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Oxygen vacancies are known to affect complex oxides, but current measurement techniques often are 

limited in that they provide “bulk views” of an entire sample, averaged over macroscopic length scales. 

Aberration corrected scanning transmission electron microscopy (STEM) and electron energy-loss 

spectroscopy (EELS) have demonstrated their ability to probe structural, chemical, and electronic 

properties with atomic-scale resolution in real space, and they have also provided magnetic information 

at the sub-nm scale in exquisite detail [1]. Here we combine atomically-resolved STEM-EELS with 

density-functional calculations to demonstrate that, in epitaxial cobaltite thin films, the combination of 

epitaxial strain along with ordered oxygen vacancies dominates the film’s structure and electronic 

properties, promoting a long range magnetic ordering that is not present in the bulk. 
 

Epitaxial lanthanum cobaltite (LaCoO3 or LCO) films under tensile strain, e.g., grown on SrTiO3, have 

attracted considerable interest as a test bed to understand the origins of unexpected physical phenomena. 

While the bulk material is non-magnetic, the films are ferromagnetic (FM) at low temperatures [2, 3]. 

Since the initial reports, the origin of the observed FM ordering has been debated extensively on the 

basis of theoretical calculations and complementary experimental data [4]. Competing interactions of 

comparable magnitude permit Co atoms to achieve low-spin (LS), intermediate spin (IS) or high-spin 

(HS) states [5, 6]. Different types of Co spin states and ordering, induced by homogeneous or 

inhomogeneous strain distributions, have been proposed. In these cases, the films have been assumed 

stoichiometric and no O deficiency has been considered. Here, we demonstrate that oxygen vacancy 

ordering in epitaxial LCO thin films can give rise to long range magnetic ordering accompanied by 

insulating behavior and a superlattice in the spin state as depicted in Figure 1 [7]. We show that epitaxial 

strain is relaxed through local lattice expansion at ordered oxygen-deficient atomic planes. The 

vacancies lead to excess electrons in the Co d-states, which order ferromagnetically. Finally, the 

expected metallic behavior caused by vacancy superstructure “doping” is disrupted by the appearance of 

Peierls-like minigaps that, on strain relaxation, lead to a radical change in the electronic structure, 

resulting in insulating behavior [7]. 
 

Such spin state superlattices not present in the bulk can also be stabilized by epitaxial strain in metallic 
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compounds, such as doped La0.5Sr0.5CoO3-x (LSCO). The analysis of the near edge fine structure can 

provide a mapping of Co atom spin state with atomic resolution. In highly reduced nanopockets of O 

deficient LSCO thin films [8, 9], unexpected spin state superlattices associated with O vacancy ordering 

are observed, as shown in Figure 2. Such ordering phenomena are not observed in the bulk and, again, 

cannot be studied by diffraction techniques that provide spatial averages. These and other examples will 

be discussed in this talk in order to prove that oxygen vacancy ordering complements strain as a major 

controllable degree of freedom that can be used to engineer novel behavior in complex-oxide films. 
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Figure 2. Z-contrast image of a LSCO thin 

film. The left inset is a schematic of the 

crystal structure; the right represents the O 

K edge pre-peak intensity map, which 

correlates with the spin state. Adapted 

from reference [8]. 

Figure 1. Z-contrast image of a LCO film grown on a STO 

substrate. The sketch on the right shows the structure and the 

magnetic order proposed by theory. O atoms are red, Co atoms 

are shown in blue, and La atoms are green. Adapted from 

reference 7. 
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