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A B S T R A C T   

Ruddlesden-Popper (RP) faults in perovskites as one type of the anti-phase boundaries provide a versatile 
platform to manipulate the magnetic, conducting, and magnetoresistance properties in the complex oxides. Local 
fine structure at the boundaries containing light atoms is a key factor to understand the underlying structure- 
function relationship due to their interfaces mediated effects. In this work, the atomic structure, chemical dis
tribution and electronic structure of typical RP faults in perovskite LaNiO3 and its epitaxial nanocomposite films 
on a SrTiO3 substrate were systematically investigated combining high-resolution scanning transmission electron 
microscopy (STEM) and density functional theory (DFT) calculations. Integrated differential phase contrast 
(iDPC) STEM imaging results demonstrate a NiO2-x-(LaO-LaO)-NiO2-x atomic configuration with content fluc
tuations of oxygen at the RP faults. Atomic electronic energy loss spectroscopy results and DFT calculations 
illustrate that Ni cations have mixed valence of Ni2+, Ni3+ at the RP faults accompanying with oxygen envi
ronment fluctuations affected by the non-stoichiometric bonding. This study offers a comprehensive route to 
explore intriguing chemical structures and physical properties in the homointerface structure at the atomic level.   

1. Introduction 

Heterostructures with abundant combination forms open new op
portunities for the design of next-generation electronic devices due to 
their enthralling interface-mediated effects, in which the interfaces 
provide a versatile platform to control the interplay of the order- 
parameters (i.e. lattice, orbital, charge, and spin) in functional oxides 
[1–5]. In particular, there are also interface structures existing in one 
single-crystal phase, called antiphase boundaries (APBs) or domain 
structures, which also have a strong influence on the magnetic, con
ducting, electrochemical, and magneto-resistance properties of these 
functional materials [6–11]. 

APBs are often present in epitaxially thin films, which are grown in a 
layer-by-layer mode or two-dimensional islands growth mode [6]. For 
describing the APBs, some possible independent shift vectors, R, can be 
indexed as the fractional [0,0,0]- (no shift), [110]-, [110]-, [100]- and 
[101]-directions. Among the diverse APBs, there is one type of APB, 
often referred to as Ruddlesden-Popper (RP) faults, which is frequently 

reported in perovskite epitaxial thin films [12–15]. Recently, benefiting 
from the high-angle annular dark-field scanning transmission electron 
microscopy technology (HAADF-STEM), atomic models have been pro
posed to describe the geometry and formation mechanism of RP faults in 
various perovskite film systems, for example, Srn+1TinO3n− 1 [12], 
LaNiO3 [16], La2SrMn3O10 [17], (Sr,Ca)TiO3 [18], and La2NiO4 [19]. 
The two perfect ideal perovskite ABO3 blocks normally have a a/2[111] 
displacement vector across a RP fault while displaying a a/2[110] 
in-plane translational vectors in [100] projections. The RP faults in 
perovskite materials can critically affect the electronic, magnetic prop
erties of these complex oxides, promote cation diffusions through the 
defects path, or even induce exciting new physical properties just at the 
APB structures. Exploring more details about the atomic structure 
electronic structure and related charge states in the APB structures is 
fundamental in understanding their physicochemical essences in the 
perovskite films as well as the heteroepitaxial composite film systems. 

LaNiO3 is a perovskite structure with a rhombohedral distortion (S.G. 
R3c 161) [20]. It has a lattice parameter of apc= 3.83 Å, while the 
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subscript pc represents the pseudo-cubic perovskite lattice. LaNiO3 has 
drawn a considerable spotlight because of its exceptional transport 
properties at room temperature and potential tunability of 
electrical-magnetic coupling through epitaxial strain engineering [21]. 
A metal to insulator transition can be induced in the LaNiO3-x compound 
by oxygen concentration regulation. Standard LaNiO3 has trivalent Ni3+, 
is a n-type metallic oxide, exhibiting a Pauli paramagnetism. The 
oxygen-deficit LaNiO2.5 has divalent Ni2+, is an insulator and is anti
ferromagnetic with a TN temperature at 320 K. Between the above 
phases, LaNiO2.75 has a mixed valence (Ni3+/Ni2+) and displays a subtle 
metal to insulator transition at about 75 K [22]. In our previous study, a 
LaNiO3-NiO heteroepitaxial oxide film was investigated as the model 
material system, and the atomic structure of its heterointerface is 
demonstrated to be (La-O/La-O)LaNiO3/(Ni-O)NiO [23]. However, the 
detailed APBs structure only in the LaNiO3 matrix phase has yet to be 
investigated, which is a prerequisite to understand the variations of 
chemical distribution and electronic properties in the nanocomposite 
heterostructures. 

Driven by the above thoughts, in this work, we systematically 
investigated the fine structure of RP faults both in the pure LaNiO3 film 
and in the LaNiO3 matrix phase of the LaNiO3-NiO heterostructures 
grown on a (001)-oriented SrTiO3 substrate. Combining aberration- 
corrected high-angle angular dark-field (HAADF) with differential 
phase contrast (DPC) STEM imaging technologies and density functional 
theory (DFT) calculations, the atomic arrangement including the oxygen 
atom and electronic structures at the RP faults in the epitaxial film 
systems was investigated systematically at an atomic level. 

2. Experimental 

2.1. Thin-film growth 

The vertically aligned heteroepitaxial nanocomposite films of 
LaNiO3-NiO were deposited on the (001)-SrTiO3 substrates by pulsed 
laser deposition. The growth conditions were a temperature of 800 ℃ 
and an oxygen atmosphere of 100 mTorr, and laser frequency of 10 Hz. 
Similarly, the pure LaNiO3 films were grown at 700 ℃ under an oxygen 
pressure of 100 mTorr using a laser frequency of 10 Hz. In particular, the 
LaNiO3-NiO heteroepitaxial films were deposited using a computer- 
controlled targets system with two separated LaNiO3 and NiO targets. 
Therefore, the volume fraction of LaNiO3 and NiO can be archived by 
controlling the number of laser pulses hitting on each oxide target based 
on the deposition rates of LaNiO3 and NiO films. In this work, the vol
ume fraction of deposited LaNiO3-NiO composited films is about 7:3 
(laser pulses number: LaNiO3-NiO=70:30). 

2.2. TEM characterizations 

Plan-view and cross-section TEM samples for transmission electron 
microscopy (TEM) and STEM studies were prepared by standard steps. 
Firstly, the samples were mechanical grinded to the thickness of samples 
to 20 µm. Secondly, the grounded samples were fine-milled to thin 
enough for the TEM observation by an ion milling equipment (Leica EM 
RES 102). Before mechanical grinding, the cross-sectional sample was 
glued together face-to-face (film) with silicon slices like a sandwich. A 
thin TEM sample of the LaNiO3 film with a 30-nm thickness was pre
pared for the iDPC-STEM experiments by a 2-dimensional transfer 
method introduced by our previous publication [24]. The iDPC-STEM 
image simulations were performed by the typical multislice method 
with microscope parameters of Cs= 150 nm, Defocus= 6 nm, Thick
ness= 30 nm. Morphology, atomic structural and chemical in
vestigations were carried out by using a TITAN Themis 60–300 
microscope (Thermo Fisher Scientific Ltd.) with the information limit of 
0.6 Å, equipped with double Cs correctors and Super energy dispersion 
X-ray detector. The probe convergence angle is 25 mrad and the 
detection angles used for HAADF-, iDPC-STEM imaging were 64–200 

and 6–22 mrad, respectively. The atomic EDS data were acquired at the 
beam current of 120 pA for ~8 min. The dual-EELS technology is used to 
collect zero-loss and high-loss edges simultaneously on a Gatan Quan
tum 965 spectrometer. And a 0.0005 s and 0.5 s exposure time were 
used for each zero-loss and high-loss edge spectrum, respectively. The 
high-loss edges are post-analyzed in the Digital Micrograph software. 
The zero-loss and high-loss edges are firstly aligned simultaneously 
before analyzing the chemical shift. For clarity, a slight smoothing was 
applied to the Ni L edges and no other normalization, summation 
methods of all the EELS data are performed. 

2.3. DFT calculations 

The DFT calculations were carried out using the Project-Augmented 
Wave (PAW) method through the Vienna Ab-initio Simulation Package 
(VASP) code [25,26]. Considering the strong Coulomb interactions be
tween the electrons in Ni-3d orbit, the calculations were performed 
using the GGA+U approximation approach with the 
Perdew-Burke-Ernzerhof (PBE) scheme. Following previous studies 
[27–29], we adopted Hubbard U corrections with U = 5.3 eV for Ni. The 
kinetic energy cut-off for the plane-wave expansion was set to 500 eV. 
The k-points were generated using the Monkhorst-Pack mesh [30]. For 
La, Ni, and O, 5 s25p65d16 s2, 3d83 s2, and 2 s22p4 orbitals were taken as 
valence states, respectively. For the bulk LaNiO3, the rhombohedral cell 
was first relaxed to obtain the lattice parameter, i.e., a= 5.384 Å and the 
rhombohedral angle 60.83◦. For the APB structures, the unrelaxed unit 
cell was 5.452 Å × 5.452 Å × 43.332 Å and both the upper and lower 
interfaces contained six LaO layers and six NiO2 layers. Subsequently, 
the relaxations of the atomic positions and lattice parameters were 
performed with a 7 × 7 × 1 k-point grid. And the division was increased 
to 15 × 15 × 1 for calculating the density of states (DOS). The conver
gence criterion was 0.01 eV/Å for structural relaxations. For the bond 
valence sum (BVS) analysis in our work [31], we employed the KDist 
package equipped in the Kalvados software. 

3. Results and discussion 

The typical low-magnification morphology of the RP faults from the 
[001]pc direction (plan-view) in the epitaxial pure LaNiO3 film on a 
(001) oriented SrTiO3 substrate are given in Fig. S1. A mass of RP faults 
(strip lines) was observed in the LaNiO3 phase with 90-degree biaxial 
distributions. Similar morphology of the RP faults was also observed in 
the LaNiO3-NiO heteroepitaxial films (Fig. S2), which will be discussed 
together in the following part. 

To observe the atomic structure of the RP faults, high resolution 
HAADF-STEM images of the APB structures in the LaNiO3 phase as well 
as in the LaNiO3-NiO heterostructures were investigated from plan-view 
direction, as shown in Fig. 1. With the NiO phase embedded in the 
LaNiO3 matrix, we want to investigate the in-plane strain effects on the 
origin and behaviors of the RP faults. Considering the effect of atomic 
numbers, HAADF-STEM imaging is a favorable technology to display the 
chemical composition variations in composite structures due to its Z- 
dependent contrast. In LaNiO3 phase, the atomic contrast of La columns 
is much brighter than that of the Ni columns in Fig. 1. Obviously, 90-de
gree bending APBs were observed in the pure LaNiO3 films as indicated 
by the red dotted lines in Fig. 1a. The atomic arrangements of the APBs 
structure along [001]pc direction observed in Fig. 1a can be concluded to 
be NiO2-(LaO-LaO)-NiO2, where the two LaO layers are stacked together 
with a shift vector of 1/2a[110]pc or 1/2a[110]pc. This RP fault in LNO is 
actually a type of stacking faults and the lattice displacement at the RP 
faults can induce an abrupt shear strain (exy) in the HRSTEM images, 
which can be displayed easily by Geometric Phase Analysis (GPA) 
method. Here, the strain exy map of Fig. 1a is performed by GPA tool and 
given in Fig. 1b, showing a strong lattice distortion contrast at the RP 
faults correspondingly to the HRSTEM image (Fig. 1a). The (100) and 
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(010) diffraction spots are selected as x, y vectors and the strain maps of 
exx, eyy are shown in the Fig. S3, displaying the RP faults along [100], 
[010] directions. Furthermore, high-density RP faults in LaNiO3 phase 
were also observed in the LaNiO3-NiO heterostructures, shown in 
Fig. 1c. The corresponding misfit strain map (exy) of Fig. 1c is given in 
Fig. 1d, respectively, displaying an obvious one-to-one contrast of RP 
faults. Interestingly, these RP faults often originated at the LaNiO3-NiO 
heterointerfaces, which means that the lattice misfit strain is a dominant 
factor in its formation. The contrast of the exy maps in Fig. 1b and 
d illustrated that the shear strains along the [110] direction are mostly 
compressive at the center area of the RP faults, but it becomes tensile at 
the corner area. This is possibly attributed to the greater lattice distor
tions at the corners of the RP faults. The green dots in Fig. 1a and c 
overlapped on the Ni atoms indicate that the Ni-Ox atomic aggregations 
occur at the corner of the RP faults. According to the LaNiO3-NiO 
composited heterostructures, we can infer that the Ni-Ox aggregations 
mostly are nanosized NiO phase in the LaNiO3 film when the La-rich RP 
faults form. Because the O atom does not show contrasts in HAADF 
images, it hinders further understanding the real chemical information 
of the fault structures. More atomic information, especially the O-atom 
position, needs to be investigated carefully in the APBs areas. 

The HAADF imaging technology combined energy-dispersive X-ray 
spectra (EDS) provides a powerful route to investigate both atomic 
structural and chemical information in real space. Fig. 2 shows the 
atomic-scale EDS maps on a localized RP fault. The typical RP fault was 
imaged along [001] direction (Fig. 2a). Chemical maps are shown for the 
La L edge (Fig. 2b), the Ni K edge (Fig. 2c), and the composite of the La 

and Ni maps (Fig. 2d). The chemical maps are slightly filtered by a Gauss 
filter. Therefore, it is found to be a one-to-one correspondence between 
the HAADF image and the elemental EDS maps at atomic level, which 
gives a direct interpretation of the RP faults structures. Two LaO layers 
were directly connected at the RP fault boundaries, showing in Fig. 2b. 

To reveal the atomic structure and electronic structure of the RP 
faults, detailed DPC-STEM investigations containing integrated differ
ential phase contrast (iDPC) and (differentiated differential phase 
contrast) dDPC techniques were performed and the results are shown in  
Fig. 3. The iDPC-STEM technique is demonstrated to have capability for 
imaging both light and heavy elements with near-linear contrast to the Z 
number in the sample [32]. The dDPC-STEM technique can be applied to 
directly visualize the electric field and charge of atoms and to reveal 
local chemical bonding states within crystals. Fig. 3a gives a typical 
iDPC-STEM image showing obvious RP fault boundaries, in which both 
La, Ni, and O atoms can be observed with linear contrast. The sample 
thickness for the DPC-STEM investigations is about 30-nm thickness 
using a specific method introduced by our previous publication [24], 
which can help remove thickness effects on the image contrast. Image 
simulations for the iDPC image of the RP faults structure using the 
multislice method also confirm that the sample thickness is close to 
30 nm (Fig. S4). Thus, we can quantitatively analyze the relationship 
between contrast of atomic columns and their content change. The La, 
Ni, O atoms can be distinguished and marked as brown, green and red 
dots on the columns, respectively. It can be deduced that the chemical 
bonding layers at the RP faults are NiO2-(LaO-LaO)-NiO2 from the 
iDPC-STEM image contrast. The intensity fluctuations of the O atoms 

Fig. 1. (a) High-resolution HAADF-STEM image of the RP faults in pure LaNiO3 film from the [001]pc direction. (b) The GPA strain map (exy) of the HAADF-STEM 
image (a) along the LaNiO3 RP faults, performed by GPA tool using (100)pc and (010)pc diffraction spots. (c) A HAADF-STEM image of the RP faults in LaNiO3 matrix 
phase observed in the LaNiO3-NiO heterostructures along [001]pc crystal direction. (d) The misfit strain map (exy) of the image (c), correspondingly. 
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near and far away from the RP faults were investigated systematically in 
Fig. 3a along the red and green dashed arrows, respectively. The cor
responding results are shown in Fig. 3b and c. It is found that the atomic 
intensity of O columns in the nearest NiO2 layers at the RP faults is lower 
than that in the off-interface NiO2 and La-O layers (Fig. 3b). On the 
contrary, the linescan of O columns from the bulk area along the green 
dashed arrow shows an almost similar intensity both in the NiO2 and 
LaO layers (Fig. 3c). It demonstrates that there are some content fluc
tuations of the oxygen columns in the nearest NiO2 and LaO layers at the 
RP faults, especially in the NiO2 layers. To investigate the electrostatic 
structure of the RP faults, DPC-STEM and dDPC-STEM imaging and 
processing are performed at the same area. The DPC-STEM and 
dDPC-STEM images are derived from the four segmented-detector im
ages (Fig. S5) using the introduced method [33–35]. The color and in
tensity of electric field vector map correspond to the relative direction 
and strength of electric field at each atom in the DPC-STEM image 
(Fig. 3d), illustrating the local uneven distribution of the electric field at 
the LaO layer in the RP faults (white arrows). The dDPC-STEM con
structs an image that its contrast is proportional to the total charge 
density at each position. Fig. 3e gives the calculated corresponding 
dDPC-STEM images showing the atomic total charge density map. The 
total charge density is normalized by the number of unit cells along the 
beam direction based on the sample thickness. An integrated intensity 
profile of the charge density at the RP faults along the red arrow is given 
in Fig. 3f. It is demonstrated that the total charge density is decreased in 
the nearest NiO2 and LaO layers at the RP faults. Therefore, fluctuations 
of the oxygen content and electrostatic structure variations in the RP 
faults are believed to be highly related to the electrical charge imbalance 
problem. 

The precise atomic structure of the RP faults in LaNiO3, observed in 
the above iDPC-STEM images, can be written as NiO2-x-(LaOy-LaOy)- 
NiO2-x, with content fluctuations of oxygen and charge density 

variations at the interface layers. What are the effects of the oxygen 
fluctuations in the interfacial NiO2 and LaO layers on the electronic 
structure and chemical environment of the RP fault structure is a key 
problem to study. This will be investigated further through the atomic 
electron energy loss spectroscopy (EELS). 

Fig. 4 gives a dual-EELS line scan investigation which is obtained 
simultaneously for the Ni L, O K and zero-loss edges along the atomic RP 
fault structure. Series of EELS spectrums from number 1–8 are shown in 
Fig. 4b, extracted from the line scan dataset marked as the yellow dotted 
line in Fig. 4a. Among them, the 4th and 5th profiles are extracted 
exactly from the two adjacent Ni columns in the vicinity of the RP fault. 
It is well known that one metal at a higher oxidation state often has a 
larger electron energy loss or binding energy at its L2,3 edge than that in 
its lower oxidation state in the EELS or XPS fields. In Fig. 4b-c, there 
shows a detectable chemical shift of Ni L2,3 edges between the Ni ion 
columns near the RP faults (4th and 5th) and the others in bulk LaNiO3 
phase. Exactly, the enlarged Ni L3 edges given in Fig. 4c illustrates a 
chemical shift of about 0.4 eV calculated by the positions of peak 
maximum. It indicated a lower valence state of the Ni ions at the RP 
faults, which can be attributed to oxygen deficiencies [36]. 

The O K edges along the APB interface were also collected as cor
responding EELS line scans with the Ni L edges shown in Fig. 4d. The 
corresponding low loss EELS linscan dataset of the O K edge was shown 
in Fig. S6. There are three main peaks at 532 eV, 537 eV, and 545 eV in 
the O K edges. Noticeably, the peaks at 532 eV become blunt for the 4th 
and 5th spectrums compared with other spectrums, as is observed by the 
red arrows, which illustrate an increase in oxygen vacancies around the 
Ni cations at the RP faults interface. It has obvious variations, responsing 
to the chemical shifts of Ni ions. Above all, the EELS linescanes results 
demonstrate that the Ni cation at the RP faults has a mixed valence of 
Ni2+, Ni3+, which is attributed to the non-stoichiometric chemical 
bonding (i.e., NiO2-x-(LaOy-LaOy)-NiO2-x) in the APBs. Further evidence 

Fig. 2. Atomic EDS investigation of the LaNiO3 RP faults. (a) HAADF-STEM image. The corresponding atomic EDS maps: (b)La map, (c)Ni map, and (d) the inte
grated map of La and Ni. 
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can be found in the supplementary materials that a short ordered RP 
phase was observed displaying the atomic arrangements of a [001]pc 
La2NiO4 structure with Ni2+ ions (Fig. S7). Our observation of the mixed 
valence of Ni2+, Ni3+ existing in RP faults is helpful to understand 
related physical properties such as electrical transportation in this ma
terial system. It should be noted that there are some minor variations 
observed in the series of the O K spectra. One is that the tail region of the 
O K edges around the 545 eV, and 570 eV are decreased slightly from 
spectra 1–8, which is believed to be related to the carbon contamination 
at the latter half of the line scan area (light white contrast in the lower 
part of Fig. 4a). Another is that a gradual peak shift was observed the 
series spectra from 1st to 8th, which may be affected by the sample 
conditions or the complex interactions of oxygen and other impurity 

elements. However, these minor variations can’t cover up the changes in 
the peak shape at 532 eV between the RP faults interface and bulk area. 
Therefore, in our opinion, the main conclusion of mixed valence of Ni 
ions existing at the RP faults both observed in the Ni L and O K spectra is 
not affected. 

To reveal the nature of the RP faults, we constructed atomic models 
of the APB interface by means of the obtained STEM images and per
formed DFT+U calculations. However, we were unable to obtain the 
exact content fluctuations of oxygen atoms in the nearest LaO and NiO2 
layers at the RP faults. In order to simplify the calculation, we consid
ered four configurations with and without oxygen vacancies (VO) in the 
nearest NiO2 and LaO layers: NiO2-(LaO-LaO)-NiO2 (Fig. S8a), NiO2- 
(LaO0.5-LaO0.5)-NiO2 (Fig. S8b), NiO1.5-(LaO-LaO)-NiO1.5 (Fig. 5a), and 

Fig. 3. (a) Atomic iDPC-STEM image of RP faults in LaNiO3 film along [001]pc axis. The brown, green and red dots marked on the atomic columns represent La, Ni, O 
atoms respectively. (b) Line profile of the O contrast along the RP fault from (a) (red dashed arrow). (c) Line profile (green dashed arrow) of the O contrast in the pure 
perovskite area from (a). Corresponding electric field vector, strength map (d) and total charge map (e) of RP faults in LaNiO3 along the [001] zone axis in (a) derived 
from the four segmented-detector images. The total charge density in (c) is normalized by the number of unit cells. (f) Total charge intensity profile of the LaO layer 
and NiO2 layers across the RP faults subtracted from the red arrow in (e). 
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NiO1.5-(LaO1.5-LaO1.5)-NiO1.5 (Fig. S8c). Noticeably, as shown in 
Fig. S8b, the NiO2-(LaO0.5-LaO0.5)-NiO2 model is not consistent well 
with our iDPC-STEM observations, which indicates that the VO could not 
be formed in the LaO layers. In addition, the optimized NiO1.5-(LaO1.5- 
LaO1.5)-NiO1.5 model is similar to the NiO2-(LaO-LaO)-NiO2 model. The 
CIF structure file of NiO1.5-(LaO-LaO)-NiO1.5 is provided in supple
mentary material. To estimate approximately the oxidation state of each 
atom in the APB models, we calculated the BVS values of the La and Ni 
ions near the interface. As shown in Fig. 5b, for the NiO1.5-(LaO-LaO)- 
NiO1.5 model, the BVS values of Ni atoms especially at the NiO1.5 layer 
decrease to ~2.36, illustrating a nominal oxidation state of 2+. The 
decreased oxidation state is consistent with the EELS results. However, 
for the ideal NiO2-(LaO-LaO)-NiO2 model, the Ni atoms at the NiO2 layer 
have a nominal oxidation state of 3+, which is inconsistent with the 
EELS results. 

To indicate the relative stability between LaNiO3-APB and LaNiO3, 
the formation energy is calculated. The following definition: Ef = [E 
(LamNinOl) – m*ELa – n * ENi – l* μO] / (m + n + l), where E(LamNinOl), 
ELa, ENi, and μO represent the total energies of relaxed LaNiO3-APB and 
LaNiO3, pure metal La, pure metal Ni, and the chemical potential of 
oxygen, respectively. As a result, LaNiO3-APB has a lower formation 
energy than LaNiO3, although the value is close (Fig. 5c). It also explains 
that it is hard to grow films that are free of RP faults and many factors 
should be considered, such as formation energy, strain engineering, 
chemical environment and oxygen pressure, etc. In addition, the elec
tronic structure of LaNiO3-APB was also analyzed. As shown in Fig. 5d, 
the results of densities of state (DOS) near the interface indicate that the 
LaNiO3-APB remains metallic properties with nonzero DOS values at the 
Fermi level. It should be noted that the DOS values at 1.4 Å and 5.1 Å 
from the interface (mainly LaO layer) are smaller than those of NiO1.5 
and NiO2 layers at the fermi level, which echoes with the dDPC contrast 
analysis of the total charge intensity. 

Considering the calculation and our experiments, the relaxed model 
with NiO1.5-(LaO-LaO)-NiO1.5 configuration is closed to the experiment 
observation of NiO2-x-(LaOy-LaOy)-NiO2-x, where the oxygen fluctuation 
in LaO layer is not obvious. Considering that the contrast decreases in 
Fig. 3b, the normalized intensity of oxygen columns in NiO2− x layer is 
lower than 50% of that in normal NiO2 layers. Therefore, we deduce that 
the configuration of the LaNiO3 RP faults can be refined as: NiO2-x-(LaO- 
LaO)-NiO2-x (0 <x < 0.5). 

4. Conclusions 

In conclusion, we have investigated the atomic structure, chemical 
distribution, and electronic structure of the typical RP faults in a 
perovskite LaNiO3 phase of the LaNiO3 pure film and LaNiO3-NiO het
erostructures systematically by high-resolution STEM. HAADF- and 
DPC- STEM imaging technologies combined with atomic EDS mapping 
demonstrated that extra LaO layers stacked at the RP faults forming a 
NiO2-x-(LaO-LaO)-NiO2-x configuration (0 <x < 0.5). The content fluc
tuations of oxygen atoms and total charge density variations were also 
demonstrated at the RP faults. The results of line-scan EELS along the RP 
faults and DFT+U calculations illustrate that Ni cations have mixed 
valence of Ni2+, Ni3+ at the RP faults accompanying with oxygen 
environment fluctuations affected by the nonstoichiometric bonding. 
This work offers a precise route to explore atomic chemical and physical 
information especially in epitaxial homointerface structures. 
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