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1. Two-Dimensional Spin-Ordering in LaCoO3 Thin Films  

The structural relaxation by spin ordering is 1-dimensional (1-D), whereas thin films are 2-

dimensional (2-D). Two directions that are crystallographically equivalent relax in the same way; 

thus, we examined two transmission electron microscopy (TEM) samples that were cut 

perpendicular to each other (along the [100] and [010] directions). Indeed, dark stripe patterns 

were observed in both samples, indicating that spin ordering occurred in two dimensions in the 

LaCoO3 thin films. We believe that the dark stripe pattern forms as a domain and propagates 

along the [100] or [010] direction. Note that there were some areas without stripes, which is 

assigned to the domain that had relaxed perpendicularly; the stripe pattern propagated along the 

electron beam direction. It is worth noting that some structural dislocations were observed only 

in the stripe-free domains, as shown in Fig. S1. Many of the dark-stripe-patterned domains were 

observed over the 100-nm width of the thin films, a value much larger than the typical TEM 

sampling of a few tens of nanometers. Based on these observations, we constructed a 2-D spin-

ordering model, where two types of orthogonal domains of equivalent crystallographic directions 

form, as illustrated in Fig. S2 (randomly distributed in size and position).  

 

Fig. S1.  High-resolution scanning transmission electron microscopy (STEM) image of LaCoO3 

thin films. No dark stripes were evident; however, dislocations were observed in these regions. 
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Fig. S2.  Schematic diagram of the spin-ordering propagation model (dark stripe pattern) in two 

dimensions in LaCoO3 thin films. The few areas where no dark stripe pattern was observed 

corresponded to relaxation via dislocations. 

 

 

2. Determination of Stoichiometry 

Striped patterns frequently appear in many oxides and are often associated with ordered oxygen 

vacancies. For example, oxygen vacancies and their ordering have been considered as the origin 

of lattice expansion and are related to the dark stripe pattern observed in scanning transmission 

electron microscopy (STEM) images in Sr-doped and oxygen-deficient LaCoO3−δ.
1,2

 Therefore, 

we carefully examined the possibility of the existence of oxygen vacancies in the striped patterns. 

The striped patterns appearing every three unit cells imply a high density of oxygen deficiencies 

(~11%), which should be easily detected by X-ray absorption spectroscopy (XAS) and/or 

spectroscopic ellipsometry. However, previous results indicated that the LaCoO3 thin films had 

good stoichiometry, with no discernible oxygen vacancies. 
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X-ray Absorption Measurements 

In LaCoO3−δ, oxygen deficiency leads to the formation of Co
2+

, which is characterized as a 

distinctive prepeak before the Co L3 edge.
3 

Our previous study showed that Co
2+

 was < 5% of the 

total signal, which corresponded to an oxygen deficiency of δ < 0.024.
4
 Recently, we performed 

XAS experiments with soft X-rays at the 2A undulator beamline of the Pohang Light Source 

(PLS); here, the total energy resolution was ~150 meV at room temperature. The Co L edge 

spectra were collected using the total electron yield mode. Note that due to the short probing 

depth of the secondary electrons, the total electron yield mode is more surface-sensitive than the 

fluorescence yield mode used to obtain the previous absorption spectra.
4
 As shown in Fig. S3, 

the Co L edge spectra show no discernible prepeak before Co L3 edge, indicating the good 

stoichiometry of the LaCoO3 thin films. In addition, The Co L edge in the XAS spectra at room 

temperature and at the temperature of liquid nitrogen was almost the same each other, which is 

consistent with previous report of Co L edge in bulk LaCoO3.
3 

On the basis of spectroscopic 

analysis, we concluded that oxygen vacancies were not the main cause of the stripe pattern in 

LaCoO3 thin films.   

 

 

Fig. S3. Co L edge of LaCoO3 thin films. 
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Integrated Intensity Ratio of Co L3/L2 in Electron Energy Loss Spectroscopy (EELS) 

The electron energy loss near the edge structure is sensitive to local coordinates. Specifically, 

the Co L3/L2 edge ratio of LaCoO3 is sensitive to the oxygen stoichiometry.
5−7 

The integrated 

intensity ratio of the Co L3/L2 edge was calculated using the second derivative method.
8
 The 

bright layer and dark layer ratios were 3.46 ± 0.61 and 3.48 ± 0.48, respectively, indicating that 

the local Co valence did not change over the dark stripe pattern.  

 

 

Partial Oxygen Deficiency in the Dark Stripe Column 

The possibility of partial oxygen deficiency in the dark stripe column was tested with density 

functional theory (DFT) calculations. Figure S4 shows a schematic diagram of a 3 × 3 × 1 

supercell structure, where only one oxygen atom was deficient in the dark stripe column in the 

unit cell; this corresponded to an oxygen deficiency of ~4%, within the detection limit of XAS 

and/or spectroscopic ellipsometry. After structural relaxation, the atomic distance between La 

atoms was calculated to be 4.05 Å in the dark stripe column and 3.90 Å in the bright column, 

which was not consistent with experimental results. Although, the lattice expansion increased as 

the concentration of oxygen vacancies increased (with an ordered oxygen vacancy of ~11% 

oxygen deficiency, the calculated distance between the La atoms was ~4.25 Å); the large density 

of oxygen deficiencies was inconsistent with the XAS, ellipsometry, and EELS experimental 

results. This calculation strongly suggests that the dark stripe pattern was primarily associated 

with spin ordering; the contribution of the oxygen vacancies to the lattice expansion was 

negligible in the low-oxygen-vacancy regime.  



 

 6 

 

Fig. S4. Schematic diagram of the 3 × 3 × 1 supercell structure of LaCoO3 with one oxygen 

vacancy and the dark stripe column. This schematic drawing shows the in-plane atomic 

configuration and is expanded by two in each direction. 

 

 

3. EELS Simulation   

We have performed EELS simulation based on DFT calculation. The relaxed atomic structure 

(HLL spin configuration) via VASP was employed for EELS simulation using Wien2k software. 

One core hole was accounted in the O 1s in the ‘H’ state and ‘L’ state, respectively. Although, 

there is discrepancy in relative peak intensity between experimental result and simulation, which 

might be attributed to the complex electronic structure and limit of DFT for calculating excited 

state, three major peaks are clearly shown. As shown in Fig.S5, peak a in ‘H’ state (higher spin 

layer) is significantly reduced compared to that in ‘L’ state (low spin layer), which is consistent 

with our experimental result. However, we could not observed significant changes in peak c, 

which was markedly decreased in experiment. 
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Fig. S5. Simulated O K edge for bright (L) and dark layer (H) 

 

 

4. STEM Simulation  

HAADF-STEM simulation was performed using multislice algorithm. HAADF intensity due to 

thermal diffuse scattering (TDS) is calculated from the absorptive potential.
9
 The simulation 

carried out based on the experimentally measured structure. The thickness was assumed to be as 

50 nm. The inner cut-off angle is 100 mrad, Cs = 1.0 mm. It clearly shows that the contrast has 

been reduced in the layer where La−La distance is enlarged. 

 

Fig. S6. Simulated HAADF-STEM image 
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5. Strain and Spin Configuration 

The magnetic moment of Co ion (μB/Co) in the H layer increases as it goes from HHH to HLL 

configuration (Table 1), which accompanies increasing lattice constant of H layer (Fig. 3). As 

mentioned earlier, the ionic radius of Co
3+

, equivalently Co−O distance increases as the spin 

state of Co changes from LS to HS. In our calculation, since the in-plane lattice parameter of 3 × 

1 slab is fixed at that of SrTiO3 substrate, the lattice constant of H layer in HHH and HHL 

configuration cannot be expanded as large as HLL configuration while atomic relaxation in DFT 

calculation. Consequently, H layer in HHH and HHL have less magnetic moment of Co ion 

compared to that in HLL configuration. 
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