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Themicrostructure and chemical expansion of annealed and unannealed La0.67Sr0.33CoO3 (LSCO) thin films were
investigated using high-resolution transmission electron microscopy (HRTEM). In both annealed and
unannealed LSCO thin films, the modulated structure in La/Sr planes (A-sites) was discovered, which is ascribed
to the cation ordering. However, the oxygen vacancy ordering induced modulated structure in Co–O planes (B-
sites) only appeared in the vacuum-annealed LSCO thin films. In addition, the anisotropic chemical expansion
was only observed in the vacuum-annealed LSCO films and the anisotropic elongation is associated with the
modulated structures in the Co–O planes. What's more, the electrical and magnetic properties of the LSCO thin
films were studied before and after annealing in the vacuum. The ferromagnetic-metallic LSCO thin films turned
into a non-magnetic insulator after the annealing in vacuum,which is attributed to appearance of the oxygen va-
cancy ordering in the vacuum-annealed LSCO films.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

LaCoO3-based perovskite oxide materials have been widely studied,
and a variety of modulated structures have been observed [1–6], partic-
ularly after doping with alkaline earth metals such as Sr, Pr, and Cr.
However, the formation mechanism of these modulated structures is
still inconclusive. According to the previous reports [1–6], the modu-
lated structures could result from cation ordering, spin ordering or oxy-
gen vacancy ordering. Wang et al. [1] found that the La0.5Sr0.5CoO3 and
La0.33Sr0.67CoO3 films have a modulated structure with a periodicity of
two-fold and three-fold the original unit lattice, respectively, and they
believed that the modulated structures are induced by cation ordering.
While other researchers thought that the emergence of the modulated
stripes is associated with the spin ordering [2,3] or oxygen vacancy or-
dering [4–6]. To our best knowledge, no report has provided a direct ev-
idence to prove that the cation ordering and oxygen vacancy ordering
can coexist in the LaCoO3-based perovskite thin film.

Recently, thermal and chemical expansions in LaCoO3-based perov-
skite films have been investigated by in-situ high-temperature X-ray
diffraction (XRD) [7–11]. It is concluded that the chemical expansion
was caused by the reduction of oxidation state of Co4+ and the aniso-
tropic expansion was significantly larger along c-axis relative to a-axis.
However, all the data were obtained by XRD and no direct evidence
was shown to verify the anisotropic elongation. Besides, the exact origin
of the anisotropic chemical expansion of LSCOfilms has not yet been un-
veiled. In ourwork, the anisotropic chemical expansionwas directly ob-
served in the vacuum-annealed LSCO films using high-resolution
transmission electron microscopy (HRTEM). More importantly, we
found that the anisotropic chemical expansion is associated with the
modulated structures in the vacuum-annealed LSCO film.

The ferromagnetism and conductivity of LaCoO3-based perovskite
oxides have received considerable attention due to their potential appli-
cations in ferroelectric memory, solid-oxide fuel cells, mixed ionic and
electronic conducting membranes [6,12]. It was demonstrated that the
ferromagnetism and conductivity of the LaCoO3-based oxides are origi-
nated from the double-exchange interaction between the Co–O–Co
bonds [13–15]. In our work, the magnetic and electrical properties of
unannealed and vacuum-annealed LSCO films were compared and cor-
related with their microstructures.

2. Experimental details

The 30-nm-thick La0.67Sr0.33CoO3 (LSCO) film was epitaxially grown
on (001) SrTiO3 (STO) substrate using a single-target pulsed laser depo-
sition (PLD) technique. The target for the PLD system was made from
ceramic powders prepared using a mixed oxide sintering method. The
laser wavelength is 248 nm, the pulse energy is 1.5 J/cm2, and the
sputtering frequency is 1 Hz. During the sputtering process, the sub-
strate is maintained at 750 °C and the oxygen partial pressure is 50 Pa.
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Fig. 1. (a) Cross-sectional BF image of unannealed LSCO/STO sample; (b) and (c) SAEDpat-
tern taken from the epitaxial film and the substrate, respectively; (d) Typical HRTEM
image of the unannealed epitaxial LSCO film and the inset shows intensity profiles for
the corresponding lines; (e) Simulated image of unannealed LSCO film with
Δf = −60.0 nm and t = 29.9 nm and the image on the right is the magnified one;
(f) Atomic model of unannealed La0.67Sr0.33CoO3 film with oxygen atoms omitted.
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After the sputtering process, the film is kept at 90 Pa for 15 min, and
then cooled down to room temperature naturally. During the annealing
process, the film is maintained at 300 °C for 1 min at 10−4 Pa, and then
cooled down to room temperature slowly.

The specimens for transmission electron microscopy (TEM) exami-
nations were prepared in cross-sectional orientation ([010] zone-axis
for STO substrates) using conventional techniques of mechanical
polishing and ion thinning. The ion milling was performed using a
Gatan Model 691 precision ion polishing system (PIPS). The bright-
field (BF) imaging, selected-area electron diffraction (SAED) and
HRTEM examinations were carried out on a JEOL JEM 2100F electron
microscope operated at 200 kV.

The magnetic properties were measured using a commercial
superconducting quantum interference device magnetometer (SQUID,
QuantumDesign Company)with a temperature down to 5 K and amag-
neticfield up to 10 T. The transport propertieswere characterized by the
physical property measurement system (PPMS) with a temperature
down to 2 K and amagnetic field up to 13 T. Themagnetic fieldwas par-
allel to the sample surface as well as the current direction.

3. Results and discussion

Fig. 1(a) shows a cross-sectional BF TEM image of the unannealed
LSCO/STO samplewith a film thickness of 30 nm, recorded at room tem-
perature. The BF image was taken under a two-beam condition with
g = 002. Two white arrows indicate the interface between the LSCO
and STO. Just as we can see, the film is homogeneous and its surface is
smooth. Fig. 1(b) shows a [010] zone-axis SAED pattern recorded from
the LSCO film and it can be indexed using the pseudo-cubic unit cell
(a = 3.82 Å). Obviously, many dots (labeled with white arrows)
which should be extinct, appeared at 1/2 positions between the funda-
mental reflections. The wave vectors of these dots can be written as [0,
0, 1/2] and [1/2, 0, 0],which represents amodulated structurewith a pe-
riodicity of two-fold the original unit lattice distance. At the same time, a
typical [010] zone-axis SAED pattern recorded from the substrate (STO)
is shown in Fig. 1(c). Contrary to the SAED from thefilm, no extra reflec-
tions can be found. To better understand these extra dots, a typical
HRTEM image taken from region R1 in Fig. 1(a) is shown in Fig. 1(d).
In the HRTEM image, the alternative bright and dark stripes are clear.
Based on the intensity profiles, we assure that themodulated structures
exist in the LSCO film. As we all know, both La3+ and Sr2+ cations have
the similar ionic radii and when Sr is doped, the charge can be balanced
by the conversion of Co3+ into Co4+. If no oxygen vacancies exist in the
film before the annealing process, the ionic states of LSCO is La0.673+ Sr0.332+

Co0.673+ Co0.334+ O3
2−.Therefore, the lattice substitution between La and Sr is

possible. The structure model proposed in Fig. 1(f) is based on the as-
sumption that lattice substitution between Sr and La is permitted in
LSCO film [1]. In order to verify the atomic model, systematic HRTEM
simulations were performed and one simulated image with
Δf = −60.0 nm (defocus value) and t = 29.9 nm (thickness) is
shown in Fig. 1(e). It is apparent that the simulated image is in good
agreement with the experimental one. In B-sites, no contrast difference
can be found between pure Co3+ planes and Co4+/Co3+ mixed planes,
which indicates that the modulated stripes in Fig. 1(e) are not resulted
from the charge ordering of Co4+ and Co3+. On the contrary, in A-sites,
the pure La3+ planes have the stronger intensity than the La3+/Sr2+

mixed planes. In other words, the appearance of modulated stripes in
the unannealed LSCO film is derived from the cation ordering of La3+

and Sr2+.
To further clarify the nature of the modulation, extensive examina-

tion of the vacuum-annealed LSCO films was carried out. Different
from the unannealed sample, several second phases precipitated in
the epitaxial LSCO film, which are marked as I, II, III, and IV in Fig. 2
(a). More importantly, the modulated stripes can be found in both A-
sites and B-sites in HRTEM image of the vacuum-annealed LSCO film
(Fig. 2d), which is consistent with Donner's work [16]. They found
that the intensity of the half-order reflection results not only fromanor-
dering of the oxygen vacancy planes, which would only lead to a weak
superstructure reflections, but also from the A-sites ordering (i.e., the
difference of the form factors of La3+ and Sr2+) by structure factor cal-
culations. Unfortunately, they did not provide a direct evidence to sup-
port their conclusions. As we all know, oxygen vacancies were
introduced when annealing the film in vacuum. If all Co4+ cations
convert into Co3+, after the annealing process, the ionic state of LSCO
is La0.673+ Sr0.332+ Co3+O2.835

2− V0.165
O . So it is reasonable to assume that the ad-

ditional modulated stripes in vacuum-annealed LSCO film relative to
unannealed film are induced by the ordering of oxygen vacancies.
From the extensive experimental results before and after annealing,



Fig. 2. (a) Cross-sectional BF image of vacuum-annealed LSCO/STO sample; (b) and
(c) SAED pattern taken from the epitaxial film and the substrate, respectively;
(d) Typical HRTEM image of the vacuum-annealed epitaxial LSCO film and the inset
shows intensity profiles for the corresponding lines; (e) Simulated image of vacuum-
annealed LSCO film with Δf = −73.0 nm and t = 16.8 nm and the image on the right is
the magnified one; (f) Atomic model of vacuum-annealed La0.67Sr0.33CoO3 film and oxy-
gen atoms were also omitted.
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an atomic model was proposed for the vacuum-annealed LSCO thin
film, which is shown in Fig. 2(f) (oxygen atoms are omitted for clarity).
To prove the validity of this atomic model, HRTEM simulations were
also performed. Just like the unannealed LSCO film, La3+/Sr2+ ions are
regularly arranged and the charge is balanced by oxygen vacancy order-
ing. The simulatedHRTEM image (Fig. 2(e)) agreeswell with the exper-
imental one. InA-sites, the intensity of pure La3+ planes is stronger than
that of La3+/Sr2+ mixed planes; in B-sites, the Co–O planes containing
oxygen vacancies are weaker than the others. Then we proposed that
the modulated structure in A-sites is caused by the cation ordering of
La3+/Sr2+ and the modulated structure in B-sites is derived from the
oxygen vacancy ordering.

Fig. 3(a) is a typical HRTEM image taken from region R3 (marked in
Fig. 2(a)). Three different kinds of domain structures, i.e. no stripes re-
gion (I), vertical stripes region (II) and horizontal stripes region (III), ap-
pear in this image. The simulated HRTEM image of the vacuum-
annealed LSCO film was performed along different directions. When
we carry out the simulation along [100] or [001] with Δf = −73.0 nm
and t = 16.8 nm, the modulated stripes are obvious. Unsurprisingly,
no contrast difference is observed when we simulate along [010]. The
simulated results (shown in Fig. 3(b), Fig. 3(c) and Fig. 3(d)) agree
well with the experimental images. In other words, the atomic model
satisfies the symmetry of all domains. In addition to the novel modu-
lated structures, an anisotropic chemical expansion was also investi-
gated in the vacuum-annealed LSCO thin film using HRTEM at room
temperature. The typical HRTEM images taken from horizontal and ver-
tical stripes regions are shown in Fig. 4(a) and Fig. 5(a), respectively. To
see the details of these modulated structures, enlarged HRTEM images
are also demonstrated. From the interatomic spacing between the
neighboring atoms extracted from the intensity profiles, as shown in
Fig. 4(c) and Fig. 5(c), respectively, we found that the lattice parameters
along the direction of modulated structures (~3.91 Å) are significantly
larger than those along other directions (~3.86 Å). In order to confirm
the universality of this conclusion, the HRTEM image with no stripes
was also investigated and the results are shown in Fig. 6. In this
image, no modulated stripes can be found and the lattice parameters
of both two directions are ~3.86 Å. This verified our conclusion that
the anisotropic chemical expansion is larger along the direction of the
modulated structure relative to the others. Properly speaking, the aniso-
tropic chemical expansion is always vertical to the oxygen vacancy or-
dering planes. In the vacuum-annealed LSCO film, Co4+ cations were
reduced into Co3+ and oxygen vacancies were introduced. No chemical
expansion could happen if the oxygen vacancies are arranged disor-
derly. Thus we proposed that the anisotropic chemical expansion is de-
rived from the oxygen vacancy ordering rather than the reduction of
oxidation state of Co4+, which is in discrepancy with the previous re-
port [7].

Fig. 7 shows temperature-dependent magnetizationM(T) and mag-
netic hysteresis loop M(H) curves of the LSCO films with H applied
along the in-plane direction. In Fig. 7(a), we observed a typical para-
magnetic–ferromagnetic transition in the unannealed LSCO film. As re-
ported in the literature [17,18], the Curie temperature of LSCO is ~200 K.
Similarly, theM(H) curve for unannealed LSCO in Fig. 7(b) also shows a
clear ferromagnetic hysteresis loopswith similar coercive fields. In con-
trast, the vacuum-annealed LSCO films do not show any discernible
magnetic transition or hysteresis loop. As we all know, LSCO exhibits
ferromagnetism through double-exchange interaction between the
Co–O–Co bonds. In the vacuum-annealed LSCO film, the oxygen vacan-
cies were introduced, which could destroy the double-exchange inter-
action between the Co–O–Co bonds and introduce a frustration into
the magnetically coupled network that presumably leads to a spin-
glass magnetic state. In other words, the ferromagnetism disappeared
due to the introduction of oxygen vacancies.

In addition to themagnetism, the transport properties of thefilm are
also investigated. Fig. 8 shows the temperature-dependent resistance
(R–T) of vacuum-annealed (red curve) and unannealed (black curve)
LSCO films. The resistance of the unannealed LSCO film increases with
the temperature, which is characteristic for metals. Whereas in the
vacuum-annealed LSCO thin film, the R–T curve exhibits a typical insu-
lator feature. This means that a metal-insulator transition occurs when
annealing the LSCO film in vacuum. Like the ferromagnetism, the con-
ductivity is being strongly affected by the introduction of oxygen vacan-
cies into the lattice [19]. After annealing in the vacuum, Co4+ cations
were reduced into Co3+ and oxygen vacancies were introduced. Due



Fig. 3. (a) Typical HRTEM image of the vacuum-annealed LSCO/STO sample (taken from region R3 in Fig. 2(a)). Three kinds of domain structures aremarked as I, II, III; (b) Simulated image
along [010] with Δf = −50.0 nm and t = 40.3 nm. (c) and (d) Simulated images along [100, 001], respectively, with Δf = −73.0 nm and t = 16.8 nm.

Fig. 4. (a) Typical HRTEM image of LSCO/STO film; (b) Enlarged HRTEM imagemarked in (a). The inset shows intensity profiles for the corresponding lines; (c) Atomic distances between
A-sites atoms extracted from the insets.
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Fig. 5. (a) Typical HRTEM image of LSCO/STO film; (b) Enlarged HRTEM imagemarked in (a). The inset shows intensity profiles for the corresponding lines; (c) Atomic distances between
A-sites atoms extracted from the insets.
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to the ordering of oxygen vacancies, the double-exchange interactions
were destroyed [20,21], which leads to the transformation from the
ferromagnetic-metallic into a non-magnetic insulator.

4. Conclusion

Only one type of modulated structure in A-sites is observed in
the unannealed LSCO thin film, while two types of modulated structures,
one in A-sites and the other in B-sites, are found in the vacuum-annealed
Fig. 6. (a) Typical HRTEM image of LSCO/STO film; (b) Enlarged HRTEM imagemarked in (a). Th
A-sites atoms extracted from the insets.
LSCO thinfilm. Themodulated structure in A-sites is induced by the cation
ordering (La3+ and Sr2+) and the modulated structure in B-sites is de-
rived from the oxygen vacancy ordering. In addition, it is found that the
lattice expansion along the c-axis was significantly larger than those
along a-axis in the vacuum-annealed LSCO thin film, which is attributed
to oxygen vacancy ordering after the annealing process. The annealing
process transforms the ferromagnetic–metallic LSCO film into a non-
magnetic insulator due to the destruction of double-exchange interaction
between the Co–O–Co bonds by the oxygen vacancy ordering.
e inset shows intensity profiles for the corresponding lines; (c) Atomic distances between



Fig. 7.Oxygen vacancy dependentmagnetic properties. (a) M(T) and (b) M(H) curves for
annealed (red curve) and unannealed (black curve) LSCO/STO sample. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 8. The temperature dependence of the resistance for normal and vacuum annealed
LSCO thin film. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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