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I.



SAMPLE GROWTH AND CHARACTERIZATION



The samples synthesized in this work are two-component and three-component nickelate superlattices. The two-component superlattices consist of stacks of 3 unit cell (uc)-thick LaNiO3 layers and 6 uc-thick LaAlO3 layers, repeated 20 times (LNO/LAO). The threecomponent superlattices consist of stacks of 1 uc-thick LaTiO3 , 1 uc-thick LaNiO3 , and 3 uc-thick LaAlO3 layers, repeated 12 times (LTNAO). Both types of structures are grown using oxygen plasma assisted molecular beam epitaxy on (001)-oriented LaAlO3 substrates, with an average compressive lattice mismatch of 0.4% and 1.2% for the two-component and three-component superlattices, respectively. The growth process follows that of Ref. [38]. Each layer is grown by co-depositing from effusion cells containing elemental source material and shuttering off the inactive cells between layers, with a wait time of ∼3 minutes between layers. The base pressure in the < 10−10 Torr. During growth, the oxygen pressure is maintained at ∼5-6×10−6 chamber is ∼ Torr, and the temperature is maintained at 590◦ C. After growth, the samples are cooled to 200◦ C in the oxygen plasma and subsequently annealed for 6 hrs in 1 atm of oxygen at 600◦ C. A quartz crystal microbalance is used prior to growth to calibrate the metal fluxes, ensuring proper stoichiometry to within a few percent. Oscillations of the insitu reflection high energy electron diffraction (RHEED) peaks confirm the layer thicknesses and denote atomic layer-by-layer growth. Figure S1(a,b) shows the sharp, narrow, post-growth RHEED patterns for these films, indicating coherent epitaxial growth throughout and smooth sample surfaces. Post-growth atomic force microscopy (AFM) demonstrates that the samples have atomically smooth surfaces. The surfaces display unit cell high steps (mimicking those of the LaAlO3 (001) substrate) and a root-mean-square roughness of < 1/2 uc (∼1-2 ˚ A). A reciprocal space map (RSM) for the LTNAO superlattice obtained from synchrotron x-ray diffraction around the (113) reflection of the LaAlO3 substrate is presented in Fig. S1(d). The film peak is aligned in-plane with the substrate Bragg peak, demonstrating that the films are coherently strained. ∗
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2 Strong finite thickness oscillations can also be observed in the RSM, further attesting to the crystalline quality of the film and the abrupt interfaces in the superlattice. We measured the DC resistivity of these samples using a conventional Van der Pauw configuration with Au contacts sputtered ono the corners of the film. The LNO/LAO superlattice has a resistivity of ∼3×10−4 Ω cm at room temperature with a metallic temperature dependence down to ∼25 K [16], in agreement with previous reports on similar structures [14,27]. The resistivity of the LTNAO superlattice shows insulating behavior with a room > 5 Ω cm, consistent with the opening of a charge-transfer gap in the temperature value ∼ non-degenerate band structure due to electronic correlations.



II.



DFT CALCULATION DETAILS



We perform first-principles calculations based on density-functional theory within a planewave pseudopotential approach using the Quantum ESPRESSO software package [39]. We use the local-density approximation (LDA) for exchange-correlation potential and Vanderbilt ultrasoft pseudopotentials [40]. The plane wave kinetic energy cutoff is set to 35 Ry with corresponding charge density cutoff of 280 Ry. To describe Ti d orbitals, we use the LDA+U [41] method with onsite Coulomb repulsion UT i = 8 eV for better alignment of the Ti and Ni d states; we find that the results described here do not depend on the precise value of UT i [29]. We intentionally use conventional LDA without a Hubbard U correction for Ni, since it has been shown to be more suitable for describing Ni states in LaNiO3 (Ref. [42]). For 1/1/3 LTNAO superlattices, we construct a c(2×2) supercell to include the structural effect of tilts and rotations of oxygen octahedra. The in-plane lattice parameters are fixed to the calculated bulk LaAlO3 lattice constant (3.71 ˚ A) to account for the strain induced by the substrate. The Brillouin zone is sampled by a uniform 4×4×1 mesh of k points. The Brillouin zone integration is performed by using the Gaussian smearing technique with a smearing width of 5 mRy. The structural optimizations of the structures considered in this work were performed until all force components were less than 3 meV/˚ Ain magnitude. To 2 2 2 project the band structure near the Fermi level onto Ni 3z − r and x − y 2 states, we construct corresponding maximally localized Wannier functions [43, 44] with the wannier90 software package [45]. In order to visualize the charge transfer in the three-component superlattices, in addition to the 1/1/3 LTNAO system, we consider three auxiliary systems derived from the original LTNAO: (1) Ni atoms are replaced with Al (LTAAO), (2) Ti atoms are replaced with Al (LANAO), and (3) both Ti and Ni are replaced with Al (LAAAO). In all auxiliary systems the atomic coordinates are kept frozen to correspond exactly to the coordinates of the LTNAO system. We then compute the electron densities ρ in real space for all four systems. Since LTAAO and LANAO structures are essentially two-component LTO/LAO and LNO/LAO heterostructures, respectively, the Ti and Ni atoms are both in the 3+ state in these structures. The combination ∆ρ = ρ(LTNAO) − ρ(LANAO) − ρ(LAAAO) then gives the electron density difference that corresponds to the difference between 3+ and 4+ states on Ti and 3+ and 2+ states on Ni. The last term ρ(LAAAO) is added to compensate the electron density due to AlO2 layers. This combination is plotted in Fig. 2(a) in the main text, where ∆ρ < 0 and ∆ρ > 0 are shown separately.



3 III.



XLD MEASUREMENT AND CORRECTIONS



X-ray absorption (XAS) and x-ray linear dichroism (XLD) measurements for LNO/LAO and LTNAO superlattices are performed using linearly polarized soft x-rays at beamline U4B at the National Synchrotron Light Source, with an energy resolution at the Ni L edge (∼850 eV) of ∆E/E ≈ 5 × 10−4 . The total electron yield (TEY) and fluorescence yield (FY) intensities from the sample are measured simultaneously as a function of incident photon energy to obtain absorption spectra. The Ti L edge spectra presented in the main text are from TEY. The absorption intensities are normalized to the incident flux, which is measured upstream from the sample using a gold mesh, and a step-edge background is subtracted to account for continuum excitations [46]. All energies are calibrated using a simultaneously measured reference (TiO2 for Ti, Fe2 O3 /Co3 O4 for O, NiS for Ni). In the experimental setup, the sample is placed on a custom-designed Mo wedge, which is rotated in situ about the incident beam direction in order to achieve σ and π polarizations while maintaining a constant probe depth. The incline of the wedge leads to an angle of incidence of the incoming x-rays of θ = 20◦ . Due to the finite incident angle, the πpolarized light is not entirely parallel to the c axis of the sample, and the out-of-plane absorption intensity (Iz ) used in Eq. (1) must be corrected. The geometrical correction gives Iz ≈ 1.132(Iπ − 0.117Ixy ), where Iπ is the absorption intensity measured with π polarization and Ixy is the in-plane absorption intensity measured with σ polarization [47]. For the Ni L edge, The La M5,4 absorption peaks, originiating from La in both the superlattice and the LaAlO3 substrate, partially overlap with the Ni L3, 2 peaks of interest. The large La M4 absorption measured in the TEY mode and strong self-absorption effects of the La M4 edge in the FY mode make reliable extraction of the overlapping Ni L3 signal difficult, as shown in Fig. S2(a). Thus, we focus our analysis in the main text on the FY measurements of the higher energy Ni L2 edge, which is not significantly distorted by the La absorption peaks or self-absorption effects. (Figure S2(b,c) shows the TEY results obtained by subtracting the La M edges: r = 1.04±0.1 for LNO/LAO and r = 0.59±0.1 for LTNAO, agreeing well with the FY results.) Previous studies have shown that XLD analysis on the L2 edge alone yields the same results as using combined L2,3 data, within experimental error [28]. IV.



Ni K EDGE X-RAY ABSORPTION



We conducted XAS measurements at the Ni K edge to determine the oxidation state of the Ni ions within the LaNiO3 layers of our superlattices. The absorption measurements were carried out at beamline 33ID-D at the Advanced Photon Source using fluorescence detection. The spectra for a 50 uc thick LaNiO3 film, an LNO/LAO bilayer, and an LTNAO superlattice with 2 LaNiO3 layers per repeat are shown in Fig. S3. Incorporating multiple LaNiO3 layers in the LTNAO superlattice enhances the fluorescence signal so that the K edge shift can be measured. The spectra are normalized to facilitate comparison (in addition to normalization to the incident flux), and the location of the K edge is determined by the primary inflection point, as in Ref. [48]. In lanthanum nickelate compounds, the K edge energy shift correlates linearly with a change in oxidation state of the Ni [48]. Notice in Fig. S3 that the thick LaNiO3 film and the LNO/LAO bilayer have the same Ni K edge energy, indicating that there is no difference in oxidation state between the two samples, as expected in the absence of doping and oxygen vacancies. The LTNAO



4 superlattice, however, is shifted to lower energy by ∆E = 1.35 ± 0.15 eV. This corresponds to an average Ni2.5+ oxidation state, which arises from a total electron transfer to the Ni in the two LaNiO3 layers of ∼1 e− . A total electron transfer of 0.5 e− would lead to an average Ni2.75+ oxidation state and a shift of ∆E ≈ 0.7 eV, which is much smaller than the one observed. This provides confirmation of the predicted charge transfer and suggests that the 1/1/3 structure is primarily composed of Ni2+ . V.



STRUCTURE MEASUREMENT AND ANALYSIS



Atomic-scale structure determination is performed using the crystal truncation rod (CTR) technique with high resolution synchrotron x-ray diffraction, measured at beamline X21 at the NSLS. Measurements are made at room temperature with an x-ray energy of 8.2 keV using a four-circle geometry. The CTRs are measured along directions in reciprocal space defined by the pseudocubic axes of the LaAlO3 substrate and converted into a real-space three-dimensional electron density map (EDM) using the Coherent Bragg Rod Analysis (COBRA) thin film phase retrieval method [51]. Figure S1(c) shows an example of a CTR measured for the single-repeat LTNAO, which is used in obtaining the EDM in Fig. 2(c) in the main text. The layer-resolved atomic positions are extracted from the COBRAdetermined map. The atomic positions are used to calculate the dipole moments by summing pi = qi δi for each ion i, where qi is the formal charge of the ion and δi is the displacement of the ion from an undistorted reference (taken as the center of charge for each layer). In addition to the structural results on the single-repeat LTNAO tri-layer discussed in the main text, we also examine the structure of a 12-repeat LTNAO superlattice, which we expect to be different from the tri-layer due to the extended periodicity. Specifically, the periodicity requires that the polar fields will point towards the Ni from both above (P~a ) and below (P~b ). The thickness of the superlattice precludes the use of COBRA to determine the atomic structure. Instead, we determine the structure of the 12-repeat LTNAO superlattice by fitting measured CTRs using the GenX x-ray refinement program [49]. We compare the measured superlattice structure to the DFT-calculated periodic superlattice structure. The experimentally and theoretically determined polar fields are in agreement: they point towards the Ni from both sides with magnitudes Pa,theory = 0.44 e˚ A, Pa,expt = 0.47 e˚ A, Pb,theory = 1.60 e˚ A, and Pb,expt = 1.70 e˚ A. VI.



TWO-COMPONENT STRAIN CALCULATIONS



In order to check the plausibility of achieving low values of orbital polarization r in bilayer LNO/LAO superlattices via strain, we performed a set of first-principles calculations on (LaNiO3 )1 /(LaAlO3 )3 superlattices with different in-plane lattice constants. For simplicity, in these calculations, we considered 1×1 in-plane periodicity (i.e. no rotations or tilts of the oxygen octahedra). For each fixed value of the in-plane lattice constant, we performed the relaxation of atomic coordinates and out-of-plane lattice parameters. Figure S4 shows the dependence of calculated value of r on strain. One sees that orbital polarization decreases with compressive strain, as expected, because a smaller in-plane lattice constant results in longer apical Ni-O bonds. However, even with 7% compressive strain, the r value drops to only about 0.9, and in order to achieve an r value of 0.5 one has to apply more than 10% compressive strain.



5 VII.



TUNABILITY OF STRUCTURE AND ORBITAL POLARIZATION



The atomic layering approach described in the main text provides a flexible architecture which can produce a class of materials with variable orbital properties. In the LTNAO, changing from LaAlO3 to any compatible insulating material, for example, will alter the chemical and electrostatic environment surrounding the Ni, leading to modified apical bond distances and orbital polarizations. We performed first-principles calculations on a series of [(LaTiO3 )1 –(LaNiO3 )1 –(insulator)] superlattices with different insulators to demonstrate this effect. We computed the structure for each of them using DFT and for a selected number we computed the hole ratio, r. The results of the calculations are displayed in Table SI. The results show that the structure can be modified signficantly by changing the insulator, with the value of dap /dinp reaching 1.58 by using BaO (equivalent to a volume-conserving, biaxial strain >25%). In addition, we see that the hole ratio decreases towards r = 0 as the average dap /dinp gets larger, demonstrating tunability of the orbital symmetry over a wide range by choice of the insulating layer in the three-component heterostructure.
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6 FIGURES



FIG. S1. (a) Post-growth RHEED patterns along the [10] direction (top) and post-growth AFM of the surface (bottom) of the LNO/LAO superlattice and (b) the LTNAO superlattice. AFM images show ∼1-2 ˚ Asurface roughness and unit cell high (∼3-4 ˚ A) steps from the miscut of the LaAlO3 substrate. (c) Measured crystal truncation rod (blue circles) and fits (red line) for a single-repeat LTNAO. (d) Reciprocal space map of LTNAO superlattice around the (113) Bragg reflection of the LaAlO3 substrate. The peak doubling in Qx is due to the inherent twinning in the LaAlO3 substrate.
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FIG. S2. (a) Raw TEY (red) and FY (green) Ni L edge spectra of the LTNAO superlattice obtained for the in-plane polarization (Exy). The La M4 resonance obscures the absorption signal of the Ni L3 edge in both cases; however the Ni L2 edge is largely unaffected. (b) Polarization-dependent Ni L2 TEY spectra for the LNO/LAO superlattice and (c) the LTNAO superlattice after background subtraction.



FIG. S3. Ni K edge fluorescence spectra for a 50 uc thick LaNiO3 film (solid black), an LNO/LAO bilayer (dashed red), and an LTNAO superlattice with 2 LaNiO3 layers per repeat (solid blue). There is no shift in the K edge inflection point between the LaNiO3 and the LNO/LAO; however, the LTNAO edge is shifted by ∆E = 1.35 ± 0.15 eV. This corresponds to an average addition of ∼0.5 e− per Ni [48], as expected from Ti charge transfer of 1 e− to the LaNiO3 layers.
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FIG. S4. Theoretical calculation of the hole ratio, r = h3z 2 −r2 /hx2 −y2 with hj = the number of holes in the orbital j, as a function of in-plane strain. The strain is expressed relative to the theoretical lattice constant of bulk LaNiO3 (aLN O = 3.75 ˚ A).



TABLES



TABLE SI. DFT calculations of the apical to in-plane Ni-anion bond length ratio (dap /dinp ) and the hole ratio (r = h3z 2 −r2 /hx2 −y2 ) for three-component superlattices composed of [LaTiO3 –LaNiO3 – (insulator)] strained to LaAlO3 . The thickness of the insulator is 3 unit cells for LaAlO3 , 4 unit cells for SrTiO3 , and 2 unit cells for NaCl, RbF and BaO. Calculations for NaCl, RbF and BaO use a 2×2 supercell. The bond length ratio is given for the Ni-O towards the LaTiO3 and for the Ni-anion towards the insulator, in that order (for vacuum only one apical Ni bond exists).



Insulator LaAlO3 SrTiO3 Vacuum NaCl RbF BaO



dap /dinp 1.18, 1.10 1.31, 1.10 1.25 1.45, 1.31 1.40, 1.46 1.32, 1.58



r 0.48 0.33 0.26 0.18
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