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Atomic Structure and Chemistry of Self-Assembled

Nanopillar Composite Oxides

Xiumei Ma, Zhaoliang Liao, Lin Li, and Peng Gao*

Artificial engineered thin films consisting of (LaSr)(MnV)O; matrix and
columnar nanocomposites oxides are deposited on single-crystal LaAlO; by  the
(111) substrates by using Lay;3Sr;;3MnO; and V,0; targets. The epitaxial
grown (LaSr)(MnV)O; thin-film matrix is embedded with self-assembled
MnO and V,0; columns with a few nanometers in size. The atomic structure,
chemistry, and electronic properties of columnar nanocomposite are deter-
mined and the bonding between the matrix and nanopillars is identified by
using atomically resolved scanning transmission electron microscopy and

electron energy loss spectroscopy.

1. Introduction

Complex transition metal oxides (TMOs) are strongly corre-
lated electronic materials, in which the spin, charge, orbital,
and lattice are simultaneously active and competitive.lll Many
novel physical properties, such as colossal magnetoresist-
ance,l? charge ordering,’! electronic phase separation, and
metal-insulator transition,”! have been reported in the TMOs.
The epitaxial composite TMOs thin films can be fabricated in
either horizontal form with multilayers(® or vertical form with
columnar nanocomposites.'%1¢ In fact, the columnar nano-
composites geometry provides numerous advantages over the
form of horizontal multilayers, e.g., intrinsic heteroepitaxy in
three dimensions and a larger interfacial area. These columnar
nanocomposites with vertical interfaces and nanoscale phase
separation can serve as superstructures and the interplays may
also occur between the nanoscale phases. The columnar nano-
composites also offer more variables for tuning the properties.
Besides the substrate strain engineering, the functionalities of
nanocomposites can be controlled by the phase ratio, phase
size, and the relative orientations between the phases.
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In the past few years, many nanocom-
posites thin films have been achieved
advanced metal-organic aer-
osol deposition or pulsed laser deposi-
tion (PLD) technique, such as BaTiOs;—
CoFe,0417  (Lag7Sr0;MnOs)y_:(MgO),. ™
(Lag7Cag sMnOs);_,:(MgO),,["* and (Lag ;5103
MnO;)5:(Zn0)ys nanocomposites.?%  For
example, tunable metal-insulator transi-
tion has been realized previously in
Lay3513MnO;  (LSMO)-V,0; nanocom-
posites by engineering the relative chemical
ratio between LSMO and V,0; during PLD
growth.2ll

The functionalities of the nanocomposites film are deter-
mined by the structure and chemistry of nanoscale phases
and the interfaces between them. The interfaces can have a
strong impact on the lattice distortion, spin-orbital-charge coup-
ling and electron scattering, and thus finally generate novel
phenomena as occurring in the planar heterostructures.?223]
Therefore, the investigations on the nanoscale structures and
their interfaces, chemistry, and electronic structures are crucial
for not only revealing the mechanism of nanocomposite forma-
tion but also understanding the underlying structure—property
relation, which consequently will guide us the control of
nanocomposite growth and as a result the functionality engi-
neering for device applications. However, the buried interfaces
in nanocomposites are usually diffuse, rough, and/or het-
erogeneous,?*2% making it very difficult to extract the atomic
bonding information and chemistry of interfaces.

In this paper, we study the microstructure of nano-
composite (LaSr)(MnV)O; (LSMVO) thin films using the
aberration-corrected scanning transmission electron micro-
scopy (Cs-STEM) and electron energy loss spectroscopy (EELS).
We find that the epitaxial grown LSMVO thin-film matrix is
embedded with two types of self-assembled columnar com-
posite oxides, i.e., MnO and V,0; nanopillars. The structure
and composition of these nanopillars are identified. The atomic
bonding and electronic structures at the heterointerfaces of
LSMVO/MnO and LSMVO/V,0; are determined. Our findings
provide deep insights into the growth mechanism of the nano-
composite and the understanding of the structure driven novel
transport properties in these films.

2. Results and Discussion

The detailed structures of nanocomposite thin films have been
investigated from both the planar view and cross-sectional view
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Green: V,05
Orange: MnO

Purple: LSMVO thin film
Red: LAO substrate

Figure 1. Self-assembled nanopillar thin films. a) A schematic illustration showing the growth of nanostructured thin films on (111)-LaAlO; substrate
by using Lay3Sr;;3MnO; and V,05 targets. b) STEM image of a planar view of nanostructured thin film showing the self-assembled nanostructures.
Two types of nanopillars are observed with gray and dark contrast, respectively. The gray nanopillars are typically elongated, relatively large in size and
have bright edges, while the dark nanopillars are circular, small in size. c) Nanopillars are mapped in color. Orange: gray nanopillar (MnO). Green:
dark nanopillar (V,05). d) Size (area) distribution of V,03 nanopillars. The area is calculated by Image ] software. The size distribution is fitted with
Gaussian function. e) Size (area) distribution of MnO nanopillars. The size distribution is fitted with Gaussian function. f) High-resolution Scanning
TEM (STEM) image from a cross-sectional view of nanostructured thin films showing the interface of LaAlO; and (LaSr) (MnV)O3; matrix. Right inset:
a schematic overlaid with the STEM image. g) Schematic illustration of a self-assembled nanopillars in the thin film. Red: perovskite LaAlO; substrate.

Purple: perovskite (LaSr) (MnV)Oj3 thin-film matrix. Orange: MnO nanopillars. Green: V,03 nanopillars.

specimens in Figure 1. A planar view high-angle annular dark
field (HAADF) STEM image of thin film in Figure 1b displays
that columnar nanopillars are embedded in a matrix. Two
types of nanopillars with gray and dark contrast are observed,
respectively. The gray nanopillars are typically elongated, rela-
tively large in size and have bright edges, while the dark nano-
pillars are circular and small in size. Note that in the HAADF
(Z-contrast, Z is atomic number) image, the contrast itself
contains the chemical information, i.e., bright usually means
larger Z while dark corresponds to a lighter composite. From
the later characterization of chemical composition from EELS,
the large and gray nanopillars are identified as MnO and the
small and dark nanopillars are V,0s. In order to clarify the spa-
tial distribution of the nanopillars, MnO and V,0; nanopillars
are marked with orange and green in Figure 1c, respectively.
The size (area) distributions of V,03; and MnO nanopillars are
presented in Figure 1d,e. The area is calculated by Image] soft-
ware and the size distribution is fitted with the Gaussian func-
tion. The average areas of MnO and V,0; pillars are =1000 and
~220 nm?, respectively.
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The cross-sectional view specimen reveals a pillar-matrix
structure as well and the film thickness is about 25 nm, as
shown in Figure S2 (Supporting Information). The nanopillars
are formed from the bottom LaAlO; (LAO) interface to the top
of the film. The atomically resolved HAADF STEM image from
a cross-sectional view of nanostructured thin films in Figure 1f
demonstrates that the LSMVO thin-film matrix was epitaxially
grown on the LAO substrate. From the Z-contrast image, the
orientation relationship between LSMVO thin-film matrix and
the LAO substrate is (111),-LSMVO//(111),-LAO (subscript
p denotes pseudocubic structure). The bonding between the
LSMVO and substrate can also be determined directly as shown
by the schematic octahedrons overlaid with the STEM image
in the right inset. Figure 1g shows a schematic illustration of
self-assembled nanopillars embedded in the perovskite LSMVO
thin-film matrix. The MnO (orange) and V,0; (green) nano-
pillar composite oxides distribute disorderly in the LSMVO
thin-film matrix (purple) on the LAO substrate (red).

To further determine the chemical compositions and elec-
tronic structures of these two types of nanopillars, the spatial
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Figure 2. Chemical and electronic structures of nanostructured thin films. a) STEM image of gray (MnO) and dark (V,0;) nanopillars. Electron energy
loss spectroscopy (EELS) line-scan across both nanopillars was carried out. The scanning direction and distance are indicated. b) Relative composition
extracted from EELS line-scan showing the matrix contains cations of La, Mn, and V, the gray nanopillar only contains Mn cation and dark nanopillar
only has V cation. c) Selected spectrum of Mn-L edges in the MnO (gray) nanopillar. The La—M edges are plotted as reference because La—M edges
are usually less sensitive to chemical environments. d) Mn—L3 peak shift and the intensity ratio of L3 peak to L2 peak. In the MnO nanopillar region,
Mn-L3, 2 peaks shift to left =0.9 eV and the intensity ratio increases. e) The V-L edges and O-K edges. The position and fine structures of O-K edges

are sensitive to the chemical bonding.

variation of EELS across the thin-film matrix, a gray and a dark
nanopillar were acquired in Figure 2a. Since the signal of core-
loss edges of Sr is too low and noisy for quantitative analysis/?!!
and oxygen element is everywhere in the film, only V-L, La-M,
and Mn-L edges are analyzed for quantification. The relative
compositions extracted from EELS line scan in Figure 2b show
that the matrix contains cations of La, Mn, and V, the gray nano-
pillar only contains Mn cation, and the dark nanopillar only con-
tains V cation. We find that concentrations of La and Mn have
similar distribution within the matrix region, while the V con-
centration is lower (=20%) in the matrix. In the gray nanopillar
region, the V is barely observed. From the comparison, we can
conclude that the minor amount of V in the matrix is well above
the error, indicating the matrix is LSMVO with mixed cations.
In addition, the valence state of Mn in the gray nanopillar was
analyzed from the selected spectra of Mn-L edges, as shown
in Figure 2c. The La—M edges are plotted as ref. [27] because
positions of La-M edges are usually less sensitive to chemical
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environments. The Mn L,3 peaks in the gray nanopillar shift
slightly to left as compared to that in the LSMVO matrix. In
Figure 2d, the Mn L, ; peaks shift to left by =0.9 eV and the inten-
sity ratio of L; peak to L, peak increases in the gray nanopillar.
Comparing these features with data reported in the literature,2®!
we can confirm that the Mn has a valence of 2+, i.e., the gray nan-
opillar is MnO. The V-L edges and O-K edges in Figure 2e show
that V L, 3 peaks in the dark nanopillar shift to right compared to
the LSMVO matrix, while the O-K peaks in the dark nanopillar
shift to left compared with LSMVO matrix and MnO nanopillar.
The position and fine structures of O-K edges are sensitive to the
chemical bonding.?>3% By comparing the peak positions of V-L
edges and O-K edges,?® we can confirm that the dark nanopillar
is V,0;. In addition, the appearance of V-L edges in the matrix
also confirms the existence of V element. These results indicate
that the target materials of LSMO and V,0; react with each other
during the deposition, resulting in the formation of a mixture of
LSMVO matrix, MnO, and V,0; nanopillars.
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V,0,4 (LaSr)(MnV)O,

Figure 3. Atomic structure of V,03 nanopillar. a) High-resolution high-angle annular dark filed (HAADF) image of V,0; nanopillar (with darker con-
trast Z-contrast image) in the (LaSr)(MnV)Os; matrix. Inset: FFT pattern. b) The strain and lattice rotation mappings calculated by Geometric phase
analysis. The strain mapping showing the lattice distance in the nanopillar is (=2%) larger than that of the matrix. The lattice rotation mapping showing
the lattice orientation matches each other very well. The diffraction vectors are indicated in (a). The arrows in the lattice rotation mapping highlight
the dislocation cores. c) Enlarged view of selected misfit dislocations at the interface of V,0; nanopillar and matrix. d) Enlarged view of the interface
showing the epitaxial relation. The intensity profile from the third row of atoms columns indicated by arrows determinates the position of interface.
e) Atomistic model showing the bonding between V,0; nanopillar and (LaSr) (MnV)O; matrix.

Atomically resolved HAADF images are used to determine
the bonding at interface between the matrix and nanopillars.
Figure 3a shows a representative atomically resolved planar
view HAADF image of a V,0;3 nanopillar (with darker contrast
in the Z-contrast image) embedded in the LSMVO matrix. It
can be seen that V,0; nanopillar has the same orientation with
the LSMVO matrix. The inset of fast Fourier transform (FFT)
pattern in Figure 3a shows that the incident electron beam is
along the [111] zone axis of LSMVO matrix, and the orienta-
tion relationship between the V,0; nanopillar and the LSMVO
matrix is (111)-V,05//(111)-LSMVO. The lattice rotation map-
ping from geometric phase analysis (GPA)BU in Figure 3b also
shows that the lattice orientation matches each other very well.
However, the misfit dislocations are also observed at the inter-
face due to the lattice mismatch. These dislocations are visible
in lattice rotation map (highlighted by the arrows) in Figure 3b.
There is 4% lattice mismatch in ¢ direction between LSMO and
V,03.21 The GPA in Figure 3b clearly shows the (=2%) strain
across the interface of LSMVO matrix and V,0; nanopillar,
indicating a part of strain is relaxed at the interface due to the
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formation of dislocations. Figure 3c presents the enlarged views
of selected misfit dislocations at the interface of the V,03 nano-
pillar and LSMVO matrix. Except a few of edge dislocations,
in the rest of regions the V,0; nanopillar is perfectly bonded
with the LSMVO matrix as shown in Figure 3d, in which the
position of interface is determined by the intensity profile in
the Z-contrast image. On the basis of these results above, an
atomistic model of the bonding between V,0; nanopillar and
LSMVO matrix is proposed and shown in Figure 3e.

Unlike V,053 nanopillar, the MnO nanopillar is incoherent
with the LSMVO matrix due to the large dissimilarity in struc-
ture, as shown in the atomically resolved HAADF image from
a plan-view specimen in Figure 4a. The corresponding FFT pat-
tern in Figure 4b also shows that the lattice of the MnO nano-
pillar does not match the LSMVO matrix. The enlarged images
from the square regions in Figure 4a labeled with purple and
orange outlines show the atomic structures of the LSMVO
matrix and the MnO nanopillar in Figure 4c,d, respectively.
The LSMVO matrix still displays perfect atomic arrangements
with the viewing direction of [111] zone axis. However, only the
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Figure 4. Atomic structure of MnO nanopillar. a) High-resolution HAADF image of MnO nanopillar from a planar view nanostructured thin film. b) The
corresponding FFT pattern showing the lattice of nanopillar does not match the matrix. c) Enlarged view of square region in the matrix showing the
viewing direction is [111]. d) Enlarged view of square region in the MnO nanopillar. (200) lattice fringes are observed. e) Cross-sectional high-resolution
HAADF image of the boundary between MnO nanopillar and (LaSr) (MnV)O; matrix showing [111] of nanopillar matches [110] of matrix. f) Atomistic
model showing the bonding between MnO nanopillar and (LaSr) (MnV)O; matrix.

(200) lattice planes can be seen in the MnO nanopillar. There-
fore, there is no clear orientation relation between the MnO
nanopillar and LSMVO matrix from the planar view image.
The atomically resolved cross-sectional HAADF image of the
phase boundary between MnO nanopillar and LSMVO matrix
is also analyzed in Figure 4e. It shows that the (111) planes of
nanopillar match the (110) planes of matrix. The inset of cor-
responding FFT pattern in Figure 4e indicates that the orienta-
tion relationship between the MnO nanopillar and the LSMVO
matrix is (111)-MnO//(110)-LSMVO. Similarly, an atomistic
model for the bonding between MnO nanopillar and LSMVO
matrix is proposed in Figure 4f.

Based on the observed results, we can deduce that the target
materials of LSMO and V,0; react with each other during
the deposition. A small amount of V ions substitute partial
Mn ions, resulting in the formation of LSMVO matrix, i.e.,
LSMO + V,0; — LSMVO + MnO. The detection of V in LSMO
as occurring in our nanocomposite films is similar to the con-
sequence of the Mn—Zr substitution®?~3* that the substitutional
Zr occupies the Mn site in the LSMO matrix. On the other
hand, the cationic exchange between LSMO and V,0; also
forms MnO nanopillars. Moreover, there is still some V,05 that
do not react with LSMO, leading to the formation of V,0;
nanopillars. The formation of nanopillar composite oxides
depends on the LSMO and V,0; ratio during growth.l?!l The
control of LSMO to V,0; ratio during growth thus can leads to
different nanocomposite structure and tunable metal-insulator
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transition. In addition, in respect of the distinctly different mor-
phology of MnO and V,03 nanopillars, the surface free energy
and interfacial strain energy may play a central role since the
MnO-LSMVO and V,0;-LSMVO interface structures are quite
different as illustrated above. Further research should be con-
ducted to investigate the underlying physics that gives rise to
specific nanopillars shape and morphology.

We also investigate the interface bonding between LSMVO
matrix and smaller size V,0; nanopillars. Detailed results are
shown in Figure S3 (Supporting Information). The lower den-
sity of misfit dislocations for the smaller size V,03 nanopillar
suggests the presence of size effects on the strain relaxation.
The interface between V,0; matrix and LSMVO nanopillars is
also studied as shown in Figures S4 and S5 (Supporting Infor-
mation). We find that the atomic bonding between LSMVO
and V,0; remains the same and misfit dislocations are also
observed at the interface. In addition, despite large structural
dissimilarity between LSMVO and MnO, they still find the
most natural way to bond together, indicating the lattice plane
match dominates the bonding at the heterointerfaces in these
transition metal oxides.

3. Conclusions

In summary, the atomic structure and chemistry of the
LSMVO matrix with MnO and V,0; nanopillars are studied
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by using atomically resolved STEM and EELS. We find that the
LSMVO thin-film matrix is embedded with two self-assembled
columnar nanocomposite oxides, i.e., MnO and V,0; nanopil-
lars. The size of MnO nanopillar is larger than that of V,0,
nanopillar. The LSMVO film matrix is epitaxially grown on the
LAO substrate. The bonding between V,0; nanopillars and
LSMVO matrix is basically semicoherent (i.e., [111] V,05//[111]
LSMVO) with the strain being relaxed partially due to the for-
mation of edge dislocations. In contrast, the bonding between
MnO nanopillars and LSMVO matrix is incoherent. Only the
(111) planes of MnO nanopillar match the (110) planes of
LSMVO matrix. Our study reveals the atomic structure and
chemistry of the nanosized phases in the composite thin films
and identifies the atomic bonding at the heterointerfaces. In
these transition metal oxides, the atomic bonding at the het-
erointerfaces is mainly governed by the lattice plane match.
These findings provide useful information for understanding
the structure-driven transport properties of these complex thin
films. The atomic bonding information is also prerequisite for
atomistic simulations of these heterostructures in future.

4. Experimental Section

The nanopillar composite films were deposited on LaAlO; (LAO) (111)
substrates via alternate deposition by an ultrahigh vacuum PLD system
using stoichiometric La,/3Sry;3MnO; and V,05 targets. A schematic
view of the alternate growth of thin films is plotted in Figure 1a. The
details of the growth process were reported elsewhere.?'l The deposition
time ratio of LSMO to V,0; was 1.3 and the total deposition time was
about 80 min. The structures of the thin films were examined by X-ray
diffraction (XRD) using Cu Ko radiation (A = 1.5406 A) and the XRD
data were displayed in Figure S1 (Supporting Information), which is in
good agreement with the transmission electron microscopy (TEM) data.
The microstructures of the thin films were characterized by spherical
aberration-corrected STEM (JOEL 2100F). The TEM specimens were
prepared by the mechanical polishing followed by the argon ion milling
(Precision lon Polishing System, Gatan, Model 691). At the final stage
of ion milling, the voltage was set at 0.3 kV for about 4 min to remove
the surface amorphous layer and minimize the damage. The chemical
compositions and electronic properties were extracted by conducting
EELS mapping in the STEM mode with subangstrom spatial resolution
and =0.7 eV energy resolution.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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