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Supplementary Figure 1 Structural analysis by XRD and AFM. (a) XRD #-26 scans
of LCO thin films with different thickness. “ V¥ was used to label the (00/) peaks of

LCO thin films. (b) Typical 5 x 5-um AFM height images of LCO thin films with
different thickness.



8.2 LCO 25 uc LCO 12 uc LCO 8 uc LCO 6 uc

LCO(103) {I LCO(103) {f LCO(103) {f  LCO(103)

T
1
T
1

d (nm-")

24 I 2!7 24 27 24 27 24 27
gy (nm-?)

Supplementary Figure 2 Strain analysis by reciprocal space maps. Reciprocal space

maps of (103) Bragg reflections of STO and LCO for LCO thin films with different

thickness.
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Supplementary Figure 3 Spin states and magnetic properties of LCO films. (a)
XAS spectra (top panel) for LCO 25 uc and 6 uc, and reference spectra (bottom panel)
for Co?" HS, Co** HS, and Co** LS. (b) XMCD spectra for LCO 25 uc and 6 uc.
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Supplementary Figure 4 Transport property of LCO film. Temperature-dependent

resistivity of LCO 25 uc.
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Supplementary Figure 5 Structural analysis by STEM. Z-contrast HAADF-STEM
image of LCO 25 uc in cross-sectional orientation, projected along the [010] zone axis.
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Supplementary Figure 6 Structural analysis by STEM and EELS. (a) Z-contrast
HAADF-STEM image of LCO 6 uc in cross-sectional orientation, projected along the
[010] zone axis. (b-f) Atomically resolved STEM-EELS elemental maps of Sr, Ti, La,
and Co. Scale bar: 1 nm.
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Supplementary Figure 7 STEM investigation of interfacial lattice structure. (a)

The atomic resolution HAADF-STEM image of the interface between LCO and STO,

the inset is the FFT image. (b) the corresponding inverse FFT image using the

reflections marked by red circles in the inset of (a).
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Supplementary Figure 8 EELS fine structures of LCO film. (a) Z-contrast HAADF-
STEM image of LCO 6 uc in cross-sectional orientation, projected along the [010] zone
axis. Scale bar: 1 nm. (b) O K-edge and (c) Co L-edge spectra of LCO 6 uc measured
along the yellow arrow direction in (a).
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Supplementary Figure 9 STEM investigation of oxygen octahedra in STO.
Simultaneously acquired HAADF (a) and ABF (b) images of the standard STO. (c) The
corresponding ABF image (b) with fitted oxygen (red circles) and Ti positions (yellow

circles).
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Supplementary Figure 10 STEM investigation of oxygen octahedra in LCO.
Inverted ABF image of 6 uc LCO (a) and 25 uc LCO (b) with fitted position of oxygen

ions (red circles) and Co (Ti) ions (yellow circles).
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Supplementary Figure 11 Strain analysis by STEM. Z-contrast HAADF-STEM
images of (a) LCO 25 uc and (d) LCO 6 uc in cross-sectional orientation, projected
along the [010] zone axis. Scale bar: 1 nm. Respective in-plane (exx) (b) and out-of-
plane (&yy) (c) strain maps obtained from STEM-based GPA for LCO 25 uc. Lattice
expansion is clearly observed along the dark stripes in (b). Respective in-plane (exx) (€)
and out-of-plane (eyy) (f) strain maps obtained from STEM-based GPA for LCO 6 uc.
The lattice of the STO substrate was taken as a reference for strain analysis.
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Supplementary Figure 12 Projected density of states in LCO from DFT
calculations. Projected density of state (PDOS) spectrum for (a) LCO without ordered
Vo or dark stripes, (b) Co ions with low-spin (LS) states, and (c) Co ions with high-spin
(HS) states.
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Supplementary Figure 13 Orbital occupancy of LCO. (a) XLD spectra of LCO thin
films with different thickness. (b) Integrated area of XLD signal as a function of
thickness. The unexpected out-of-plane ds,%:% occupancy in eg orbital (observed in LCO
thin film with a thickness below 6 uc) under tensile strain can be explained by a
vacuum-interface induced extra contribution of the orbital configuration, favoring
occupancy of the out-of-plane ds,%.? states!!],
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Supplementary Figure 14 Energy resolution of EELS. Simultaneously acquired
zero-loss spectrum during EELS line scan (Figure 2). The estimated energy resolution
is about 0.6 eV.
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Supplementary Figure S15 EELS investigation with different electron dose
conditions. Co-L23 spectra of dark stripes and bright stripes measured with (a) high-
and (b) low-dose conditions in 25 uc LCO. For the high-dose condition, the EELS
spectrum was obtained by exposing for a long time at a specific position (25 sec/1 point).
For comparison, a low-dose EELS spectrum was achieved by integrating short-

exposure-time spectra obtained at equivalent but various points (0.1 sec/1 point x 20

points).
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