment

The amorphous films were deposited on (001) LaAlO3 substrates by pulsed laser ablation at
room temperature in an atmosphere of 200 mTorr oxygen with a stoichiometric target. The film
thickness was approximately 200 nm. Three films were obtained by annealing the as-prepared
amorphous films at 500, 600 and 1000 ◦C in the atmosphere. They are called samples A, B and
C, respectively. Resistance was measured using the four probe method. Magnetoresistance
was measured with a dc magnetic field up to 10 T provided by a superconducting magnet system
(Oxford Instruments). The thermopower was measured by a dc method in the temperature range
50–300 K. The magnetic susceptibility measurement was carried out with a superconducting
quantum interference device magnetometer (SQUID).

3. Results and discussion

Figure 1 shows the temperature dependence of the resistivity for three films obtained by
annealing the as-prepared amorphous films at 500, 600 and 1000 ◦C. It is observed that
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Figure 1. Temperature dependences of the resistivity for LSCO thin films obtained by annealing
the as-prepared amorphous films at 500 ◦C (A), 600 ◦C (B) and 1000 ◦C (C). Inset: the T −1/2- and
T −1/4-dependences of ln ρ(T) for sample C.

the resistivity at a given measurement temperature decreases with increasing annealing
temperature. The grains grow from the amorphous matrix and become bigger with increasing
annealing temperature. This suggests that a rapid decrease of the amorphous matrix leads to
a reduction in grain boundary scattering, so that the resistivity decreases remarkably.

According to our previous report [10], the as-prepared amorphous LSCO thin film is
semiconducting when it is prepared at room temperature and becomes metallic only after
annealing at high temperature (>750 ◦C). As shown in figure 1, the resistivity of sample
C shows semiconducting behaviour although it is obtained at 1000 ◦C, and its resistivity is
much less than the others at low temperature. This semiconducting conduction behaviour
may be caused by the depletion of oxygen. Previous studies give us the knowledge that
the conductivity of LSCO can be reduced drastically with the depletion of oxygen [7]. The
semiconducting behaviour was recorded even though the sample had slight oxygen loss [12, 13].
Annealing and long ageing in ambient conditions result in an oxygen loss from the LSCO thin
films [11, 14]. In comparison with the case for the samples in [10], the oxygen loss in our
samples is induced by long time annealing at high temperature and long ageing in ambient
conditions before measurement. The oxygen loss will induce absence of Co4+; these are the
nuclei of the metallic clusters. This absence of Co4+ caused by oxygen deficiency will induce
a variable-range hopping (VRH) behaviour of conduction in LSCO thin film. The conduction
in LSCO thin film is very sensitive to the oxygen content, and the film with oxygen deficiency
proceeds via VRH with the electron–electron interaction between ferromagnetic clusters. For
the films with low oxygen deficiency δ, the conduction fits to T 1/2-VRH. With the increase of



556 Y M Xiong et al

Figure 2. (a) The temperature dependence of the magnetization for LSCO thin films. (b) The
temperature dependence of the magnetoresistance under magnetic fields of 5 and 10 T for samples A,
B and C.

oxygen deficiency, the conduction changes from T 1/2-VRH to T 1/4-VRH. The data fit to T 1/4-
VRH much better than T 1/2-VRH, as shown in the inset of figure 1. This suggests a higher
oxygen deficiency δ in sample C. The oxygen deficiency of sample C leads to a semiconducting
conduction behaviour.

Figure 2(a) shows the temperature dependence of the magnetization for three films in
field-cooling processes (10 and 50 Oe). Sample A does not show a ferromagnetic transition.
Samples B and C show a ferromagnetic transition, with Curie temperatures (Tc) of 160 K
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for sample B and of 230 K for sample C. With increasing grain size, the Curie temperature
increases. Similar results have been reported in [3, 15]. When the amorphous thin film is
annealed at 500 ◦C, it is polycrystalline with plenty of very small crystal grains [10]. On the
one hand, the spin becomes heavily disordered at the grain boundary due to strain with lowering
of the grain size [16, 17]. On the other hand, because the ferromagnetic ordering region is
very small in every grain, the ferromagnetic coupling between grains is weak. Therefore,
spontaneous magnetization directions between different grains array randomly. There is no
long range ferromagnetic ordering.

When the annealing temperature is higher than 560 ◦C, recrystallization has occurred [10].
The grain size increases continuously and the ferromagnetic order appears inside the grains
at low temperature for sample B. However, there are still plenty of grain boundaries with
disordered spins.

According to the theory of recrystallization, grains become bigger with a corresponding
reduction in the number of grain boundaries per unit volume during recrystallization [10].
After annealing at 1000 ◦C, the regions of grain boundaries decrease remarkably in sample C.
There are large ferromagnetic clusters with a long range ferromagnetic order. The coupling
between the ferromagnetic clusters is much stronger than that in samples A and B. These lead
to an obvious increase of Tc.

In all samples, oxygen deficiency is another factor which will affect magnetic properties.
In aged film samples and as-prepared bulk samples, the oxygen deficiency turned out to be
δ ≈ 0.08 [14], and it increases after annealing [11]. According to double-exchange (DE)
model [18], ferromagnetic (FM) correlation is realized by O2− ions between Co4+ and Co3+

ions. The loss of oxygen will weaken the FM correlation and induce the decrease of Tc.
Figure 2(b) shows the temperature dependence of the magnetoresistance under magnetic

fields of 5 and 10 T for sample A, B and C. The MR is defined by [ρ(H )−ρ(0)]/ρ(0), where
ρ(H ) and ρ(0) are the resistivities at magnetic field H and zero field, respectively. As shown
in figure 2(b), the MR for all three samples increases with decreasing temperature. The MR
increases with increase of the annealing temperature under both the fields 5 and 10 T.

Theoretically, the resistivity ρ can be expressed by the extended Matthiessen rule [19]:
ρ = ρdef + ρph(T ) + ρb, where ρdef is the resistivity contribution from electron defects, ρph(T )

that from electron–phonon interactions and ρb from three parts: (1) the electron scattering
induced by the Lorentz force; (2) the grain boundary scattering caused by spin disordering at
the grain boundary; (3) the spin dependent scattering based on the double-exchange model [14].
The MR of the samples is mainly affected by ρb.

According to the DE model, the effective transfer ti j of eg electrons (or holes) between
the nearest-neighbour pairs (i, j) of the Co site depends on the relative angle �θi j between
neighbour t2g spins at sites i and j : ti j = t0 cos(�θi j/2). Therefore, the ferromagnetic
state can reduce the spin disordering (of the localized t2g spins) and the mobility of carriers
increases in an applied magnetic field (�θi j → 0), which results in a drop of resistance and
negative MR effect. For sample A, the magnetoresistance is almost zero above 150 K, and
independent of temperature. Below 150 K, the magnetoresistance increases with decreasing
temperature as shown in figure 2(b). The negative MR arises from the spin ordering in grains at
low temperature although the magnetization measurement shows no ferromagnetic transition.
This is because the long range spin ordering is lacking due to there being no coupling between
grains. With decrease of the temperature, the short range ordered spins in grains tend to the
orientation of the applied field. The spin ordering in grains reduces the contribution to the
resistivity from spin dependent scattering.

For sample B, the behaviour for the temperature dependent MR is similar to that in
sample A. An apparent negative MR occurs at about 170 K, which is almost the same as
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the ferromagnetic transition temperature shown in figure 2(a). It should be pointed out that
the negative MR of sample B is larger than that of sample A. This indicates that the large
negative MR arises from the spin ordering in the ferromagnetic state, because the grain size
of sample B is larger than that of sample A. Therefore, the ferromagnetic region inside grains
of sample B is much larger, which leads to a stronger ferromagnetic coupling and long range
ordering in grains. But the ferromagnetic coupling is very weak between the grains due to the
big amorphous grain boundaries.

The temperature dependence of the MR for sample C is different from those for samples
A and B. When sample C enters the ferromagnetic state, an apparent negative MR shows up.
With decreasing temperature, the negative MR sharply increases because the spin dependent
scattering reduces; this arises from the spin ordering in grains. A shoulder appears with further
decreasing temperature, and the increase in negative MR is sharp again at low temperature.
For sample C, the annealing temperature is as high as 1000 ◦C, the grains become much larger
and the grain boundaries decrease sharply, so that there is a strong coupling between grains,
which leads to a spin ordering in grain boundaries with decreasing temperature. Therefore, the
grain boundary scattering caused by spin disordering at grain boundaries reduces remarkably,
and the negative MR in sample C is much larger than those of samples A and B.

The contribution of oxygen vacancies to the MR property is complicated. The largest
effect appears at an intermediate number of vacancies. The complex behaviour of the MR
induced by oxygen deficiency is perhaps the cooperation of local electron spin ordering and
scattering effects in a magnetic field [13]. We need more experiments to make this clear.

Figure 3 shows the temperature dependence of the thermopower (TEP) for samples B
and C between 50 K and room temperature. As shown in figure 3, the TEP of sample C
monotonically decreases with decreasing temperature. This is typical of a metal although the
resistivity measurement shows a semiconductor-like behaviour. TEP shows a temperature-
linear dependence; a slope change occurs at about 230 K which is the same as the Curie
temperature Tc. The slope below Tc is larger than that above Tc; this arises from the reduction of
spin disorder scattering. For sample B, the TEP slightly increases with decreasing temperature,
while it sharply increases at 160 K from about 10 to 90 µV K−1 at 115 K. A similar sharp
increase in TEP has been observed in bulk slightly Sr-doped LaCoO3 at high temperatures of
500–600 K [20]. This has been explained as arising from the progressive transformation of
intermediate spin Co(iii) to low spin Co(III) in the trivalent cobalt matrix. Since oxidation
enhances the covalent mixing between Co e and O 2p orbitals, an increase in Sr content favours
transformation of the localized e electrons to extended σ ∗ electrons, leading to a lowering of
temperature corresponding to the sharp increase in TEP. In addition, it should be pointed out
that the TEP of La1−x Srx Co3−δ with x = 0.5 is negative as reported by Señ arı́s-Rodrı́guez
and Goodenough [20], while our TEP is positive. In La0.5Sr0.5Co3−δ , the contribution to the
TEP comes from the ferromagnetic cluster and the matrix between ferromagnetic domains.
The contribution to the TEP from the ferromagnetic clusters is negative, while the contribution
from the matrix is positive [19]. For sample A, the small grains are separated by the amorphous
matrix; the amorphous matrix is too large to form a long range ferromagnetic ordering. It is
very difficult to measure the TEP. There is much less matrix for sample C than for sample B;
the TEP shows a metal character. According to the above discussion, the resistivity of sample
C is semiconducting behaviour due to the depletion of oxygen, mainly. The resistivity has two
parts: one is the contribution from the regions of oxygen deficiency and matrix grain boundary,
which is semiconducting; the other arises from ferromagnetic regions (metallic). With decrease
of the temperature, the resistivity coming from the former increases dramatically, while the
resistivity which comes from metallic part at room temperature is about three times larger than
that at low temperatures [20]. Thus, the total resistivity is dominantly affected by the former
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Figure 3. Temperature dependences of the thermopower (TEP) for samples B and C between 50 K
and room temperature.

and presents a semiconducting behaviour; whereas, in the measurement of thermopower, the
contributions from these two parts have opposite signs [19, 20]. In addition, the effect of the
grain boundary on the thermopower is much less than that on the resistivity. This induces a
small positive value and metallic character for the thermopower of sample C. In sample B, the
contribution to the TEP from the matrix plays an important role, so that the TEP behaviour of
sample B is very different from that of sample C.

4. Conclusion

In summary, the effect of annealing on magnetic and transport properties is studied for films
annealed at different temperatures. With increasing grain size, the resistivity decreases and Tc

increases. These results are explained by the ferromagnetic coupling between grains and spin
disorder at grain boundaries. The negative MR depends strongly on the coupling inside grains
and between grains. Oxygen deficiency is another factor which affects transport and magnetic
properties of films. The samples show quite different TEP behaviours. The TEP of the sample
annealed at 1000 ◦C shows a metallic behaviour, while the contributions from the amorphous
and hole-poor matrix to the TEP play a critical role in sample B.
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