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Abstract 

Transition metal oxides (TMOs) are promising materials to realize low-power neuromorphic 

devices. Their physical properties critically depend on their oxygen vacancy concentration whose 

experimental determination remains a challenging task. Here we focus on cobaltites, in particular 

La1-xSrxCoO3-d (LSCO) and present a strategy to identify fingerprints of oxygen vacancies in X-

ray absorption (XA) spectra. Using a combination of experiment and theory, we show that the 

variation of the oxygen vacancy concentration in the perovskite phase of LSCO is correlated with 

the change of the relative peak positions of the O K-edge XA spectra. We also identify an 

additional geometrical fingerprint that captures both the changes of the Co-O bond length and Co-

O-Co bond angle in the material due to the presence of oxygen vacancies. Finally, we predict the 

oxygen vacancy concentration of experimental samples and show how the resistivity of the oxide 

material may be tuned as a function of the defect concentration, in the absence of any structural 

transformation. Our study shows that, in order to predict the complex transport properties of 

TMOs, it is crucial to gain a detailed understanding of their oxygen defect density. 

1. Introduction 

 



Neuromorphic computing is a promising strategy  inspired by the function of the brain, where 

memory and logic functionalities are realized in one unit1,2 to avoid frequent data transfer, thus 

improving efficiency and lowering the energy consumption of ordinary computing architectures. 

In addition, the power consumption of each unit is designed to be as low as possible1 to allow for 

massive parallelization and the realization of artificial neural networks at the hardware level3. One 

way to realize electronic units for neuromorphic architectures is to use materials exhibiting energy-

efficient resistive switching4–6, and transition metal oxides (TMOs) are promising candidates4,5,7, 

as they display a unique metal-insulator transition (MIT) behavior under the action of physical 

stimuli. For example La1-xSrxCoO3-d (LSCO, where d is proportional to the oxygen vacancy 

concentration) represents a promising family of TMOs, where resistivity changes on the order of 

104 have been realized by tuning temperature8, pressure9, strain10 and Sr doping11. 

In general, the conditions required to trigger a MIT in TMOs depend on the oxygen vacancy 

concentration in the sample (VO = d/3*100 %, in % of oxygen atoms), and oxygen vacancies are 

the most common defects in these materials. In the case of LSCO, several experiments12–15 and 

computational studies16,17 have recently investigated how the MIT occurs as a function of Vo 

reporting remarkable changes in structural and magnetic properties. MITs as a function of Vo have 

also been investigated in other perovskite-type TMOs (TM=Mn, Fe, Ni)18–22, as well as in 

vanadium oxides, where the oxygen vacancy concentration has been shown to affect both the 

temperature23 at which the insulator-to-metal transition (IMT) occurs (volatile switching), and the 

redox reactions which trigger the IMT (non-volatile switching)24–26.  

Furthermore, multiple resistive states may be realized in TMOs by fine tuning Vo, a desirable 

feature to realize neuromorphic devices27, and, in general, redox switching has been shown to 

allow for the access to more resistive states than other phase change processes6. In addition, by 



fine tuning d in the perovskite phase, the power consumption of a device built with TMOs may be 

engineered to be lower than that required for a complete structural phase transition (e.g., from a 

perovskite ABO3 to a brownmillerite phase ABO2.5). Indeed, using a model based on first principles 

calculations, we recently found that in LSCO, designing the variation of d  around certain, specific 

values (e.g. d=0.125) is sufficient to trigger a MIT while maintaining the electric bias lower28 than 

that required for a complete perovskite-to-brownmillerite phase transition. Experimentally, a 

number of techniques are available to tune the local or the average d value in TMOs, including the 

use of an electric bias (either through electrochemical reactions29, Joule heating effects30, or ion 

migration under the electric field31), annealing in reducing environment26,32, or using strain33, or 

ion-implantation34.  

Controlling the resistivity of neuromorphic devices by fine-tuning d values require a precise 

determination of VO in TMOs. These materials are usually grown as thin films on specific 

substrates to be compatible with current electronic device technologies and ensure excellent 

crystallinity, and the determination of their oxygen stoichiometry remains a challenging task. For 

example, LSCO is usually grown on a perovskite oxide substrate, thus preventing the direct 

measurement of the oxygen content in the thin film by thermogravimetry (TG)35, titration36 or 

iodometry37, as these techniques lack the sensitivity for ultrathin films and the measured oxygen 

content would be dominated by that of the substrate. X-ray absorption (XA) spectroscopy is an 

indirect measurement technique that is frequently used to probe the oxygen stoichiometry in 

perovskite oxides, including LSCO35 36 37 38 39 40. Several studies have suggested that features in 

the O K-edge XA spectrum, including the peak intensity (or the relative intensity ratio between 

different peaks)39 and peak positions35,36, may be used as fingerprints of the oxygen stoichiometry 



in the sample. However, a microscopic and unambiguous determination of oxygen vacancy 

fingerprints from XA spectroscopy remains incomplete.  

In this work, we present a combined experimental and theoretical study aimed at identifying 

fingerprints of oxygen vacancies in perovskite LSCO through the analysis of measured and 

computed XA spectra. We show that the variation of the d value is correlated with a change of the 

relative peak positions in the O K-edge XA spectra, and we identify an additional geometrical 

fingerprint (d2sinq) that captures both the Co-O bond length (d) and Co-O-Co bond angle (q) 

changes occurring in the perovskite phase when oxygen vacancies are present. We also discuss 

drawbacks of previously suggested fingerprints of oxygen vacancies, including the variation of the 

perovskite lattice parameter and peak intensity ratios in O K-edge XA spectra. Finally, based on 

our first principles calculations we predict the d value of experimental La1-xSrxCoO3-d  samples and 

discuss how the resistivity of the experimental samples may be tuned as a function of d.  

The rest of the paper is organized as follows. We first describe the experimental and 

computational methodologies used in this work. We then present our results for the XA spectra 

and oxygen vacancy fingerprints and we discuss our predictions for the oxygen vacancy 

concentration of experimental samples and their resistivity tuning. The last section contains the 

conclusions of our paper.   

2. Methods 

As a general overview, in our experiments, La0.7Sr0.3CoO3-d thin films were grown and then 

annealed under various conditions to achieve different d values. The as-grown, non-annealed 

sample has as few oxygen vacancies as possible (d <0.04 with 30 % Sr doping)41 and is used as 

the reference state for other oxygen-deficient phases. The as-grown and annealed samples were 

characterized by X-ray diffraction (XRD), magnetometry, and soft X-ray magnetic spectroscopy 



to measure the structural and magnetic properties. The samples measured directly after annealing 

are referred to as “as-annealed” (AN) samples, and those measured after the samples were left in 

ambient air for several months were referred to as “time-aged” (TA) samples in order to monitor 

possible changes in the oxygen stoichiometry. It should be noted that not all samples were 

measured in the AN condition.  

In our calculations, we built atomistic models of bulk La0.63Sr0.37CoO3-d with different d values 

and lattice parameters, and we computed XA spectra and the electronic and magnetic properties 

of these models, including the magnetic moment of the cobalt ions.  

In the following we describe the details of our experiments and simulations and then we discuss 

how to draw a meaningful comparison between theory and experiments, given the different 

conditions of measurements and calculations. 

2.1 Experiments 

Epitaxial LSCO thin films (thickness of ~ 25 nm) were deposited on (001)-oriented 

(LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrates by pulsed laser deposition with a laser pulse 

frequency of 1 Hz and laser fluence of ~ 0.8 J cm-2. During the growth, the substrate temperature 

was held at 700 oC and the oxygen pressure was 300 mTorr. The films were cooled slowly to room 

temperature after the deposition with an oxygen pressure of 300 Torr to ensure as few oxygen 

vacancies as possible (d  is expected to be < 0.04 in the deposited thin film). The LSCO films were 

annealed either in a gas evolution system26,42 or a Mg-based oxygen trap system32. In the gas 

evolution system, the base pressure was maintained at ~10-10 atm, and high-purity oxygen 

(>99.99%) of different partial pressures ranging from 10-12 to 10-7 atm was introduced using the 

computer-controlled metal-seated valve. The tube furnace can reach temperatures up to 1000 °C. 

For the Mg-trap annealing experiments, the Mg-based oxygen trap and annealing chamber were 



maintained at 1 atm total pressure, and a low oxygen partial pressure was generated by flowing 

ultrahigh purity argon gas through a heated Mg powder bed. Trace amount of oxygen in ultrahigh 

purity argon reacted with Mg, creating further reduction in the oxygen partial pressure as it flows 

into the chamber. This system can achieve oxygen partial pressures down to 10-26 atm and 

temperatures up to 400 °C. All pressures quoted in the following sections refer to the oxygen partial 

pressures, PO2. The annealing conditions explored in this work are listed in Table S1.  

The structural properties of the films were characterized by high-resolution XRD using a Bruker 

D8 Discover diffractometer using Cu Kα1 x-rays (8.04 keV). XA spectra were acquired at two 

facilities for the as-annealed and time-aged samples. For as-annealed samples, the O K-, Co L2,3, 

and La M4,5-edges spectra were acquired using π-polarized photons generated at the 29 ID-D 

beamline of the Advanced Photon Source (APS). The XA spectra were measured at an incidence 

angle of 30° at 300 K using total electron yield (TEY, which provides surface sensitive 

measurements to the top 5-10 nm of the sample) and total fluorescence yield (TFY, which probes 

the entire film thickness13) detection modes. Normalization and background subtraction of the raw 

spectra was carried out using the Athena software package. For time-aged samples, O K-edge 

spectra were acquired at 300 K at beamline 4.0.2 at the Advanced Light Source (ALS) using TEY, 

TFY, and luminescence yield (LY, which probes the entire film thickness43) detection modes. In 

addition, x-ray circular magnetic dichroism (XMCD) spectra at the Co L-edge were acquired at 80 

K at beamline 6.3.1 at the ALS using TEY and LY detection modes. XMCD spectra were 

calculated as the difference between XA spectra acquired a +/- 1.93 T magnetic field oriented 

parallel to the propagation direction of the circularly polarized x-rays. The x-rays were incident 

upon the sample at a 30° grazing angle along the in-plane [100] substrate direction. A Lakeshore 



cryogenic probe station was used to measure the film resistivity upon warming from 80 K with the 

van der Pauw geometry. 

2.2 Computational modeling 

We used a √2 × √2 × 4 perovskite supercell (La5Sr3Co8O24-n, d =n/8) to investigate oxygen 

vacancy concentrations corresponding to: d=0, 0.125 and 0.25. We then used a  2√2 × 2√2 × 4 

supercell (La20Sr12Co32O96-n, d =n/32) to investigate samples corresponding to d=0.03 and 0.0625. 

We adopted the ground state structures for d=0, 0.125 and 0.25 obtained in Ref. 17, which have 

been validated against available experimental data, including structural deformations, magnetic 

state transitions and band gap opening as a function of oxygen vacancy concentration. For d=0, 

we optimized two additional structures with in-plane tensile strains (0.6 % and 1.4 %). For d=0.03 

and 0.0625, we sampled two symmetry-inequivalent oxygen vacancy positions for each 

concentration. Each supercell was optimized using the same criteria as in Ref. 17, i.e., we 

constrained the lattice symmetry to be orthorhombic and the convergence thresholds for energy, 

force and pressure calculations were 4x10-5 eV/atom, 4x10-3 eV/Å/atom and 0.5 Kbar, 

respectively.  

Structural optimizations were carried out with the QUANTUM ESPRESSO (QE) code (V6.4)44,45, 

which solves the Kohn-Sham equations of density functional theory (DFT) using plane waves and 

pseudopotentials. In particular, we used DFT+ U (U =3 eV, as discussed in Ref. 17), with the 

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional46 and  projected augmented wave 

(PAW) pseudopotentials from the PSlibrary47 (v1.0.0 for La, Sr and O and v0.3.1 for Co).  The 

plane-wave cutoff was set to 90 Ry and we used a Monkhorst-Pack k-point grid with resolution 

~0.03 Å-1.  



Using the optimized structures, XA spectra for all the samples were calculated using the OCEAN 

code (V2.9.6.3)48,49, which solves the Bethe-Salpeter equation (BSE) to obtain the core-level 

spectra, starting from DFT-optimized wave functions. Convergence of the computed spectra was 

checked with respect to the number of bands and k-points used in the screening and final-state 

wave function calculations. We note that, when solving the BSE, the OCEAN code uses optimal 

projector functions (OPF) to compute the transition from atomic, all-electron wave functions, 

representing single-particle core states, to pseudo-wave functions, representing valence or 

conduction states. In our XA spectra calculations, we adopted the Optimized Norm-Conserving 

Vanderbilt (ONCV) pseudopotentials (ONCVPSP-PBE-PDv0.4 from PseudoDojo)50,51 for the 

ground-state calculations since the OPF procedure implemented in the OCEAN code is not 

compatible with PAW pseudopotentials. The corresponding electronic structure calculations 

including the density of states and magnetic moment presented in the next sections were all 

performed with ONCV pseudopotentials. Finally, core-level binding energy shift alignments were 

enabled in XA spectra calculations to obtain a consistent peak position alignment for ions with 

different oxidation states within the same sample. 

3. Results and Discussion 

XRD scans of the as-annealed and time-aged samples can be found in Fig. S1a and Fig. S2 with 

related discussions. Table S1 lists the out-of-plane lattice parameters for the as-annealed and time-

aged samples determined from the XRD scans. Computed and measured O K-edge XA spectra for 

the as-annealed and time-aged samples are shown in Fig. 1(a) and Fig. S3, respectively. The 

comparison between theory and experiments is satisfactory in term of trends as a function of the 

d value. However, before drawing conclusions from the computed and measured spectra, we first 

discuss several quantitative discrepancies between the two datasets.  



 

Figure 1. (a) Experimental and computed O K-edge XA spectra of the as-annealed La1-xSrxCoO3-d 

samples (x=0.33 in experiment and x=0.37 in theoretical models) measured at the APS in TFY 

mode. Experimental curves are labelled by the anneal number while the computed curves are 

labelled by d values of the simulated structures.  (b) d value as a function of relative peak position 

change DE21= E21 – (E21)d=0, where E1 and E2 are the positions of the peaks labeled 1 and 2 in (a). 

The d values of the experimental samples were fitted using the d(DE21) function obtained using 

DFT data points. Only samples with DE21<0.6 eV are included in the plot (as-grown, AN samples 

1 and 2, and TA samples 1, 3-5 as marked on the plot). A plot that includes all samples can be 

found in Fig. S8. 

The relative position in energy (E) of the three main peaks of the XA spectra shown in Fig. 1a, 

labeled 1, 2 and 3, are E21 = E2-E1 = 3.6 eV and E31 = E3-E1 = 8.2 eV in the as-grown experimental 

sample, while the corresponding energies in the calculated spectra are 4.1 eV and 6.9 eV, 

respectively, for the bulk structure with d =0. We show below that the difference in strain and 

doping between the experimental and theoretical samples is not responsible for this discrepancy; 

Experiment

Theory

Peak 1
Peak 2

Peak 3

(a) (b)

TA5
TA4

AN2
TA3
AG

TA1

AN1



the differences in temperature and/or detection mode are likely responsible only for differences in 

the fine structure of the spectra, while the level of theory used to compute the spectra may be 

partially responsible for the discrepancy.  

We first analyzed the effect of the lattice mismatch between the LSAT substrate and LSCO thin 

film, which leads to ~0.6 % biaxial tensile strain in LSCO. We carried out calculations of XA 

spectra for two strained LSCO bulk samples, with 0.6 % and 1.4 % biaxial tensile strain; the latter 

corresponding to the strain that would be present when growing LSCO on a SrTiO3 (STO) substrate 

(another popular substrate to grow LSCO on, but not used in our work here). We then compared 

the computed spectra with those obtained in the unstrained case (Fig. S4). We found that the values 

of E21 and E31 only change by < 1 % in both strained samples, indicating that in the case of LSAT 

or even in the STO substrate, the strain has a negligible effect on the relative peak positions of the 

XA spectra. 

We then compared our experimental and computed O K-edge XA spectra with those of previous 

experimental and computational studies (Fig. S5) for La1-xSrxCoO3-d samples with similar x values. 

We observed that in experimental spectra with x=0.30 38,52 and x=0.40 39, the relative peak 

positions only varied by ~0.2 eV and we concluded that the difference in Sr doping used in our 

experiments (x=0.30) and in our calculations (x=0.375) is unlikely to be a significant factor for the 

observed discrepancy (amounting to 0.5 eV for E21 and 1.3 eV for E31). 

Next, we investigated the effect of the detection mode (TEY, TFY and LY) on the features 

observed in the XA spectra. We note that for the as-grown sample, under the same incident angle 

(30°) and at 300 K, Peak 2 in Fig. 1a only appears for measurements carried out in TFY and LY 

modes but not in TEY mode (Fig. S6). This result suggests that the feature is a bulk feature, not 

confined to the surface of the LSCO film. Furthermore, we verified that Peak 2 of Fig. 1a does not 



overlap with any LSAT substrate signal (Fig. S5) and is thus not expected to originate from the 

substrate. Instead, it is likely a genuine absorption feature involving hybridized La 5d-O 2p 

orbitals, as revealed by our theoretical analysis (see below).  As the chemical composition at the 

surface may differ from that of the bulk (Sr segregation has been reported  at cobaltite interfaces53), 

we speculate that the signal from hybridized La 5d-O 2p orbitals may be weaker in the near surface 

region being probed using TEY mode.  

From all the comparisons above we concluded that the fine features of the O K-edge XA spectra 

are sensitive to several measurement conditions that cannot be reproduced in our calculations. 

Hence, in the discussion below, we only considered the main peaks of the O K-edge XA spectra.  

Finally, we found that the level of theory used to compute the spectra, including the chosen 

density functional and the treatment of core-hole effects, may influence the calculated E21 and E31 

values (for example, calculations including or excluding core-hole effects lead to ~ 1 eV difference 

in E21 and E31 values, see Fig. S5). Therefore, it is only meaningful to discuss and compare the 

changes in measured and computed E21 and E31 as a function of d, and not the absolute values of 

E21 and E31. Hence, the identification of oxygen vacancy fingerprints presented below is based on 

comparisons of trends of the main peak positions of computed and measured XA spectra as a 

function of d. 

3.1 Identification of oxygen vacancy fingerprints in XA spectra 

We now compare in detail the absorption around the experimental O K-edge XA spectra for 

samples annealed under a variety of reducing conditions while remaining in the oxygen-deficient 

perovskite phase (Fig. 1(a) for as-annealed samples, and Fig. S3 for time-aged samples, but sets 

measured in TFY mode), with the computed spectra of model structures with different d values. 

We identified three main peaks in the 12 eV range following the O K- absorption edge (529 eV) 



in both the experimental and calculated spectra (marked as Peak 1, 2 and 3 in Fig. 1a). We used 

Gaussian or Lorentzian fitting functions to obtain the peak positions at energies E1, E2, and E3, 

respectively (in Fig. S7, different fitting functions were used for different peaks to best fit the peak 

shape). To compare the experimental and computed spectra, we aligned peak 1 for the computed 

sample with d=0 with peak 1 of the as-grown sample. In addition, to determine the relative shift 

of the O K-absorption edge as a function of d in our experimental and computed spectra, we aligned 

the respective La M4 absorption edges, which we assumed to be independent of d.  Indeed, based 

on the results of our previous calculations17, it is reasonable to assume that the chemical 

environment of the La ions is essentially unaffected by the oxygen vacancy concentration in the 

sample. 

A common feature observed both in as-annealed and time-aged experimental and computed O 

K-edge XA spectra is that E21 and E31 decrease with increasing d and thus these energy differences 

appear to be fingerprints of oxygen vacancy concentration in the sample. Since the measured 

values of E21 or E31, unlike the absolute energies Ei (i=1,2,3), do not depend on the technique used 

to collect the spectra, we combine the E21 and E31 values collected from the as-annealed and time-

aged samples in the following analysis. Fig. 1b shows d(DE21), where DE21 = E21 – (E21)d=0. For the 

experimental spectra, this energy difference corresponds to the difference between peak positions 

in all the samples, including the as-grown sample, as the latter is assumed to have as few oxygen 

vacancies as possible. We fitted a 2nd-order polynomial function (dotted line in Fig. 1b) to the 

computed points (note the non-linearity of the d(DE21) relation; for example, DE21 shows a weak 

dependence on d around certain values, e.g., comparing (DE21)d =0.06 and (DE21)d =0.125). The fitted 

function was then used to determine the d  values in the experimental samples, for known values 

of DE21 extracted from the measured XA spectra. DE31 follows a similar 2nd-order polynomial 



function, as DE21 and DE31 approximately differ by a constant. We note that we only fitted samples 

whose DE21 < 0.6 eV to exclude from our comparison the LSCO films which experienced the 

anneals under the most reducing conditions (AN samples 3 and 6, and TA sample 2). Peak 2 in the 

O K-edge spectra (see Fig. 1a and Fig. S3) of these samples are greatly suppressed, possibly due 

to the presence of the brownmillerite phase. In SrCoO3-d, DE21 between the perovskite and 

brownmillerite phase is found to be approximately 0.4-0.5 eV12,54, and thus our choice of threshold 

0.6 eV is reasonable (see Fig. S8 for d(DE21) of all samples).  

3.2 Structural oxygen vacancy fingerprints 

We now turn to analyzing the microscopic origin of the oxygen vacancy fingerprint DE obtained 

through the analysis of the XA spectra, which will lead to the identification of an additional, 

structural fingerprint, as we show below. 

 The O K-edge XA spectra shown in Fig. 1a correspond to the electronic transition from the O 

1s core level to unoccupied electronic states, whose composition may be identified by using the 

projected density of states (PDOS) obtained from DFT calculations. As shown in Fig. 2a,  the 

PDOS above the Fermi level for d=0 implies that Peak 1 originates from transitions to hybridized 

Co 3d-O 2p orbitals, consistent with previous findings39,55. In contrast, Peaks 2 and 3 mainly 

originate from transitions to hybridized La 5d-O 2p orbitals39,55. Previous studies pointed out the 

additional presence of  the Sr 4d  orbital in the unoccupied states of peaks 1 and 239,55, which we 

could not verify here since the Sr 4d orbital is part of the core partition in our pseudopotential 

calculations. We find that the energy differences DE21 and DE31 are determined by two changes in 

electronic structure occurring in the material as the oxygen vacancy concentration increases (Fig. 

2b): a decrease in the width of the band arising from Co-O hybridized orbitals and an increase of 

the overlap between the bands arising from the Co-O and La-O orbitals. In turn these changes are 



related to variations of the Co-O-Co bond angle and Co-O bond length due to the presence of 

oxygen vacancies, as identified in our previous study17. In particular, we find that the Co-O-Co 

bond angle decreases with increasing d, leading to a decrease of the conduction band width11,56. In 

addition, the increase of the Co-O bond length with increasing d and the corresponding rotation of 

the CoO6 octahedral units bring O ions closer to La ions, causing an increase of the overlap between 

Co, O, and La atomic orbitals. This analysis shows that the variation of DE21 and DE31 with 

d directly reflects the structural and electronic changes induced by the presence of oxygen 

vacancies in LSCO. We note that the Co-O-Co bond angle and Co-O bond length computed for 

d=0 differ slightly from the corresponding values reported for the experimental sample; such 

differences may be partially responsible for the difference in peak positions found in our 

calculations and in experiments. The DFT-optimized values are 165 ° for the bond angle and 1.95 

Å for the bond length with 37.5 % Sr doping at 0 K; experimentally for crystalline powder samples 

at 300 K, the bond angle is 165° with 20 % Sr doping and 168° with 40 % Sr doping11, while the 

bond length is 1.935 Å with 20 % Sr doping and 1.928 Å with 40 % Sr doping11 (it is worth 

mentioning the bond lengths and angle in thin film LSCO samples can be also different from the 

powder samples, due to possible tilt patterns/angles on oxides substrate57). that Finally, we note 

that the structural changes of the material observed as a function of d mainly pertain to 

octahedrally-coordinated Co sites, rather than tetrahedrally-coordinated ones (or oxygen-deficient 

Co). Hence, the variation in the relative peak positions as a function of d is mainly determined by 

structural distortions of octahedrally-coordinated Co ions (Fig. 2b) and may not be sensitive to 

different geometrical arrangements of the oxygen vacancies, which we turn to analyze next. 



 

Figure 2. PDOS of La0.63Sr0.37CoO3-d above the Fermi level (EF) for (a) d=0 and (b) d=0.25. Only 

orbitals that have significant contributions (i.e., with DOS higher than that of the Sr 5s orbitals) to 

the PDOS are shown. In (b), octahedrally and tetrahedrally coordinated Co are labeled octa and 

tetra, respectively.  

To understand the influence of the local defect structure, i.e., the geometrical arrangement of 

oxygen vacancies on the computed spectra, we created two defective bulk structures with the same 

value of d: d=0.0625; one with two separate pyramidally-coordinated Co atoms and the other one 

with both tetrahedrally and pyramidally-coordinated Co atoms (Fig. S9). We chose d=0.0625 as it 

corresponds to the minimum oxygen vacancy numbers (two) required to form different local defect 

structures in our largest supercell; we chose the largest supercell to minimize the interaction 

between an oxygen vacancy and its image due to periodic boundary conditions. For both cases, we 

obtained the same values of DE21 and DE31 in the calculated O K-edge XA spectra (Fig. S10), 

consistent with our findings from the PDOS analysis. However, other spectral features were found 

to be sensitive to the local defect structure. For example, the intensity of Peaks 1 and 2 in Fig. 1a, 

or the ratio of the intensities of these peaks, which has been previously used to determine the 

oxygen non-stoichiometry in experiments39, turned out to be sensitive to the local defect structure. 

(a) (b)d=0 d=0.25

Peak 1

Peak 2
Peak 3



In fact, a previous study58
 indicated that the intensity of the first peak in the O K-edge XA spectrum 

may depend on the spin state of Co ions, which is influenced not only by the d value but by other 

factors, such as temperature.  In addition, it was shown that the relative peak positions remain 

unchanged during the temperature-triggered spin state transition. Interestingly, the two defective 

structures with d=0.0625 used in our study also exhibit slightly different Co spin states (averaged 

over the whole cell), 1.82 µB/Co ion for the two pyramidal-Co case and 2.06 µB/Co ion for the one 

tetrahedral-Co case, which may be responsible for the different peak intensities observed in our 

calculations.  

We now turn to discuss the effect of the local defect structure on several geometrical parameters, 

including the lattice parameter, which was suggested as a fingerprint of oxygen vacancy 

concentration in previous experimental studies35,39. XRD reciprocal space maps show that the thin 

films are coherently strained to the underlying LSAT substrate42. Therefore, we only consider the 

change of the lattice parameter in the direction perpendicular to the interface (Ddout-of-plane), with 

the in-plane lattice parameters corresponding to that of the LSAT substrate. Fig. 3a shows results 

for Ddout-of-plane (relative to the case with no oxygen vacancies) obtained from DFT calculations as 

a function of d. Without modeling the in-plane strained structures explicitly, we estimated Ddout-of-

plane in our bulk phases as W /(dx*dy at d=0)- Wd=0/(dx*dy at d=0), where W is the unit cell volume, 

and dx and dy are the lattice parameters along the x and y axes (Fig. S9). If we further consider the 

Poisson effect when calculating Ddout-of-plane (Poisson’s ratio is ~0.3 for LaCoO3 in experiments59,60) 

, then the calculated dout-of-plane values are scaled by at most 0.996 (corresponding to the largest 

compressive strain 0.3 % in the xy plane, occurring at d=0.25); this change in lattice parameter has 

a negligible effect on the results discussed here. We also report values from XRD measurements 

for the samples shown in Fig. 1b, whose d values were determined using the function fitted in Fig. 



1b. Fig. 3a shows that the Ddout-of-plane increases with d, consistent with previous studies17,61. 

Importantly, the experimental trend Ddout-of-plane (d) agrees well with the corresponding trend 

obtained with computational data, indicating that our theoretical and experimental results are 

consistent. However, we found an outlier in the experimental dataset (at Ddout-of-plane =0.05 Å), 

suggesting that the value of Ddout-of-plane may be influenced not only by the concentration of oxygen 

vacancies but also by other factors such as their geometrical arrangement.  

In addition, we note that both the octahedral angle and the Co-O bond length increase with d. 

However, these two concurrent distortions lead to opposite variations of the lattice parameter, i.e., 

the increase in bond length leads to unit cell expansion while the increase in octahedral rotation to 

unit cell contraction, therefore the two distortions lead to a non-monotonic change of the lattice 

parameter with d. For significant changes in d, the effect of bond length expansion dominates, 

causing an increase of the lattice parameter. Hence, we propose that instead of considering the 

lattice parameter as a fingerprint of d, the structural parameter d2sinq should be considered, where 

d is the Co-O bond length and q is the Co-O-Co bond angle in the octahedral CoO6 units. This 

parameter is proportional to the area of the parallelogram formed by neighboring Co-O bonds and 

captures structural distortions induced by defects at the microscopic level. As the bond length 

increases, q, decreases from 180° with increasing d, and hence d2sinq monotonically increases 

with d. Fig. 3b further shows that this parameter is less sensitive to the local defect structures than 

the lattice parameter.  



 

Figure 3. (a) Measured and computed changes in Ddout-of-plane as a function of d; the experimental 

values for d are obtained from the fit reported in Fig. 1b. The error bars in the figure arise from 

the slightly different d values estimated from DE21 and DE31. (b) The parameter d2sinq (see text) 

identified as a fingerprint of oxygen vacancies, as a function of d; dout-of-plane is also shown. The 

data in the plot are all from atomistic models. The error bars at d =0.25 are obtained by performing 

calculations on 11 LaCoO3-d structures with different oxygen vacancies arrangements (see Ref. 

17).   

Finally we consider the changes of the Co L2,3-edge XA spectra, as a function of d.  The Co L2,3-

edge spectrum corresponds to electronic transitions from the Co 2p core level to unoccupied 3d 

states, which have been commonly used to identify changes in the oxidation state of Co ions 

35,36,39,62. We found that, in both our experiments and calculations (Fig. S11), the changes in the 

L2- and L3- edges before the transition from perovskite to brownmillerite phases are too subtle to 

be used to determine the d variation, consistent with a previous study39. With the appearance of 

the brownmillerite phase, we only observed the emergence of a pre-peak in the experimental L3- 

edge, which corresponds to the emergence of the Co2+ valence62 as oxygen vacancies reduce the 

oxidation state of Co ions.   

(b)(a)



3.3 Relevance to neuromorphic computing: resistivity change with d modulation 

Having identified fingerprints of oxygen vacancies (DE and d2sinq), we now analyze the 

resistivity of the time-aged LSCO samples (see Table 1) as a function of d determined from Fig. 

1b. Fig. 4 shows that the resistivity of the LSCO perovskite phase can be effectively tuned over an 

order of magnitude at 300 K with a relatively small d variation (e.g., from d=0.012 to d=0.067). 

Specifically, we observe that the resistivity generally increases with increasing d, consistent with 

previous experimental results13,15 as well as theoretical predictions17. The resistivity of the as-

grown sample increases as a function of temperature and exhibits a change in slope around the 

Curie temperature ~220 K, consistent with the expected metallic behavior of perovskite LSCO 

with minimal oxygen vacancies. Similar resistivity values and temperature dependence are 

retained for LSCO samples with d £ 0.012. The resistivity of samples TA4 and TA5 depends 

weakly on temperature, which may be due to semi-disordered intermediate structures63 or the 

coexistence of metallic perovskite and insulating brownmillerite phases in the samples64. In this 

mixed state, majority phase is the perovskite phase as indicated by the sample averaged XRD 

curves (Fig. S1b) and the DE21 and DE31 values in the O K-edge XA spectra that are within 0.6 eV 

of that of the as-grown sample. Samples TA6 and TA2 have DE21 and DE31> 0.6 eV and their 

resistivity values increase proportionally compared to the as-grown samples. Fig. S1 shows that 

sample TA6 had transformed to the brownmillerite phase in the as-annealed state, and slowly 

reverted to the perovskite phase with time. The higher resistivity values indicate that structural 

defects may remain from the repeated phase transformations. Finally, the purely insulating 

behavior with a significant increase in resistivity for sample TA2 indicates that the insulating 

brownmillerite phase dominates in the sample. These results indicate that resistivity measurements 

are particularly sensitive to the presence of defects such as the presence of mixed phases, oxygen 



vacancies, and structural defects, and that a critical condition for a global metal-to-insulator 

transition sets in for d ~ 0.053-0.067. 

Table 1. Estimated d values of LSCO experimental samples 

Sample AG TA1 TA2 TA3 TA4 TA5 TA6 AN1 AN2 

d 0 0.004 N/A 0.012 0.053 0.067 N/A 0.035 0.052 

r at 

300 K 

(W•cm) 

2.38 

x10-4 

3.18 

x10-4 

3.9 

x10-1 

2.65 

x10-4 

7.68 

x10-4 

1.0 

x10-3 

4.7 

x10-3 

N/A N/A 

The experimental samples are included in Fig. 1b, and the estimated d values are obtained from 
the relative peak position change in their O K-edge XA spectra (see text). r is the measured 
resistivity at 300 K, obtained for TA samples only. The oxygen content of the TA2 could not be 
estimated as its DE21 is out of the fitting range based on XA spectral peak positions (see text), while 
that of TA6 is not applicable as its XA spectrum is not available. 



 

Figure 4. Resistivity as a function of temperature of time-aged LSCO samples, whose 

corresponding XRD patterns are shown in Fig. S1b. Curves are marked by sample ID, whose 

annealing conditions can be found in Table S1.  

4. Conclusions 

In conclusion, we presented a comparative study of computed and measured XA spectra of 

LSCO as a function of oxygen concentration and we identified fingerprints of oxygen vacancies 

in the spectra of the perovskite phase. Our study shows that, in order to understand the complex 

transport properties of TMOs, it is crucial to gain a detailed understanding of their oxygen defect 

density.  Here we found that the change in the relative position of the main peaks of the O K-edge 

XA spectra can be correlated with the variation of the oxygen vacancy concentration in the 

material, which is in turn responsible for two major structural deformations in the perovskite 

lattice: the change of the Co-O bond length (d) and the variation of the Co-O-Co bond angle (q). 

The identification of these structural changes led us to pinpoint an additional geometrical 

parameter as a fingerprint of oxygen vacancies: d2sinq. We further discussed the drawbacks of 

AG
TA1

TA6

TA4
TA5

TA2

TA3

d

d

d



previously suggested fingerprints of oxygen vacancies, including peak intensity ratios in the XA 

spectra and the variation of the lattice parameter. We found that these physical quantities are not 

unique identifiers of the oxygen vacancy concentration in the material, as they depend on the 

specific geometrical arrangement of the vacancies. Finally, we predicted the oxygen vacancy 

concentration d in the experimental samples used in our study, based on fingerprints identified 

using first principles calculations, and we showed that the resistivity of the material can be finely 

tuned as a function of d.  Our work provides a robust protocol to determine the oxygen vacancy 

concentration of promising TMOs for neuromorphic devices, through the analysis of XA spectra. 

Supporting Information 

Additional experimental sample information, structural and XA spectra characterizations; 

additional computed XA spectra and analysis. 
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