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Computational Methods The theoretical calculations in this work are carried out using density-functional theory (DFT) within the local-density approximation (LDA) [1] as implemented in Quantum ESPRESSO code package [2, 3]. We use Vanderbilt ultrasoft pseudopotentials [4] in the following reference configurations: La 5s25p65d16s1.56p0.5 ( 2.03 1.3
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is the Bohr radius. The planewave kinetic energy and charge density cutoffs are



35 Ry and 280 Ry, respectively. The LaNiO3 thin films are modeled by constructing supercells in a slab geometry, which contain (001)-oriented LaNiO3 films with 3 NiO2 layers (with different surface terminations) on top of the LaAlO3 substrate with 4 AlO2 layers (see Figure S1). The slabs are separated by ~20 Å, which we find to be sufficient to ensure that the spurious electric field in the vacuum region is negligible. We also check that there are no parasitic effects from electric field in the vacuum by comparing the results to those obtained with the dipole correction technique [5]. The majority of the calculations in this work are performed using the 1×1 in-plane 1



periodicity of the supercells. By performing several calculations with c(2×2) in-plane supercells, we find that the polar distortions at the surface are essentially the same as in the case of 1×1 supercells. For Brillouin zone integrations in the case of 1×1 supercells, we use a 6×6 k-point mesh and Gaussian smearing with 5 mRy smearing width. The in-plane lattice constant are fixed to the theoretically calculated bulk LaAlO3 lattice constant in an ideal perovskite configuration (3.71 Å). The structural relaxations were performed until the forces on all atoms became smaller than 3 meV/ Å. Since the LaAlO3 substrate is modeled by a relatively thin layer, to enforce a bulk-like geometry, the atomic positions in the bottom three layers of LaAlO3 are fixed to bulk values, while the positions of remaining atoms are optimized. The modeled substrate also has an artificial bottom surface (see Figure S1) which potentially could have an effect on the LaNiO3 film. To check what role the bottom surface of the substrate plays on polar distortions at the surface of LaNiO3, in addition to the AlO2 termination of the LaAlO3 (shown in Figure S1), we considered LaO termination by removing the bottom AlO2 layer from each of the structures shown in Figure S1. We find that the surface geometry of LaNiO3 film is insensitive to the surface termination of LaAlO3. Moreover, we performed calculations on thicker LaNiO3 films (up to 10 unit cells) and on symmetic LaNiO3 slabs in vacuum up to 20 unit cells. In all cases we found that the polar distortions at the surface of LaNiO3 film remain the same, proving that these surface distortions are entirely surface effects on which the substrate has no significant effect other than imposing an in-plane compressive strain.
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Screening Effects The polar termination and resulting field on the (001) surface of the LaNiO3 film leads to the accumulation of screening charge on the surface. Using density-functional theory (DFT), we estimate the amount of accumulated charge for both terminations by computing the electron occupation of Löwdin atomic orbitals [6] on each atom in the fully relaxed LaNiO3 film and then subtract that occupation from the reference value for the same orbital in bulk LaNiO3. Summing over all orbitals of each atom gives an accumulated screening charge on that atom. The results of these calculations for atoms in the top two unit cells are shown in Figure S2. We observe accumulation of negative charge (electrons) on the surface of NiO2-terminated films and positive charge (holes) on the surface of LaO-terminated films, as expected. The amount of excess charge decays quickly going from the surface into the interior, which sets the scale of the screening length. Looking at the very top atomic layer of each film, we see that more charge per unit cell accumulates in the top layer of the NiO2-terminated film (-0.21e per 1x1 surface unit cell) than in the top layer of the LaO-terminated film (+0.15e per 1x1 surface cell). This observation is consistent with the NiO2 layer being more effective at screening external perturbations compared to the LaO layer. Note that while there is almost no excess charge on the La atoms, as expected for a closed-shell La3+ ion, there is some excess charge on the O2- ions. This result is not surprising because O 2p states hybridize with the Ni 3d states and are part of the eg bands that cross the Fermi level.



Hellmann-Feynman forces Poor screening in the LaO layers should lead to stronger polar fields at the top of the LaOterminated film compared to the NiO2-terminated film. Correspondingly, the forces acting on the 3



atoms on the surface of the LaO-terminated film in the ideal unrelaxed perovskite configuration are also expected to be stronger due to the inequivalence in the screening behavior of two terminations. To verify this scenario, we calculate the Hellmann-Feynman forces on atoms of the LaNiO3 films in their unrelaxed structure for both terminations. The computed forces are shown schematically in Figures S3(a) and S3(b) for the NiO2-terminated and LaO-terminated films, respectively. The forces on the terminating LaO layer in Figure S3(b) are observed to be twice as large as the forces on the NiO2 terminating layer in Figure S3(a).



Growth details The LNO films are grown using molecular beam epitaxy on AlO2-terminated LaAlO3 substrates as described in the main text. The film thicknesses are monitored in-situ using reflective high energy electron diffraction (RHEED). Figure S4 shows the intensity of the specular RHEED reflection as a function of growth time for 3 uc (NiO2-termination) and 3.5 uc (LaO-termination) LNO films. The growth of both films begins with co-deposition of 3 monolayers of LaO and NiO2 to obtain a 3 uc thick NiO2-terminated films. To achieve LaO termination, the Ni shutter is closed and a monolayer of LaO is deposited. Figure S5 (a) and (b) show atomic force microscope images of the NiO2 and LaO-terminated films respectively. Atomically smooth, unit cell high steps are observed which are identical to the morphology of the initial LaAlO3 substrates.



Structural analysis The diffracted intensities are analyzed using the coherent Bragg rod analysis (COBRA) technique. Figure S6 shows the COBRA-derived electron density map for the 3uc NiO2terminated LaNiO3 film from which the experimental polar displacements in Figure 3(c) of the main text are extracted. Figure S7 shows the COBRA-converged fits obtained for the 3 uc 4



LaNiO3 film terminated with LaO. The atomic positions are extracted from the centers of mass of the atomic peaks in the COBRA-derived electron density maps and refined using the GenX differential evolution fitting program [7]. The atomic Debye-Waller factors and the octahedral rotations are refined in the fits with the cation positions and the centers of mass of the anions fixed to the COBRA-derived positions. The average film in-plane Ni-O-Ni bond angles are determined from the fit to be 165 o± 3o. for the LaO-terminated film, in agreement with bulk LaNiO3 and thin LaNiO3 films capped with LaAlO3 [8].
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Figures



Figure S1: Theoretical 1×1 supercell used for calculating the structural properties of (a) NiO2terminate and (b) LaO-terminated LaNiO3 films epitaxially strained to LaAlO3. The slabs are separated by ~20 Å of vacuum, which we find to be sufficient to ensure that the spurious electric field in the vacuum region is negligible. The atomic postions for the bottom 3 monolayers of the LaAlO3 substrate are constrained to bulk values.
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Figure S2: Excess charges (in units of e) computed theoretically using Löwdin orbital occupations for the atoms near the surface of 3 uc thick LaNiO3 films on LaAlO3 substrates with (a) NiO2 and (b) LaO surface terminations. Positive (negative) charge values show hole (electron) accumulation. The vacuum interface is at the top in each panel.
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Figure S3: Computed Hellman-Feynman forces for (a) NiO2 and (b) LaO-terminated LaNiO3 films. The arrows indicate the direction and amplitudes of the computed forces on each atom.
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Figure S4: Oscillations of the RHEED specular intensity during the growth of a 3 uc thick NiO2 terminated LaNiO3 film (red triangles) by the codepostion of LaO and NiO2 on AlO2-terminated LaAlO3 substrates. The LaO-terminated film(blue circles) follows the same initial growth sequence as the NiO2 terminated film, however, the co-deposition is stopped after the deposition of 3 uc of LaNiO3, the Ni shutter is closed (after 180 seconds) followed by the deposition of a monolayer of LaO.
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Figure S5: Atomic force measurements of 3 uc LaNiO3 films terminated with (a) NiO2 and (b) LaO deposited on AlO2-terminated LaAlO3 substrates. The average roughness is 0.1 nm. Unit cell high steps are visible on both film surfaces. The scale bar represents 1 um.
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Figure S6: Vertical cuts through experimentally determined COBRA-derived electron density maps along (a) [1 1 0] and (b) [1 0 0] directions for a 3 uc thick LaNiO3 film terminated with NiO2. The horizontal lines indicate the centers of mass in the vertical direction of the cation and anion positions.
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Figure S7: Measured crystal truncation rods (blue circles) and calculated crystal truncation rods for the COBRA-derived structure (solid red line) for a 3 uc LaO-terminated LaNiO3 thin film grown on LaAlO3.
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