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Anisotropic strain has a significant influence on the charge ordering (CO) behavior in
Big4Cag ¢MnO; (BCMO) films on (110) SrTiO5 substrates. Effect of film thickness on the CO
behavior in BCMO films was investigated at 103 K using transmission electron microscopy. It was
found that the film has undergone a structural transformation with the increase of film thickness,
i.e., from no modulation to a localized incommensurate modulation and further to a commensurate
modulation. The distinctive thickness-dependent CO transition has a close relationship with the
anisotropic strain relaxation process. Structural models are proposed to explain the modulated
structures in the films. © 2011 American Institute of Physics. [doi:10.1063/1.3660722]

The perovskite manganites have attracted a lot of inter-
est for their colossal magnetoresistance (CMR) effect. Apart
from the CMR effect, the manganites also exhibit intriguing
physical properties such as insulator-metal® and/or structural
transition® induced by applied magnetic-field or photon radi-
ation, phase separation,® charge/orbital ordering (CO/00),*
cluster-spin glass transition,” etc. The CO/OO is one of the
most important physical properties associated with the strong
spin-lattice-charge coupling.

Bismuth-based manganites are attractive because of their
CO/OO transition temperature, which can be well above the
room temperature in some cases.® For bulk manganites, ani-
sotropy is usually not obvious due to the high structural sym-
metry. In contrast, thin films exhibit lattice strains that can
strongly affect their physical properties.”® Thus, it is impor-
tant to investigate the strain effect on the CO behaviors in the
films.” "' A lot of research has focused on the investigation of
physical properties for Bij4CaysMnO; (BCMO) films. Chen
et al.'>™'* systematically studied the effect of strain on the CO
transition and the electronic transport properties of BCMO
films. In this paper, we report transmission electron micros-
copy (TEM) studies of the strain effect on CO behaviors in
BCMO epitaxial films grown on a (110) SrTiO3 (STO) sub-
strate. All the TEM studies were carried out at 103 K. Selected
area electron diffraction (SAED) technique and high-
resolution transmission electron microscopy (HRTEM) imag-
ing are employed to investigate the CO behaviors in the
BCMO epitaxial films.

Epitaxial BCMO films were prepared on a (110) STO sub-
strate by pulsed laser deposition (PLD) technique (laser
wavelength =248 nm, repetition rate=5Hz, and fluency
=7J/cm?) from a target with a nominal composition of
BCMO. During the deposition, the substrate temperature was
kept at ~700 °C and the oxygen pressure at ~60 Pa. The film
thickness is 10, 40, 110, and 200 nm, controlled by deposi-
tion time. Structural analyses of the films were performed by
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x-ray diffraction (XRD) analysis on a Philips X’pert Pro dif-
fractometer using Cu Ko, radiation. The specimens for TEM
examinations were prepared in a cross-sectional orientation
([111] and [110] zone-axes for the 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). A JEOL
JEM 2100F transmission electron microscope with a low-
temperature sample stage was used for bright field (BF),
SAED, and HRTEM imaging. The temperature was set and
maintained by a Gatan SmartSet cold stage controller
(636.MA). All the TEM studies were carried out at 103K,
close to a liquid nitrogen temperature.

No modulation structure has been observed for the
BCMO films thinner than 100 nm. Figure 1(a) shows a [111]
zone-axis HRTEM image of BCMO film with a thickness of
40 nm taken at 103 K, where the interface between STO and
BCMO is indicated by two arrows. It can be seen that the
HRTEM image is flat and no evident stripes can be observed.
The HRTEM result is consistent with the conclusion drawn
from our SAED pattern. Figure 1(b) is the diffraction pattern
taken from the BCMO film in Fig. 1(a) at 103K, and no
superlattice spots are observed, which is similar to the SAED
pattern obtained at room temperature.'> Therefore, it is clear
that there is no difference in the SAED patterns recorded at
low temperature (103 K) and room temperature for the film

FIG. 1. HRTEM images and SAED patterns taken from thinner films at
103K, (a) and (b) film thickness is 40 nm.

© 2011 American Institute of Physics
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FIG. 2. (a) HRTEM image of BCMO/STO interface region
with a film thickness of 110 nm. (b)-(d) Schematic models

for the CO behaviors in the BCMO film. E and g

represent Mn*" and Mn*", respectively.

9?}

[001]

with a thickness less than 100 nm. This indicates that CO is
absent in the films with a thickness less than 100 nm.

When the film thickness increases to 110 nm, modula-
tion structure appears. Figure 2(a) shows the [110] zone-axis
HRTEM image of the film of 110nm, recorded at 103 K.
The interface between BCMO and STO is indicated by two
arrows. Stripes can be clearly seen from Fig. 2(a), and the
stripe direction varies from location to location, rather than
being uniform. Extensive HRTEM investigation showed that
the modulated stripes were formed along the directions of
[001] and [112]. It can be seen that near the interface region
the modulated stripes are along the [001] direction and its
periodicity is about 7.58 A. Modulations with a periodicity
of 11.3A are also observed in the [001] direction. In the
regions a little far away from the BCMO/STO interface, the
film has fringes with different directions. One of the modula-
tion directions can be determined to be [112], and the fringe
periodicity is measured to be about 9.3 A. Figure 2(a) shows
several kinds of modulated structures in the 110-nm-thick

film (details about the other modulated structures will be
reported elsewhere). Based on the HRTEM observations,
structural models (after Wang et al.'®) for CO phases in the
film of 110nm can be obtained, schematically shown in
Figs. 2(b)-2(d). Three different types of modulation models
are shown, along the [001] and [112] directions, respectively.
Figure 2(b) is one of the model for the modulated structure
along the [001] direction, and its periodicity is about 7.58 A.
Figure 2(c) is one of the other model for the modulated struc-
ture along the [001] direction with a periodicity of 11.3 A.
Figure 2(d) is the model for the modulated structure along
the [112] direction with a periodicity of 9.3 A. The Mn*"
and Mn*" ions in the film are arranged in order due to the
strain effects.

Figure 3(a) shows a [110] zone-axis HRTEM image of
the film with a thickness of 200 nm, recorded at 103 K. The
modulation is found to be uniform, with the direction along
the [111] direction and the lattice spacing (4.4 A) is doubled
compared with that at the room temperature. This suggests

FIG. 3. (a) HRTEM image of BCMO film with a thickness
of 200nm at 103K. (b) SAED pattern taken from the
BCMO film in (a) at 103 K. Inset shows a typical SAED
pattern taken at the room temperature. (¢c) Schematic model
for the CO behavior in the BCMO film. E and g

represent Mn>* and Mn**, respectively.
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the appearance of superstructure, which is confirmed by the
SAED result. Figure 3(b) is a [110] zone-axis diffraction pat-
tern recorded at 103 K. Superlattice spots along {111} direc-
tions can be identified, which is obviously different from
results obtained at room temperature (inset in Fig. 3(b)).
These superlattice spots are caused by the CO of Mn’" and
Mn*" in the BCMO film. The modulated structure is charac-
terized as a commensurate modulation, where the superlat-
tice spots locate at the half position between transmitted spot
and {111} diffracted spots. The modulation periodicity is
about 4.4 A, which is twice the spacing between (111)
planes. Based on the SAED and HRTEM observations, struc-
tural model (after Wang et al .16) for CO behavior in the films
with the thickness of 200 nm is demonstrated in Fig. 3(c).
From Fig. 3(c), it can be seen that the modulation structure is
commensurate and the Mn>" and Mn*" are in good order
along the [111] direction. Thus, the modulation periodicity is
doubled, compared with the structure at room temperature.
Generally speaking, the CO state has a close relationship
with the strain, which depends on the film thickness.
HRTEM images demonstrate that with the increase of film
thickness, the lattice spacing along the direction parallel to
the BCMO/STO interface decreases because the interplanar
spacings for both (101) and (011) planes are reduced, while
the spacing along the direction perpendicular to the BCMO/
STO interface increases. For the 10-nm-thick BCMO film, it
was fully relaxed along the [112] direction, but it had a par-
tial relief along the direction parallel to the BCMO/STO
interface. HRTEM image at low temperature is not different
to that at room temperature. For 40-nm-thick film, the lattice
spacing along the [112] direction is smaller than that in the
10-nm-thick film, while the lattice spacing along the [110]
direction is bigger than that in the 10-nm-thick film. This
indicates that the compressive strain in the parallel direction
makes lattice spacing smaller and the tensile strain in the
perpendicular direction makes the lattice spacing bigger. The
lattice strain along the [112] direction will remain until the
thickness exceeds 100nm. As a consequence, no clear CO
can be observed for films thinner than 100 nm. When the
thickness reaches 110 nm, the lattice spacing along the [110]
direction is bigger than that in 40-nm-thick film. This sug-
gests that the residual strain along the [112] and [110] direc-
tions decreases as the thickness increases. The strain along
the two directions is different, so the strain in the BCMO
film with the thickness of 110nm is anisotropic. At room
temperature, no modulated structure can be observed in the
HRTEM images. However, when the temperature is reduced
to 103K, evident modulated stripes can be observed in the
HRTEM image of the 110-nm-thick film. When the thick-
ness reaches 200 nm, the strain in the film can be released by
the formation of dislocations. The strain state of the film is
similar to that in the bulk materials, and only one type of
modulation along the [111] direction has been found. Our

Appl. Phys. Lett. 99, 191914 (2011)

TEM result is consistent with the previous report'> on the
CO transition degree as a function of film thickness. There-
fore, the CO at low temperature is dependent on the strain
states in the BCMO films.

In conclusion, the effects of strain on CO in the BCMO
films with thicknesses of 10, 40, 110, and 200 nm were stud-
ied at 103K using SAED and HRTEM. The present study
indicated that with the increase of the BCMO film thickness,
the films have undergone structural transformations, i.e.,
from no modulation to a localized incommensurate modula-
tion, and further to a commensurate modulation. Structural
models, based on the HRTEM observation, were proposed
for the modulated structures in the BCMO films with thick-
nesses of 110 and 200 nm.
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