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Figure S1. The schematic diagram of electron configurations for (a) LS Co3+, (b) IS 

Co3+, and (c) HS Co3+
 

in LaCoO3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S2. The surface topographic image of (a) LaCoO3/SrTiO3 and (b) 

LaCoO3/LaAlO3 films, respectively. The root-mean-square (RMS) roughness for 

LaCoO3/SrTiO3 and LaCoO3/LaAlO3 films is 170 pm and 120 pm, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S3. XRD phi scans for LCO/STO and LCO/LAO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S4. Reciprocal space mappings (RSM) of LCO films grown on a) STO and b) 

LAO around the substrate’s (103), (013), (-103) and (0-13) reflections, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S5. (a, c) Rocking curves around LCO 00l (l = 1, 2, 3, and 4) reflections for 

LCO/STO(001) and LCO/LAO(001), respectively. (b, d) Transformed rocking curves 

in reciprocal space lattice. for LCO/STO(001) and LCO/LAO(001), respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S6. Real space sketch to the LCO film structure grown in average 

pseudomorphically on top of a rigid, STO or LAO substrates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S7. (a-d) The experimental Co L2 XAS spectra of LCO/LAO and LCO/STO at 

30 K and the corresponding theoretical isotropic spectra in the LS-HS scenario with 

different HS/LS ratio. (e) Comparison of the intensity ratio of peak A to peak B as 

indicated in Figure S7a taken from the calculated XAS (red line) and experimental XAS 

(stars). The error bar of determining the spin state configuration by XAS is estimated 

around 3%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S8. The total and atomic projected densities of states (DOS) for LaCoO3 thin 

films under different substrates. (a) The low-spin state of LaCoO3 thin films under 

LaAlO3 substrate. The black, red and blue curves are total, Co-d and O-p projected 

DOS, respectively. (b) The mixed-spin state of LaCoO3 thin films under SrTiO3 

substrate. The black, red, green and blue curves are total, high-spin (HS) Co-d, low-

spin (LS) Co-d and the O-p projected DOS, respectively. In both panels, EF is the Fermi 

level. 

  



 

Figure S9. High-resolution HAADF STEM image of a LCO film grown on a LAO 

substrate with different electron dose condition; (a) low- and (b) high-dose conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S10. The energy level diagram as a function of 10Dq calculated under the three 

configurations model (a) and the single configurations model (b). 

 

 

 

 

 

 

 

 

 

 

 

  



 

Figure S11. (a, c) O-K edge and (b, d) Co-L edge EELS spectra from line scans taken 

along the bright and dark contrast planes for LCO/LAO and LCO/STO under low and 

high dose electron beam conditions. It can be seen that there is a considerable difference 

in the peak around 530 eV between LCO/LAO and LCO/STO, which is due to the fact 

that LCO/STO is more prone to electron beam damage. The spectra around 530 eV are 

usually attributed to the O 2p hybridized with Co 3d. The presence of the oxygen 

vacancies caused by the electron beam irradiation damage, which form the Co2+ 

impurities, will reduce the peak intensity around 530 eV because the highly ionic nature 

of the Co2+ impurities forms the weaker hybridization with O 2p states. In Figure S11(a) 

we show the O K edge EELS spectra of LCO/LAO. It can be seen that the spectra got 

only a small drop in intensity around the 530 eV peak by taking with higher dose of 

electron beam irradiation, indicating that the compressive LCO film is less prone to the 

electron beam irradiation damage, i.e. the formation of oxygen vacancies. In contrast, 

as shown in Figure S11(b), the intensity around the 530 eV peak of LCO/STO decreases 



more when the higher dose electron beam is used to take the EELS data. It is noted that 

the EELS spectrum taken in the dark stripe has a lower intensity of the 530 eV pre-peak 

than that recorded in the bright stripe, indicating more oxygen vacancies in the dark 

stripe. The spectra around 530 eV are usually assigned to the O 2p band hybridized with 

Co 3d state.[32] The presence of the oxygen vacancies caused by the electron beam 

irradiation damage, which form the Co2+ impurities, will reduce the EELS peak 

intensity around 530 eV because the highly ionic nature of the Co2+ impurities forms 

the weaker hybridization with O 2p states. These findings indicate that the oxidation 

state of Co along the dark stripes has been reduced more by a relatively high dose of 

electron beam. Previously studied has suggested that the HS state is more prone to the 

oxygen vacancies than the LS state,[38-39] indicating that the location of the dark stripes 

is where HS Co3+ is present. 


