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            Abstract
The breaking of symmetry across an oxide heterostructure causes the electronic orbitals to be reconstructed at the interface into energy states that are different from their bulk counterparts1. The detailed nature of the orbital reconstruction critically affects the spatial confinement and the physical properties of the electrons occupying the interfacial orbitals2,3,4. Using an example of two-dimensional electron liquids forming at LaAlO3/SrTiO3 interfaces5,6 with different crystal symmetry, we show that the selective orbital occupation and spatial quantum confinement of electrons can be resolved with subnanometre resolution using inline electron holography. For the standard (001) interface, the charge density map obtained by inline electron holography shows that the two-dimensional electron liquid is confined to the interface with narrow spatial extension (~1.0â€‰Â±â€‰0.3â€‰nm in the half width). On the other hand, the two-dimensional electron liquid formed at the (111) interface shows a much broader spatial extension (~3.3â€‰Â±â€‰0.3â€‰nm) with the maximum density located ~2.4â€‰nm away from the interface, in excellent agreement with density functional theory calculations.
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                    Fig. 1: Orientation-dependent energy subbands of Ti 3d orbitals and orbital-selective quantum confinement of 2DELs at LAO/STO interfaces.[image: ]


Fig. 2: Conceptual representation of the electrostatic potential mapping by inline electron holography for 2DEL imaging.[image: ]


Fig. 3: Internal electric fields measured by inline electron holography and models for electronic reconstruction of LAO/STO (001) and (111) heterostructures.[image: ]


Fig. 4: Direct imaging of the 2DELs at oxide interfaces.[image: ]
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	30 May 2018
In the version of this Letter originally published, in two instances in Fig. 1 the layers in the cross-sectional view of the (001) interface were incorrectly labelled: in Fig. 1b SrO+ should have read SrO0; in Fig. 1c LaO+, AlO2â€“, LaO+, TiO20, SrO+, TiO20 should have read LaO33â€“, Al3+, LaO33â€“, Ti4+, SrO34â€“, Ti4+. In Fig. 3c the upper-right equation read â€“Ïƒs = â€“e/2a2 but should have read â€“Ïƒs = e/2a2 and in Fig. 3f the lower-right equation read â€“Ïƒs = â€“e/2âˆš3a2 but should have read Ïƒs = â€“e/2âˆš3a2. These errors have now been corrected in the online version of the Letter.
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