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Supplementary Figure 1│The five individual STEM-EELS datasets. Each cation-
distribution profile in Fig. 1c represents the average over five STEM-EELS datasets, 
which are shown in this figure (#1, 2, 3, 4, and 5) for the (a) 3-, (b) 4-, (c) 5-, (d) 10-uc 
LAO/STO. A small deviation among each set of data is unambiguous in (a)-(d), 
indicating the quality of our studies. The error bars of ± 10% are omitted for clarity of the 
figure presentation, except for the large value of ± 20% at the surface LAO uc in 3-uc 
LAO/STO due to the beam damage of this uc.     
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Supplementary Figure 2│The AO and BO2-plane cation distributions in 10-uc 
LAO/STO with and without oxygen post-annealing. The results with post-annealing 
(black) were reproduced from Fig. 1c for comparison with those without post-annealing 
(green). Each profile represents the average over five STEM-EELS datasets and the 
corresponding error bars of ± 10% were omitted for clarity of the figure presentation. 
The similarity between the two sets of results indicates that cation intermixing has been 
formed upon the heterostructural growths and the post-annealing procedure does not 
alter the degree of intermixing.      
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Supplementary Figure 3│The statistical estimation of the optimal accuracy in 
HAADF structural characterizations using PPA. a, The deviation of the Ti position in 
cubic STO uc from the ideal centrosymmetric coordinate of (0, 0) due to specimen drift 
and apparatus instabilities upon the HAADF imaging (inset). Inset, an uc-scale blowup 
of the summed HAADF image over three individual ones used for this Ti-deviation 
investigation. Each Ti position in (a) was derived from the average of the four PPA-
determined, subpixel-precision coordinates of neighboring Sr atoms in a given uc (inset: 
red, subpixel-; blue, pixel-level determination). Pixel size, 0.36 Å. This panel (a) consists 
of analyses of this kind over ~150 uc and the standard deviation (dashed red circle) of 
~0.02 Å sets the optimal accuracy of our likewise PPA characterizations conducted 
throughout this work. b, The counterpart to (a), while based on the PPA elaboration of a 
single HAADF image. The associated PPA-characterization accuracy, ~0.06 Å (dashed 
red circle), is notably inferior to that in (a) with improved statistics on the observed 
atomic features through the image summation. Note that the summation of more than 
three HAADF images did not further enhance the optimal PPA-characterization 
accuracy of ~0.02 Å.            
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Supplementary Figure 4│The characteristic anti-phase oxygen-cage rotations 
across the LAO/STO interface. a, The filtered gray-scale ABF imaging of the anti-
phase oxygen-cage rotations in 10-uc exemplification along [110] projection (the color-
coded counterpart in Fig. 2e). b, the [110]-projected calculated oxygen-cage rotations 
using the supercell consisting of (LAO)6/(STO)9 and an interfacial TiO2 plane. c, blowup 
of (b) around the interface. The characteristic anti-phase rotation pattern (a-a-c0-type) 
suggests null oxygen contribution to polarization both along c-axis and in ab-plane. d, 
The contrast-inverted filtered ABF imaging of the 10-uc LAO/STO along otherwise [010] 
projection. e and f, the same theoretical calculations as respective (b) and (c) while 
projected along [010]. The characteristic anti-phase oxygen-cage rotations lead to 
considerable splitting of oxygen columns along [010] projection and the corresponding 
oxygen contrasts in the ABF image, (d), are readily diffused and cannot not be 
considered as individual oxygen columns. Scale bars in (a) and (d), 1 nm.  
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Supplementary Figure 5│Ab initio calculations of FE-like polarization 
displacements in LAO and STO. a, The FE-like distortions due to off-center atomic 
displacements in the BO2 plane along c-axis, calculated as a function of c/a with a = 
aSTO for both the LAO and STO. The condition of a = aSTO = aLAO for the calculated LAO 
signifies the stretched ab-plane by STO as experimentally observed. b, The energy gain 
(ΔE) due to the corresponding FE-like polarizations along c-axis to (a). The AO-plane 
contribution is ignored for simplicity. 
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Supplementary Figure 6│Ab initio calculations of the phonon dispersions in LAO 
and STO. a, The phonon dispersions in c-elongated STO with c/aSTO = 1.01. The soft 
phonon at Γ point is the signature of the strain-resurrected FE-like instability along c-
axis. The negative sign of this soft phonon denotes its purely imaginary essence and 
reveals the lattice-instability character of this mode. b, The phonon dispersions in cubic 
LAO and (c) c-elongated LAO, c/a = 1.02, with (a = aSTO) and (d) without the ab-plane 
clamped to that of STO. The zone-corner soft phonon at R point in all panels is 
associated with the cooperative octahedral-rotation instability in the low-temperature 
phases. Most importantly, the onset of the zone-center soft phonon at Γ point in (c), 
ascribed to the FE-like instability in the LAO along c-axis, can only occur when the c-
elongation and the ab-plane stretching are simultaneously satisfied as experimentally 
suggested. The theoretically considered c/a is derived from experiments. 
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Supplementary Figure 7│Atomically-resolved EELS spectra and STEM-EELS 
chemical mapping. a, The Ti L-edge EELS spectra acquired on B-site columns across 
the interface in 10-uc heterostructure (energy resolution, ~1.0 eV; orange, interface; 
black, STO; gray, LAO). The HAADF image on the right indicates the atomic-column 
position for each spectrum shown. Each spectrum represents the sum over five 
separate EELS spectra acquired on different regions of the sample for ensuring 
statistics. The Ti3+-reference spectrum used in the linear least-square fitting, (b), is also 
shown. b, The exemplification of least-squares fitting for deriving the Ti3+ ratio, 
performed on the Ti spectrum at #–3 STO uc in 10-uc heterostructure. Open circles, 
experimental data. Purple curve, the fitted spectrum to the experimental one consisting 
of 13.8% of Ti3+ (blue spectrum) and 86.2% of Ti4+ (red reference spectrum, bare STO). 
Gray curve, the residual between the fitted (purple) and experimental (open-circle) 
spectra. The respective chemical maps (red, Sr; green, Ti, and blue, La) and the 
simultaneously acquired HAADF images (gray scale) in (b) 3-, (c) 4-, and (d) 5-uc 
LAO/STO. 
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Supplementary Figure 8│O K-edge EELS spectra of the STO in 10-uc LAO/STO 
with and without oxygen post-annealing and related theoretical calculations. a, 
The O K-edge spectra of the STO uc #–3 in 3- (blue), 4- (green), 5- (red), and 10-uc 
(black) LAO/STO with oxygen post-annealing, i.e., the heterostructures investigated in 
Figs. 1 and 2, and those of the STO uc #–3, –1, and –2 in the 10-uc LAO/STO without 
oxygen post-annealing (gray). b, The calculated orbital-decomposed DOS of Ti and Sr 
in bulk STO. c, The calculated p-projected DOS of oxygen in bulk STO (without Ovac) 
and oxygen-deficient STO (~4 and ~8% of oxygen-vacancy Ovac). A broadening of peak 
A as a result of oxygen vacancies can be observed. See Supplementary Note 6 for 
details on peaks A, B, and C.     
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Supplementary Figure 9│The STEM-EELS tackling of Al-K edge at 1560 eV in 10-
uc LAO/STO. a, The integrated STEM-EELS spectrum over the red-dashed LAO area 
in the simultaneously acquired HAADF image on the right (white circle, A-site cation; 
orange, B site). Inset, the blowup of the spectral regime of Al-K edge. Green panel on 
the right, the Ti chemical map derived from the same STEM-EELS dataset. The probe 
current of ~78 pA and the pixel time of 150 ms were exploited (1 eV/pixel). b, The EELS 
spectra acquired on an interfacial LAO uc with the prolonged pixel time to 1, 2, and 3 s 
under the same probe current and spectrometer dispersion. The Al-K edge is still 
hidden due to the low inelastic scattering cross section at the current acceleration 
voltage of 200 keV. 
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Supplementary Note 1. EELS quality and peak-pair analysis (PPA). The respective 5 
STEM-EELS datasets used for obtaining each average chemical profile in Fig. 1c is shown in 
Supplementary Fig. 1. In each set of the results (Supplementary Fig. 1), small deviation can be 
observed, indicating the quality of our investigations. Moreover, the oxygen post-annealing does 
not alter the degree of cation intermixing (Supplementary Fig. 2).  
  Considering structural characterizations by TEM and STEM imaging, the corresponding 
precision would be limited by two factors1,2, (1) pixel size (0.36 Å herein) and (2) specimen drift 
and apparatus instabilities upon the imaging. The PPA capturing of observed atomic features at 
subpixel is effective in resolving the pixel-size concern1,3,4. The sample drift and apparatus 
instabilities are then predominant in the optimal accuracy of correlated structural evaluations1,2. 
To be statistical on the estimated precision of our STEM-HAADF structural characterizations, 
the standard cubic uc in a bare STO-reference substrate was exploited. Using PPA, the respective 
positions of the four Sr and one Ti consisting of the STO uc (inset, Supplementary Fig. 3a) were 
captured by blue and red dots, with blue (red) signifying that the HAADF-intensity maximum 
corresponding to a given atom falls at a given pixel (subpixel)3,4. This subpixel elaboration 
pinpoints the observed atomic features at high accuracy1 and was employed throughout our work 
to determine the coordinate, (x, y), of a given atom.  

Supplementary Fig. 3a shows the Ti position averaged from the four PPA-determined 
coordinates of the four nearest-neighbor Sr atoms. Ideally, the centrosymmetric position of (0, 0) 
should be derived for the Ti. Each point in Supplementary Fig. 3a represents the deviation from 
this ideal position for the uc in consideration as a result of specimen drift and apparatus 
instabilities upon the HAADF imaging, thus posing the limit of the PPA-characterization 
precision1. Supplementary Fig. 3a is the PPA elaboration over the summation of three HAADF 
images into one statistically-improved image1 (i.e., the inset) and Supplementary Fig. 3b is the 
control experiment on one single HAADF image, with otherwise ~150 data points for both. A 
standard deviation of ~0.02 Å from the ideal (0, 0) was statistically derived from Supplementary 
Fig. 3a (dashed red circle; ~0.06 Å, Supplementary Fig. 3b), rigorously setting the optimal 
precision of ~2 picometer in this STO analysis and also Figs. 2a,b that exploited the same image-
summation and PPA-characterization principles. The summation of more than three HAADF 
images did not further enhance the structural-characterization accuracy of ~0.02 Å. The image 
summation in Supplementary Fig. 3a has been known to be capable of improving the statistics of 
observed atomic features and the correlated accuracy in structural characterizations1. An 
improved precision from ~6 to ~2 picometer is indeed observed in Supplementary Fig. 3.  
  Besides, the previous SXRD results of Al-site off-center displacements along c-axis were 
estimated by taking the difference between distorted LAO uc and a reference lattice frame 
consisting of cubic STO uc5-7. While this methodology is appropriate for deriving the structural 
detail of distorted STO (Fig. 2b)5-7, systematic errors could exist in thus-determined Al-site 
displacements considering the elementary incompatibility between the reference cubic STO (c-
axis, 3.905 Å) and typical pseudomorphic-strained LAO (c-axis, 3.762 Å), let alone tackling the 
rich c-axis changes and associated atomic displacements in the LAO (Fig. 2a) by the STO. The 
otherwise HAADF tackling of atomic displacements in conductive LAO/STO was based on an 
image, which exhibits both cation and oxygen columns8. However, oxygen columns should be 
dark in the HAADF imaging due to the weak scattering power of oxygen compared to the 
significant ones of cations in such oxides9. The simultaneous appearance of oxygen and cation 
columns in the HAADF image8 could be the consequence of a compromised electron-optics 
condition employed, rendering certain uncertainties on the reported cation and oxygen 
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displacements. In addition, the STEM report8 was not aware of the characteristic oxygen-cage 
rotations in LAO/STO (Supplementary Note 2 below). The argued structural aspects in Ref. 8 
may be disregarded, accordingly.  
 
Supplementary Note 2. Oxygen-cage rotations and hidden lattice instabilities. The ab initio 
calculations were performed on the basis of density functional theory with the generalized 
gradient approximation (GGA)10. The accurate full-potential projector-augmented wave 
method11, implemented in the Vienna ab initio simulation (VASP) package12, was used together 
with a large plane cutoff energy of 450 eV. In the self-consistent electronic structure calculations, 
the total energy convergence criterion was set to be 10-6 eV. In the structural optimization 
calculations, atoms were allowed to relax until the associated forces are smaller than 0.01 eVÅ-1. 

Firstly, we calculated the lattice parameters of LAO and STO. The tetrahedron method with 
Blöchl corrections for the Brillouin zone integration with a Γ-centered Monkhorst-Pack k-point 
mesh of 20×20×20 was used. The thus-calculated cell dimensions are 3.9394 and 3.8196 Å for 
STO and LAO, respectively. The lattice mismatch between the calculated LAO and STO, ~3.0%, 
agrees with the experimental ~2.9%.  

The calculations of LAO/STO were then performed using the supercell-slab approach with an 
asymmetric (LAO)6/(STO)9 configuration and a TiO2-plane interface as shown in Supplementary 
Fig. 4. Two neighboring slabs are separated by a vacuum layer of ~12 Å (Supplementary Fig. 4), 
which is sufficiently thick to avoid overlap of electron wave functions from the two neighboring 
slabs. Furthermore, we incorporated the dipole corrections along c-axis to remove the unphysical 
dipolar interaction between the two neighboring slabs13. The in-plane lattice constant of the 
(LAO)6/(STO)9 supercell was fixed to 3.9394 Å of the calculated STO and all constituent atoms 
were relaxed except for those in the left-most TiO2-SrO-TiO2 layers (Supplementary Fig. 4) in 
order to mimic the effect of unstrained STO deep into the substrate side as observed in Fig. 2a. 
The former studies of LAO/STO have pointed out that the constituent oxygen cages should 
exhibit a continuous rotation across the interface14. The rotation pattern in the LAO was further 
found to be the a-a-c0 type in Glazer’s notation15,16, namely an anti-phase rotation in ab-plane and 
no rotation along c-axis. Both our calculations (Supplementary Fig. 4) and associated ABF 
imaging of the oxygen cages (Fig. 2e and Supplementary Fig. 4a) suggest such a-a-c0 rotation for 
the LAO and STO and unveil the rotation angle of ~7~8° (~3~5°) along a- and b-axes of the 
LAO (STO), in good agreement with the SXRD report of 8~9° for the LAO in metallic 
heterostructures15. The anti-phase rumpling of oxygen cages results in vanishing oxygen 
contribution to the FE-like polarizations in LAO and STO both along c-axis and in ab-plane. The 
previous SXRD studies of LAO/STO did not reveal such oxygen-cage rotations5-7 until the 
recent one dedicated to the study of low-symmetry peaks predominated by the structural factor of 
oxygen15, readily revealing the a-a-c0-type pattern in the metallic LAO/STO.  

We subsequently estimated the epitaxial-strain energy stored in the pseudomorphic-strained 
LAO by calculating the total energy of LAO as a function of c-axis, with ab-plane clamped to 
that of the calculated STO. We obtained the contracted c-axis of 3.7345 Å, Young’s modulus of 
364 GPa (experiment, 306 GPa)17, and the strain energy of ~0.112t eVa-2 (t, film thickness in a; 
a, 4 Å for convenience). This energy agrees with ~0.136t eVa-2 evaluated by the classical 
pseudomorphic-epitaxy formulation (Supplementary Note 5 later).  

Such c-dependent calculations were also performed for STO and we obtained the Young’s 
modulus of 339 GPa (experiment, 330 GPa)18 and, most importantly, the onset of FE-like 
polarization displacements along c-axis, which is particularly obvious upon c > a (a = aSTO, 
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Supplementary Fig. 5a) due to the incipient FE instability of STO (refs. 19,20). Intriguingly, the 
FE instability can appear at c/a = ~0.99 (ref. 20; Supplementary Fig. 5a), while quenched in 
cubic STO (c/a = 1) due to quantum fluctuations19,20. In Supplementary Fig. 5b, the energy gain 
(ΔE; the total-energy difference between c-strained uc with and without polarization 
displacements) of this FE instability in STO can be implicitly described by , 
with A = 3.77 × 10-5 and B = –5.79 × 10-7 eVuc-1, in Landau-Ginzburg-Devonshire theory of FE 
phase transitions21. Surprisingly, FE-like polarizations along c-axis also appear in LAO upon c/a 
> 1.01 (Supplementary Fig. 5a, a = aSTO; i.e., ab-plane clamped by STO, Fig. 2d), with readily-
derived A = 8.80 × 10-7 and B = –4.30 × 10-8 eVuc-1 (Supplementary Fig. 5b). A FE-like 
instability apparently exists in such ab-plane-stretched, c-elongated LAO, while totally 
unexpected22,23.   
 
Supplementary Note 3. Calculations of phonon dispersions in LAO and STO. A signature of 
FE instabilities in such perovskite oxides is the existence of a soft-phonon mode at zone-center Γ  
point, which breaks the inversion symmetry along c-axis21,24. We thus performed extensive 
calculations of the phonon dispersions in LAO and STO within the density functional 
perturbation theory25 with GGA. The ultrasoft pseudopotential plane wave method implemented 
in the Quantum Espresso program26 was exploited together with a plane wave cutoff energy of 
60 Ry. Supplementary Fig. 6 shows the calculated phonon dispersions in (a) c-elongated STO, (b) 
cubic LAO, and c-elongated LAO (c) with and (d) without the ab-plane clamped by STO. The 
theoretically considered c/a is derived from experiments. 

In Supplementary Fig. 6a (c/aSTO = 1.01), the c-elongated STO with a FE-like polarization in 
Supplementary Fig. 5 is indeed characterized by the corresponding soft phonon at Γ  point, with 
the characteristic negative frequency (i.e., purely imaginary) revealing its lattice-instability 
essence24. The real-space illustration of this soft mode constitutes the displacive, cooperative B-
site polarization movements along c-axis24. In addition, we observed a lattice instability in the 
STO at otherwise zone-corner R point, which is associated with the octahedral rotation in the 
tetragonal phase transition at low temperature24,27,28. Such a zone-corner soft mode also exists in 
LAO (Supplementary Figs. 6b-d) due to the octahedral-rotation instability in the ground-state 
rhombohedral structure24,27,28. Most importantly, the ab-plane-stretched, c-elongated LAO indeed 
exhibits the zone-center soft phonon (Supplementary Fig. 6c; c/a = 1.02, a = aSTO), firmly 
establishing the FE-like instability along c-axis previously revealed in Supplementary Fig. 5. In 
c-elongated LAO without the ab-plane stretching (Supplementary Fig. 6d; c/aLAO = 1.02) and 
cubic LAO (Supplementary Fig. 6b), this lattice instability at Γ  point disappears. All these 
microscopic calculations in Supplementary Figs. 5,6 support the experimental proposal that there 
exist hidden FE-like instabilities in LAO and STO, resurrected near the interface by epitaxial 
strain, and these FE-like distortions provide a strain-accommodation alternative.  
 
Supplementary Note 4. Holes in LAO and band bending below Fermi level in STO. The 
holes observed in the LAO of metallic 4-, 5-, and 10-uc LAO/STO (Fig. 1e; Supplementary Fig. 
7) are summarized in Table 1. The relatively shorter length scale of the holes, compared to that 
of the 2DEG (Fig. 1e), could be associated with the smaller relative permittivity ε of LAO (24, 
refs. 29,30; STO ~332, ref. 31), which leads to a shorter characteristic Thomas-Fermi screening 
length in perovskites31,32.  

In addition, the 2DEG in the STO of metallic heterostructures can result in a band bending 
below the Fermi level (Δξ), with n = (8π2m*

Δξ/h2)3/2/3π2 (refs. 32,33), where n is the 2DEG 

2 4E AP BPΔ = +
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density, m* (m) is the effective (rest) mass of electrons with m* ≈ 3m (ref. 34), and h is the 
Planck’s constant. Using n ~4.4 × 1013 cm-2 in 10-uc LAO/STO, Δξ attains ~50 meV (Table 1) 
consistent with the experimental derivation of ~30 meV by cross-sectional scanning tunneling 
spectroscopy35. 
 
Supplementary Note 5. The classical evaluation of the epitaxial strain energy. The epitaxial-
strain energy (u) stored in a pseudomorphic-strained film is formulated by u = [2G(1+ν)/(1-
ν)]σ2t (refs. 36,37), where G is the shear modulus of the film (LAO, 123.77 GPa)17, ν is the 
Poisson’s ratio, σ is the misfit strain, and t is the film thickness. The thus-evaluated strain energy 
amounts to ~0.136t eVa-2 (gray histograms, Fig. 3; a, 4 Å). Besides, the FE-like distortion 
energy in Fig. 3 consists of the atomic-buckling and thus-induced electrostatic energies7,38, with 
the respective formulations of Ya(dA

2+dB
2) and e(qAdA+qBdB)/εε0a2, where Y is the Young’s 

modulus (LAO, 306; STO, 330 GPa)7,17,18 and a is uniformly 4 Å for simplicity. 
 
Supplementary Note 6. EELS tackling of oxygen vacancies. The 2DEG formation in STO of 
metallic LAO/STO has been correlated with oxygen vacancies6,39 and STEM-EELS studies of 
the problem have been reported8,40. However, the EELS tackling of oxygen content across the 
LAO/STO interface remains an unsettled problem due to the notably different spectral weights 
and line shapes between the O K-edge spectra of bulk LAO and STO as a result of their distinct 
electronic structures8, with the spectral characteristics of the interfacial uc subtly different from 
those of the parent bulks8,40. The estimation of the oxygen content by comparing the integrated O 
K-edge intensities in respective interfacial uc to those of the bulks or fitting the characteristic 
EELS line shapes with the reference bulk-LAO and -STO spectra would, therefore, incorporate 
systematic uncertainties8,40. We tend to discuss the oxygen content by a comparative study that 
tackles 10-uc LAO/STO without oxygen post-annealing and first-principles calculations of the 
projected density of states (DOS) of oxygen in bulk and oxygen-deficient STO (Supplementary 
Fig. 8). 
  Supplementary Fig. 8a shows the O K-edge spectra of 3-, 4-, 5-, and 10-uc LAO/STO studied in 
Figs. 1 and 2, and those of the 10-uc LAO/STO without post-annealing (electron density, ~1.1 × 
1014 cm-2; Methods). Note that each spectrum in Supplementary Fig. 8a is the sum over 5 EELS 
datasets and acquired on #–3 STO uc, where the 2DEG in metallic 4-, 5-, and 10-uc LAO/STO 
shows a maximum (Fig. 1e). For a more extensive comparison, we incorporate the O K-edge 
spectra at #–1 and –2 STO uc in the 10-uc LAO/STO without post-annealing (gray, 
Supplementary Fig. 8a). Basically, the O K-edge spectra of the 3-, 4-, 5-, and 10-uc LAO/STO 
are similar (Supplementary Fig. 8a), with peak A contributed from Ti-3d t2g states, B from 
mixtures of Ti-3d eg and Sr-4d, and C from Ti-4sp, Sr-4d, and Sr-5sp as suggested by the orbital-
decomposed projected DOS of bulk STO in Supplementary Fig. 8b (omitting intermixing for 
simplicity). By contrast, peak A in the spectra of 10-uc LAO/STO without post-annealing is 
noticeably broader (Supplementary Fig. 8a). Comparing the calculated DOS of bulk and oxygen-
deficient STO (Supplementary Fig. 8c), the broadening of peak A is visibly an electronic effect 
of oxygen vacancies and the reported O K-edge spectra of oxygen-deficient STO reveal such a 
broadening tendency41. The 10-uc LAO/STO without post-annealing should host certain 
electron-donor oxygen vacancies, corroborating the higher 2DEG density found in 
heterostructures without the vacancy-healing treatment42. To shed more light on oxygen 
vacancies possibly in the metallic 4-, 5-, and 10-uc LAO/STO, we make an assumption that the 
2DEG with an average density of ~4 × 1013 cm-2 (Table 1) arises from oxygen vacancies, 
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corresponding to an oxygen deficiency of ~0.03 vacancy per uc, i.e., ~1% of the stoichiometric 
oxygen content. Considering the general detection limit of ~2% for STEM-EELS (refs. 8,31,43), 
such an oxygen deficiency of ~1% would be anyhow within the experimental uncertainty of 
Supplementary Fig. 8a. Accordingly, the spectral similarity in the insulating 3- and metallic 4-, 
5-, and 10-uc LAO/STO (Supplementary Fig. 8a) suggests that the oxygen content in these 
interfacial STO uc is comparable and close to the nominal stoichiometry without traceable 
evidence for vacancies.  
  We are aware of an otherwise oxygen estimation8 by comparing the intensity interplay between 
peak A and the low-energy shoulder of peak B in Supplementary Fig. 8a. As shown in 
Supplementary Fig. 8a, this spectral shoulder is nonetheless broad and diffused and the 
corresponding oxygen-evaluation method8 would not be suitable hereby. Trials of integrating 
background-subtracted intensities of O-K spectra within a given spectral range for oxygen-
content estimations, as previously proposed44,45, were unfruitful, because the proximity of Ti-L to 
O-K edges renders the O-K background subtraction easily influenced by the spectral features 
related to the Ti-L edge, affecting the derived O-K signals46. Oxygen quantification by spectral 
integrations may not be generally applicable47. The 2DEG in our metallic LAO/STO is irrelevant 
with oxygen vacancies (Supplementary Fig. 8) and the existence of holes in the LAO uc (Fig. 1e) 
excludes electron-donor oxygen vacancies therein. The oxygen content in our LAO/STO studied 
in Figs. 1 and 2 should be close to stoichiometry.  
  It should be mentioned that the surface LAO uc (#3) in 3-uc LAO/STO is susceptible to beam 
damage upon the STEM-EELS mapping, while robust to separate fast HAADF imaging and 
spectral line scans (e.g., Supplementary Figs. 7,8). The surface uc in the 4-, 5-, and 10-uc 
LAO/STO is robust in all our experiments and this difference may be related to the characteristic 
strength of the surface uc in the prepared 3-uc STEM specimen. In 3-uc LAO/STO, 
the stoichiometry estimation of the AO (BO2) plane of the surface uc at #2.5-uc (#3-) position is, 
therefore, subject to larger errors of ± 20% (Fig. 1c and Supplementary Fig. 1a), with the La 
curves being properly renormalized with reference to the Sr ones such that the nominal AO-plane 
stoichiometry of unity31,43 is preserved at the surface LAO uc. The Sr profiles of 3-uc LAO/STO 
in Fig. 1c and Supplementary Fig. 1a were derived from the systematic comparison of Sr-integral 
intensities to that at bulk-like #–5.5 STO-uc position, which is free from intermixing, immune 
from beam sensitivity, and thus ideal as the internal reference. 
 
Supplementary Note 7. Al-K edge at 1560 eV. Due to the available channel number of 1340 in 
our spectrometer, the maximal accessible EELS range would correspond to 1340 eV (dispersion, 
1 eV/pixel in maximum). Upon STEM-EELS mapping with the maximal dispersion, the 
acquisition of the deep Al-K edge (1560 eV) is unachievable if the shallowest Sr-M3 edge (269 
eV) in LAO/STO is to be simultaneously recorded with proper pre-edge range (~50 eV), which 
is essential for thorough background examinations. The background subtraction was performed 
by a careful placement of the background-derivation window (~15 eV) before the edge onset and 
the subsequent Sr mapping was conducted using an intensity-integration window of 4 eV (refs. 
31,43). The tackling of Al-K edge requires shifts of the spectrometer range to a deeper energy-
loss regime (e.g., Supplementary Fig. 9a, 1 eV/pixel) at the cost of Sr-M3 edge40. A simultaneous 
EELS acquisition of Sr, Ti, O, La, and Al edges is, therefore, impossible in our experimental 
setup and also in the former one exploiting the same spectrometer in a different STEM apparatus 
(acceleration voltage, 100 keV)40.  
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  Despite the above limitation, we recorded Al map using a properly selected energy-loss range 
as shown in Supplementary Fig. 9a, with the customary STEM-EELS condition of 150 ms per 
pixel and ~78 pA in probe current. However, the inelastic scattering cross section of Al-K edge is 
too low to be unveiled in the STEM-EELS mapping as shown in the inset (Supplementary Fig. 
9a), which stands for the blowup of spectral integration over the indicated LAO area in the 
simultaneously acquired HAADF (red dashed rectangle). Instead, the Ti map in the STEM-EELS 
dataset shows atomic resolution (green, Supplementary Fig. 9a). A further increase of probe 
current to maximal ~136 pA in our STEM did not achieve Al mapping, while damaging the 
specimen. A prolonged acquisition of the Al-K edge in an individual LAO uc using optimized 
probe current of ~78 pA was unsuccessful (Supplementary Fig. 9b), either. Therefore, we had to 
exploit the alternative of (1 – Ti) for the Al. While this has been a compromised solution, the 
confidence level in the STEM-EELS quantification of Ti is high as established in our relevant 
studies in Refs. 31 and 43, where the existence of localized electron density at an insulating 
oxide interface43 and the condensation of two-dimensional oxide-interfacial charges into one-
dimensional electron chains31 were readily derived. The thus-derived (1 – Ti) for the Al would be 
acceptable.  
  In Ref. 40, the reported Al mapping was assisted by an enhanced inelastic scattering cross 
section at the lower acceleration voltage48 of 100 keV and a notable probe current of hundreds of 
pA ascribed to higher-order aberration corrections40,49 than our STEM, by using proper sample 
thickness and/or optimally short pixel time to reduce beam damage (not specifically documented 
therein, whereas the 100-keV beam causing less sample damage than our 200-keV one46,49). The 
signal-to-noise level in the Al map40 is, therefore, not optimal for an unambiguous quantitative 
estimation, not to mention that the Sr-M3 edge essential for Sr quantifications is missing in the 
datasets due also to the limit of available EELS channels. We are also aware of the Sr-L2,3 edges 
at 1940 and 2007 eV, which could be an alternative for the Sr mapping45, while the weak 
mapping contrasts characteristic to deep excitations would be marginal for quantifications at high 
accuracy40. 
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