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Abstract 

LaNiO3 (LNO) thin films of 14 nm and 35 nm thicknesses grown epitaxially on LaAlO3 

(LAO) and (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrates are studied by High 

Resolution Transmission Electron Microscopy (HRTEM) and (High Angle Annular 

Dark Field (HAADF) imaging. The strain state of the films is studied by Geometric 

Phase Analysis (GPA). Results show the successful in-plane adaptation of the films to 

the substrates, both in the compressive (LAO) and tensile (LSAT) cases. Through the 

systematic analysis of HRTEM superstructure contrast modulation along different 

crystal orientations, localized regions of the monoclinic LaNiO2.5 phase are detected in 

the 35 nm films. 

 

 



 

1. Introduction 

The series of rare earth nickelates (RENiO3) presents a very rich phenomenology 

among the transition metal oxides due to the interplay of charge, orbital, spin and 

crystal lattice degrees of freedom. Even more so when considering epitaxial thin films 

for which additional new phases, different from the bulk ones, may appear. The case of 

LaNiO3 (LNO) is of particular interest, since it is one of the few oxides for which 

resistivity levels below 100 µΩ·cm at room temperature have been reported 

[Xu1993,Zhu2013], so it could be used as a highly conducting oxide electrode. In 

addition, it is the only member of the RENiO3 series that keeps its metallic character for 

all temperatures, with no metal-insulator (MI) transition, except for ultrathin films of 

less than eight unit cells [Scherwitzl2009]. 

 

These capabilities of LNO have given rise to an increasing number of attempts at 

obtaining nanostructures with new and interesting properties through interface effects 

such as strain engineering. The combinations of LNO and different complex oxides in 

multilayered systems aim at obtaining artificial high Tc superconductors, for example 

[Poltavets2010]. However, in most of the reported systems, LNO films are either 

considered to be fully elastically strained or the strain relaxation is explained in terms of 

crystal symmetry modifications keeping the stoichiometry in the film constant. In this 

work, we report on LNO thin films with two different thicknesses (14 nm and 35 nm), 

grown on (001)-oriented substrates exerting compressive [LaAlO3, (LAO)] or tensile 

stress [(LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT)] on the films. The strain state of the films is 

assessed by Geometric Phase Analysis (GPA) of High Angle Annular Dark Field 

(HAADF) transmission electron microscopy (TEM) images. Beyond the long-range 



symmetry effects of substrate-induced strain on the films already reported in 

[Weber2016], or the presence of local planar defects of the Ruddlesden-Popper type 

[Coll2016], in this work we address the role of possible local, short-range, non-

stoichiometry in LNO films through the analysis of superstructure contrast modulation 

in high-resolution TEM (HRTEM) images. 

 

2. Methods 

A series of films were grown by pulsed laser deposition on top of LAO (-1.1 % lattice 

mismatch) and LSAT (+0.7 % lattice mismatch) substrates using a KrF excimer laser (λ 

= 248 nm). The laser beam was focused on a stoichiometric ceramic LaNiO3 target with 

a fluence of around 1.5 J·cm-2 and at a repetition rate of 5 Hz. Deposition was 

performed at an oxygen pressure of 0.15 mbar and keeping the substrate at a 

temperature of 700 oC. The number of laser pulses was varied to obtain films with 

nominal thicknesses of 14 nm and 35 nm, according to previous growth-rate 

calibrations. HRTEM images were obtained in a JEOL 2010F and a JEOL 2100. 

HAADF images were obtained in a probe-corrected FEI Titan Low 60-300. Atomic 

resolution images were analyzed using Geometric Phase Analysis (GPA) [Snoeck1998] 

in order to characterize the strain states of the films. 

 

3. Results and discussion 

Figures 1 and 2 show HAADF images of the 14 nm- and 35 nm-thick LNO films, 

respectively, grown on LAO and LSAT. They present good crystalline quality. Cube-

on-cube [001]LNO(010)//[001]substrate(010) epitaxy relationship and atomic-sharp 

interfaces are observed. The corresponding Fast-Fourier Transforms FFTs of the 

images, obtained from the film region, show the epitaxial growth of the films on both 



substrates, with no detectable crystal symmetry change between the compressive and 

tensile cases for the strained LNO films.  

 

Geometric Phase Analysis was used to generate strain tensor maps for the in-plane (εxx) 

and out-of-plane (εyy) components, using the substrate region as a reference. Strain 

maps for the 14 nm thick and the 35 nm thick LNO films are shown in figures 1 and 2 

respectively, superimposed to the experimental HAADF images. From the GPA results, 

it can be seen that films grow fully adapted to the substrate in the in-plane direction for 

the first nanometers. The εyy component was further analysed, and taking into account 

the difference between the lattice parameters of each substrate and the bulk LNO lattice 

parameter, it was found that all films present out of plane parameters that lie close to the 

LNO lattice parameter bulk value (a = 3.838 Å). The difference is of 0.7% for LNO on 

LAO and 0.1% for LNO on LSAT. The estimated error in the GPA maps is of 0.3 %. 

 

It is worth noticing the presence of planar defects in all the films after the first 2 - 3 nm 

of growth, highlighted in figures 1 and 2 by dashed white lines. The detailed 

characterization of these defects can be found elsewhere [Coll2016]. 

 

Fig. 1. HAADF images of 14 nm thick LNO films grown on LAO (a) and LSAT (b). Insets show the 
corresponding FFTs obtained from the film region in each case. All the LNO films present the same 
structure, with an elastically deformed unit cell due to the substrate-induced strain. Superimposed in 
color, GPA maps for the in-plane (εxx) and out-of-plane (εyy) components of the strain tensor, using the 
substrate region as a reference. In-plane components show a fully adapted film. 



 
Fig. 2. HAADF images of the 35 nm thick LNO films grown on LAO (a) and LSAT (b). Insets show the 
corresponding FFTs obtained from the film region in each case. All the LNO films present the same 
structure, with an elastically deformed unit cell due to the substrate-induced strain. Superimposed in color 
scale, GPA maps for the in-plane (εxx) and out-of-plane (εyy) components of the strain tensor, using the 
substrate region as a reference. In-plane components show a fully adapted film. 
 

Upon further inspection, some localized regions are detected in the 35 nm films 

presenting a superstructure contrast modulation. This is not the case for the 14 nm films. 

Figure 3 shows an HRTEM image of the 35 nm LNO film on LAO observed along the 

[100] zone axis with a superstructure modulation oriented perpendicular to the 

substrate-film interface, doubling the d010 spacing. In the following, we aim our analysis 

at understanding the origin of this feature. 

 

Fig. 3. a) HRTEM image of the 35 nm LNO film grown on LAO taken along the [100] zone axis. b) 
Close-up view and FFT from the highlighted area. A superstructure modulation is observed in this 
particular region of the film, consisting in a doubling of the periodicity of the unit cell in the in-plane 
[010] direction. This can be seen as the 1/2x(010) spot in the FFT and in real space as the doubling of the 
d010 spacing, as indicated. 



Superstructure modulation in complex oxides with a perovskite, or a related, structure is 

rather common. The extremely large flexibility of the perovskite unit cell, which allows 

it to accommodate cations of very different sizes, results in a broad landscape of 

possible superstructures for distorted perovskites. The distortion of the coordination 

polyhedra might consist in just a collective rotation pattern of the BO6 octahedra 

[Woodward2005] or in the formation of different coordination environments for all or 

some of the cations, if vacancies are introduced. The relaxation of the cation positions 

around a structural defect, such as an oxygen vacancy, results in the rearrangement of 

the remaining oxygen atoms to create new coordination polyhedra 

[Stolen2005,Stolen2006]. In the well known series of defective perovskites described 

by the formula AnBnO3n-1, there is a variety of local minima for the energy 

corresponding to the rearrangement of the structure when oxygen atoms are taken away. 

Given the inherent thermodynamic instability of the Ni3+ state, let us now consider the n 

= 2 member of the series. This gives us the oxygen deficient LaNiO2.5 phase. 

 

Investigations on the structure of the LaNiO2.5 sub-stoichiometric phase go back to the 

1980s when an XRD pattern was first reported by Crespin et al. [Crespin1983] and 

indexed as a monoclinic perovskite superstructure with cell parameters 

√2𝑎𝑎𝑜𝑜, √2𝑎𝑎𝑜𝑜, 2𝑎𝑎𝑜𝑜, being 𝑎𝑎𝑜𝑜 the cell parameter of the ideal cubic perovskite. Although 

the structure could not be solved, a model based on the brownmillerite structure was 

proposed. Brownmillerite is a perovskite superstructure in which the B cation adopts 

both tetrahedral and octahedral coordination due to the ordering of the oxygen 

vacancies. However, given that a tetrahedral environment is particularly unfavorable in 

the case of Ni, tetragonal structures were proposed by Vidgasayar and Rao 

[Kinyanjui2014], in which the ordering of oxygen vacancies occurs in the [110] 



direction, forming chains of NiO6 octahedra and NiO4 square planes aligned along the c 

axis. Based on electron diffraction experiments, González-Calbet et al. [GonCal1989] 

adopted the octahedral-square planes description but in the framework of a monoclinic 

cell with √2𝑎𝑎𝑜𝑜, √2𝑎𝑎𝑜𝑜, 2𝑎𝑎𝑜𝑜 cell parameters. Later, Moriga et al. [Moriga1994] 

determined the correct unit cell symmetry from XRD data, which was found to be 

monoclinic but with a relationship to the ideal perovskite of the form 2𝑎𝑎𝑜𝑜,2𝑎𝑎𝑜𝑜,2𝑎𝑎𝑜𝑜 . 

Given that the finer structural details are determined by the arrangements of oxygen 

atoms, which are weak scatterers for X-rays, the final refinement of the structure 

including the polyhedra tilt patterns was reported by Alonso et al. 

[Alonso1997,Alonso1995] from high resolution neutron diffraction experiments. Their 

results also proved, based on the Brown bond model, that Ni atoms are divalent in both 

octahedral and square-planar coordination environments.  

 

Figure 4(a) shows the unit cell for the oxygen deficient LaNiO2.5, including the Ni 

coordination polyhedra only. The lattice parameters are am = bm = 7.8 Å, cm = 7.40 Å 

and β= 94o, where the subindex m stands for monoclinic. The shortening of the c axis is 

a result of the missing two apical oxygens in the square planar columns, as shown in 

Figure 4(b). When these apical oxygen atoms are missing, the equatorial oxygen atoms 

are drawn closer to the central Ni atom. As a result, the equatorial planes of the adjacent 

octahedral units are expanded and the apical oxygen atoms are drawn closer to the 

central Ni atom to compensate for this [Alonso1997]. 

 

 



 

Fig. 4. a) LaNiO2.5 monoclinic unit cell showing the two different coordination environments for Ni 
atoms: octahedra and square planes. Adapted from [Alonso1997]. b) Schematic view of the Ni 
coordination polyhedra in the ideal perovskite structure. c) Schematic view of the distortion of the Ni 
coordination polyhedra caused by the missing apical oxygens in every second Ni position along [110]. 
This distortion is responsible for the shortening of the c axis of the monoclinic phase when compared to 
the ideal perovskite. 
 

Considering the HRTEM image of the 35 nm LNO film grown on LAO shown in 

Figure 3, taken along the [100] zone axis, and the unit cell of the LaNiO2.5 phase, the 

observed superstructure modulation can be explained as an octahedral tilt arrangement 

resulting from the missing oxygen atoms. However, images taken along the [100] zone 

axis can not provide direct imaging of the octahedral and planar coordinated columns, 

according to the model in figure 4a, since these alternate along the [110] direction. 

 

In order to assess the possible presence of this LaNiO2.5 phase let us take into 

consideration the character of the substrate lattice mismatch. In the case of compressive 

strain exerted by the LAO substrate, the shorter c axis of the monoclinic, oxygen 

deficient LaNiO2.5 is expected to lay in plane. Given the cube-on-cube epitaxial 

relationship, when preparing a cross-section TEM specimen so that one of the faces of 

the LAO cubic cell is perpendicular to the electron beam, the c axis of the monoclinic 

phase can end up lying either parallel or perpendicular to the electron beam. The 

experimental image in figure 5(a), as the one in figure 2, is compatible with the 



monoclinic c axis being oriented perpendicular to the electron beam, as illustrated by 

the model in figure 5c (left). Therefore, by preparing a new TEM specimen from the 

same sample, cut at 90o from the first one, it is expected to get the monoclinic c axis 

parallel to the electron beam. In this situation, the chains of NiO6 octahedra and NiO4 

square planes would be apparent in the image, according to the model shown in figure 

5c (right). A new cross section sample was then prepared at 90o and the results are 

shown in figure 5b. Looking in detail, a region with a contrast modulation consisting in 

a checkerboard pattern oriented at 45o with respect to the substrate-film interface is 

visible. This pattern corresponds to the doubling of the (110) interplanar distances, as 

predicted for the ordering of the oxygen vacancies in LaNiO2.5 viewed along the c axis 

as in figure 5c (right).  

 

 

Fig. 5. a,b) Pair of HRTEM images of the 35 nm LNO film on LAO related by a 90o rotation of the 

sample preparation direction, showing a (faint) superstructure contrast modulation in different 



orientations. c) Intensity profiles taken in the substrate (black) and superstructure region in LNO (red), as 

indicated by arrows in panel a), showing the double periodicity. d) Structural model of the LaNiO2.5/LAO 

interface showing the octahedral tilt pattern of LaNiO2.5, viewed along the a axis (left), and the alternating 

octahedral and planar columns, viewed along the c axis (right). 

 

Let us now consider the case of tensile stress. Figure 6(a) shows an HRTEM image of 

the 35 nm LNO film grown on LSAT. A superstructure modulation doubling the 

perovskite unit cell is observed in this film too, but oriented parallel to the substrate-

film interface. Considering again the LaNiO2.5 phase, this can be understood in terms of 

the epitaxial strain exerted by the substrate. If the compressive LAO favoured the in-

plane orientation of the monoclinic c axis, the tensile LSAT favours its out-of-plane 

orientation. In this situation, irrespective of the face of the cube of the LSAT substrate 

chosen to be oriented parallel to the electron beam in the cross-section TEM specimen, 

the ordered columns with oxygen vacancies will not be directly visible. Again, the 

observed superstructure corresponds to the octahedral tilt pattern, as depicted in the 

model in Figure 6c (right), where the structural model with the coordination polyhedra 

is shown. By rotating the structure 45o in-plane so that the (110) planes, in which the 

ordering occurs, are visible, a new superstructure modulation is expected to be seen, 

perpendicular to the substrate-film interface, coexisting with the parallel one, which 

corresponds to the octahedral tilts. This is shown in the model in Figure 6c (right). A 

new cross section TEM sample was then prepared oriented at 45o from the first one and 

the obtained HRTEM image is shown in Figure 6(b). The two contrast modulations are 

observed, corresponding to the octahedral and square plane columns oriented out of 

plane as expected from the structural model. 



 

Fig. 6. a) HRTEM image of the 35 nm LNO film on LSAT observed along the [100] direction. b) 
HRTEM image of the same film, from a TEM specimen prepared at 45o from the one in (a), thus 
observed along the [110] direction. Superstructure contrast modulation is faint but visible in both 
orientations. c) Intensity profiles taken in the substrate (black) and superstructure region in LNO (red) , as 
indicated by arrows in panel a), showing the double periodicity. d) Structural model of the 
LaNiO2.5/LSAT interface showing the origin of the modulations in (a) and (b): the effect of alternating 
columns of octahedral and planar columns is superimposed to that of the octahedral tilt pattern. 
 

In summary, the observed superstructure modulation in LNO thin films is found to be 

compatible with a lower symmetry, oxygen deficient, monoclinic LaNiO2.5 phase. The 

octahedral tilt induced by the oxygen vacancies is observed in different orientations 

depending on the sign of the stress exerted by the substrate. This is related to the in-

plane or out-of-plane orientation of the shorter monoclinic c axis. By choosing an 

adequate geometry for the TEM specimen preparation in each case, the crystal 

orientations revealing the alternating octahedral and planar square coordinated columns 

can be accessed. 

 



Regarding the 14 nm films, no superstructure modulation is observed. A first 

explanation for the absence of visible modulation is that no oxygen vacancies exist in 

the thinner films. However, at first sight, using the same arguments concerning the 

thermodynamic instability of Ni3+, the subsequent presence of oxygen vacancies may 

still hold. However, in the energy balance involved in the thermodynamic equilibrium, 

the elastic energy associated to the epitaxial strain should be included and this increases 

with film thickness. Therefore, it may well occur that for the 14 nm, the epitaxial strain 

is simply stored in the form of elastic energy whereas at larger thickness, the 

exceedingly large elastic energy is partially released by introduction of oxygen 

vacancies which, eventually, order as in LaNiO2.5. In a second scenario, oxygen 

vacancies could exist also in the 14 nm films but their concentration not high enough to 

promote order and thus they are invisible in the HRTEM images. It is worth pointing 

out the importance of stoichiometry as a strain relaxation mechanism in complex 

oxides, especially as films grow thicker. 

 

Interestingly, the macroscopically measured conductivity values show a metallic 

behaviour for all the films [Weber2016]. However, all known oxygen deficient phases 

(LaNiO3-δ) are reported to be insulating [Sanchez1996], consistently with the necessary 

octahedral connectivity for orbital hybridization. This apparent contradiction can be 

understood considering that the detected oxygen deficient phase is a minor fraction of 

the 35 nm films and does not break the percolation of metallic regions; in the 14 nm 

films, oxygen vacancies, if any, are randomly distributed, and thus the films are also 

metallic. Besides explaining the metallic behaviour observed in our films, these results 

further emphasize the importance of strain engineering in the control of transport 

properties of rare earth nickelates. The effect of lattice parameter mismatch with respect 



to the substrate, but also film thickness and oxygen atmosphere conditions on the strain 

state and stoichiometry of the films offer a wide range of possibilities for the fine tuning 

of transport properties. 

 

6. Summary and conclusions 

14 and 35 nm thick LNO films grown on LAO and LSAT substrates have been 

characterized to study the different epitaxial strain states induced in the LNO films by 

the crystal lattice mismatch with each substrate. A good epitaxial growth of the films is 

confirmed from HRTEM and HAADF experiments. LNO films on LAO and LSAT are 

found to be completely adapted to the substrate. The strain state of the LNO films has 

been studied by GPA. The results show fully strained LNO films in the in-plane 

direction and values close to those of bulk LNO for the out-of-plane parameter. 

A local superstructure modulation has been observed in the 35 nm LNO films grown on 

LAO and LSAT, which has been found to correspond to LaNiO2.5, a monoclinic oxygen 

deficient phase. The difference in the sign of the strain exerted by the LAO and LSAT 

substrates is found to lead to two different orientations of the monoclinic axes of 

LaNiO2.5. Through an adequate TEM specimen preparation process, different zone axes 

of the oxygen deficient phase have been made accessible for observation. 

Both the strain exerted by the substrate, that affects the Ni-O angles and distances and, 

therefore, the orbital hybridization, and the non-stoichiometry of the films, that affects 

the octahedral network connectivity, are major aspects affecting the electrical transport 

properties of LNO.  
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