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Abstract 

The electronic and structural properties of thin LaNiO3 films grown using molecular beam epitaxy are 

studied as a function of the net ionic charge of the surface terminating layer. We demonstrate that 

electronic transport in nickelate heterostructures can be manipulated through changes in the surface 

termination due a strong coupling of the surface electrostatic properties to the structural properties of the 

Ni-O bonds that govern electronic conduction. We observe experimentally and from first principles 

theory an asymmetric response of the structural properties of the films to the sign of the surface charge, 

which results from a strong interplay between electrostatic and mechanical boundary conditions 

governing the system. The structural response results in ionic buckling in the near-surface NiO2 planes for 

films terminated with negatively charged NiO2 and bulk-like NiO2 planes for films terminated with 

positively charged LaO planes. The ability to modify transport properties by the deposition of a single 

atomic layer can be used as a guiding principle for nanoscale device fabrication. 
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I. INTRODUCTION 

Controlling and exploiting the polar nature of ionic materials has strong scientific and technical 

implications for determining the functional properties of materials for technological applications 

[1-11]. Polar interfaces and surfaces are most simply achieved by terminating a crystalline 

material along a lattice direction where the planes of ions have alternating signs of net charge. 

Polar insulating materials have been used to create long-ranged electrostatic effects that drive 

electronic or ionic reconstructions [12-14]. The use of a metallic (i.e. conducting) system with an 

ionic sublattice seems less likely to succeed because of screening from mobile charge carriers. 

Here, we show that this approach can in fact provide fresh opportunities for exploring and 

controlling structure-property relations. Within the screening length of the metal, uncompensated 

electric fields exist that create forces on the ions and lead to structural distortions. When the film 

thickness is of the same order as the screening length, one expects strong modification of the 

properties of the entire film. Moreover, we show that in ionic metals, the screening length is 

enhanced by almost an order of magnitude over the electronic Thomas Fermi screening length. 

Understanding the structural-property relations in these systems is crucial for designing 

heterostructure devices for a wide range of applications including Mott field effect transistors 

and liquid ionic-gate electric double layer transistors [15-18]. Finally, since there are at least two 

choices of surface termination with opposite polarity, one can envisage nanoscale devices 

comprising of thin films of the same thickness but with strongly differing materials properties.  

In this manuscript, we demonstrate that the surface termination of thin LaNiO3 (LNO) films and 

the resulting screening response near the surface controls the coexistence of symmetry-breaking 

polar distortions and metallicity. Films with an equivalent number of NiO2 planes show a metal-
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insulator transition as a function of the surface terminating layer. In addition, we show how these 

differences stem from dissimilar screening behavior and structural distortions for the two 

polarities. We note that for bulk systems, the coexistence of a non-centrosymmetric polar crystal 

structure and metallicity is rare due to the ability of mobile carriers to effectively screen internal 

electric fields. Recent interest in such ‘polar metals’, first proposed by Anderson et al. [19], has 

been driven by the discovery of ferroelectric-like (polar) distortions in the metallic complex 

oxide LiOsO3 [20, 21] and theoretical predictions of non-centrosymmetric layered metallic 

perovskite oxides [22]. Our work ties into these recent works by showing such effects at the 

atomic scale, demonstrating macroscopic consequences of the existence of polar distortions in 

conducting metal oxide systems. 

Bulk LNO is a paramagnetic and metallic oxide with the centrosymmetric ܴ3തܿ space group. In 

thin film form, symmetry-lowering polar distortions occur in the top 3-4 surface unit cells (uc) of 

NiO2-terminated LNO films, which arise in response to the uncompensated electric field induced 

at the surface of the film [23, 24]. This polar reconstruction results in the reduction of the overlap 

of the Ni eg and O 2p orbitals, leading to a thickness dependent metal-insulator transition [23-

28]. Gross perturbations of the system, such as capping the LNO films with the polar insulator 

LaAlO3, suppress the polar distortions by removing the surface field in the LNO and restore 

bulk-like Ni-O bonding and metallic conductivity [23]. Here, we exploit the ability to control 

materials composition with atomic layer precision to study the effect of changing a single 

terminating layer of LNO thin films and to elucidate the effect of the surface charge on the 

electronic and structural behavior of films within the electrostatic screening length. For the (001) 

LNO films considered here, this involves choosing between positively charged (LaO)+ or 

negatively charge (NiO2)- terminating layers. We find that films terminated with NiO2 planes are 
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insulating, while films of comparable thicknesses terminated with LaO planes are metallic due to 

an in-equivalence in the structural responses to the direction of the induced surface field. 

II. EXPERIMENT  

The LNO films are grown using oxygen plasma-assisted molecular beam epitaxy on insulating 

AlO2-terminated LaAlO3 (LAO) substrates [23, 24]. NiO2-terminated films are grown by co-

depositing LaO and NiO2. The LaO terminated films are fabricated by first co-depositing LaO 

and NiO2, followed by the growth of a monolayer of LaO with the Ni shutter closed. Film 

thicknesses are calibrated in situ using reflection high energy electron diffraction [29]. LaO and 

NiO2-terminated 3-4.5 uc thick films (a perovskite unit cell (uc) corresponds to a NiO2-LaO 

bilayer) are deposited at a substrate temperature of 590°C in an oxygen plasma environment with 

a partial pressure of 5×10-6 Torr; the films are cooled in the plasma from the growth temperature 

to room temperature to ensure full oxygen stoichiometry. The film thicknesses and surface 

terminations are confirmed ex situ with synchrotron x-ray diffraction measurements. The 

roughness extracted from x-ray reflectivity fits is less than 1 unit cell, in agreement with atomic 

force microscopy measurements. In-plane transport measurements are carried out between 2 K 

and 300 K using the van der Pauw configuration with sputtered Au contacts.  

To determine the atomic-scale structural properties of the LNO films as a function of the 

terminating layer, we perform synchrotron x-ray surface diffraction measurements along 

substrate-defined crystal truncation rods (CTRs). The experiments are performed in vacuum at 

300 K for 3-4.5 uc thick films at the 33ID beamline at the Advanced Photon Source with an 

incident x-ray wavelength of 0.688 Å (18 keV). The diffracted intensities are measured using a 

solid state Pilatus area detector [30, 31]. X-ray absorption measurements of the nickelate films 
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are performed at the oxygen K-absorption edge at the U4B soft x-ray beamline at Brookhaven 

National Laboratory. 

III. RESULTS  

A. Transport Measurements  

The measured resistivity versus temperature curves as a function of film thickness and 

termination are compared in Figure 1. The 3 and 4 uc thick films terminated with NiO2 planes 

show insulating transport behavior, as characterized by an increase in the film resistivity with 

decreasing temperature. In contrast, the LaO-terminated films (3.5 uc and 4.5 uc) are metallic, 

with an order of magnitude lower resistivity and a slight upturn in resistivity below 50 K, 

characteristic of two-dimensional electronic transport [32, 33]. The transport properties of the 

metallic LaO-terminated films are similar to those of heterostructures comprised of 3 uc thick 

LaNiO3 films capped with 6 uc thick LaAlO3 layers [23]. 

One might expect that surface termination would not significantly affect transport properties 

because reversing the polarity of the surface layer should reverse the sign of (i) the screening 

charge, (ii) the electric field distribution, and (iii) the electrostatic forces on the ions and thus the 

polar distortions. Transport in LNO films is controlled by the Ni-O bond lengths and the Ni-O-Ni 

bond angles, which in turn control Ni 3d – O 2p orbital overlap and thus electron motion in the 

lattice [23, 34, 35]. Therefore, reversed polar distortion patterns on an initially centrosymmetric 

structure would be expected to yield the same overall bond lengths and distortions and hence the 

same transport. Since the measured transport behavior differs from this scenario, an unexpected 

and substantive structural difference must be present between the two terminations. Structurally, 

the surface NiO2 layer of the NiO2-terminated film is missing an apical oxygen, while all the 
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NiO2 planes in the LaO-terminated film have full octahedral coordination. The differences in the 

Ni-coordination result in different mechanical boundary conditions for the two film terminations 

which should play a role in constraining the distortions induced by the surface field.  

B. Atomic-Scale Structural Measurements 

The atomic structure is derived from the CTRs using the coherent Bragg rod analysis (COBRA) 

method [13, 29, 36, 37]. The structural results for the NiO2-terminated 3 uc film are in agreement 

with previously reported results showing a surface polar distortion involving relative oxygen 

displacements away from the film-vacuum interface relative to the cation positions [23, 24]. 

Figures 2(a) and 2(b) show slices through the COBRA-derived electron density maps along the 

[1 1 0] and [1 0 0] directions, respectively, for the LaO-terminated 3.5 uc LNO film. For the 

LaO-terminated film, oxygen displacements are observed towards the film-vacuum interface in 

the top two LaO layers in Figure 2(a), leading to a net film dipole moment opposite to that 

observed for the NiO2-terminated film. The opposite dipole moment for the two surface 

terminations is consistent with the opposite signs of the charge of the terminating layer and the 

resulting surface electric fields. The COBRA-derived structures are refined [38] to determine the 

in-plane Ni-O-Ni bond angles. For LaO termination, the average film in-plane Ni-O-Ni bond 

angles are determined from the fit to be 165o± 3o, in agreement with values for bulk LaNiO3 

(165o) [39] and thin LaNiO3 films capped with LaAlO3. For the NiO2 terminated film, the 

measured surface bond angle is 153o ± 5o. 

C. Theoretical Results 

In contrast to the NiO2-terminated film, where polar distortions are observed in both LaO and 

NiO2 planes, the experimental data in Figure 2(b) shows no rumpling of the NiO2 planes for the 
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LaO-terminated film. To explain this discrepancy, we use density-functional theory (DFT) to 

determine the relaxed ground state atomic structures of 3 uc LNO films on LAO substrates for 

both NiO2 and LaO terminations. Calculations use the ab initio supercell plane-wave approach 

with the Quantum-ESPRESSO code package [40, 41], the local density approximation (LDA) 

[42], and ultrasoft pseudopotentials [43]. Additional theoretical details [44, 45] are provided in 

the supplementary materials [29]. This theoretical approach predicts atomic-scale structures for 

nickelate systems that agree quantitatively with experiment [23]. Figures 3(a) and 3(b) show the 

predicted structures for the NiO2 and LaO-terminated films, respectively. Both films exhibit a 

strong rumpling of the cations and anions in the film growth [001] direction. The direction of 

these polar distortions is determined by the direction of the surface field due to the non-zero net 

formal charge of the terminating layers. The net induced dipole moment depends on the surface 

termination and points towards (away from) the substrate for the positively (negatively) charged 

LaO (NiO2) surface. We quantify the magnitude of the polar distortion in each atomic plane via 

the difference in cation and anion z coordinates, i.e. zCation-zO, which is shown in Figures 3(c) and 

3(d) for the two terminations and compared with the experimentally measured values. For the 

NiO2 termination, polar rumpling occurs in both LaO and NiO2 planes, with decaying amplitude 

going in from the surface. In contrast, for LaO termination, the polar displacements are 

significant only in the LaO planes while the NiO2 planes are essentially undistorted. The absence 

of polar distortions in the NiO2 planes for LaO-terminated films creates a bulk-like Ni-O bonding 

environment and explains the enhanced metallic transport measured by experiment, in contrast to 

the intuitively expected symmetric behavior. 

We note that, a critical difference between the LaO-terminated film and films capped with 6 uc-

thick LaAlO3 is that, while a significant surface field exists in the LaO-terminated film due to the 
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polar discontinuity at the film-vacuum interface, the absence of a polar-discontinuity at the 

LaNiO3-LaAlO3 interface removes the field in the LaAlO3-capped films [23]. Hence, no polar 

distortions are observed in the LaAlO3-capped films while the field present in the LaO-

terminated films leads to the observed distortions in the LaO planes. 

IV. DISCUSSION  

The striking aspect of the results in Figures 2 and 3 is how the structure of the NiO2 planes in the 

LaO-terminated films are essentially undistorted, compared to the ~0.23 Å distortion in the 

topmost NiO2 layer of the NiO2-terminated film. An understanding of the inequivalence of the 

electronic transport and atomic-scale structure for the two terminations requires knowledge of 

the mechanical constraints on the bond distortions as quantified by the atomic force constant 

matrix. We compute the interatomic spring constants and find that the largest spring constants 

connect Ni and the apical O along their bond vector. Inclusion of the Ni-O spring constant 

couples the Ni and O displacements: in the case of LaO termination, the force on the surface 

apical O is in the [0 0 1] direction towards the vacuum and is large in magnitude(see the 

Supplementary Materials [29]). Thus, the surface apical O on the LaO-terminated surface pulls 

the Ni below it strongly upwards.  This upward mechanical force counteracts the force on the 

subsurface NiO2 layer due to the near surface electric field (which exerts a downward force on 

the Ni+ ions) resulting in a bulk-like in-plane Ni-O bond angle.  For the NiO2-terminated surface 

where the apical oxygen is missing for the surface NiO2 layer, a mechanical force imbalance on 

the Ni arises from the absence of an apical ion for the topmost Ni ion. The missing Ni-apical O 

bond leads to a reduced mechanical force to counteract the upward motion of the Ni ion induced 

by the surface field, resulting in the observed rumpling of the NiO2 planes. We note that in this 
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perovskite lattice, the stiffest bonds are between the Ni and O while the La ions are weakly 

bonded to the O ions: the loosely bonded La ions can displace easily and this in part leads to the 

large observed rumpling in the LaO planes. However, a purely ionic explanation is incomplete as 

it does not take into account differences in electronic screening for the two terminations.  As 

detailed in the Supplementary Materials [29], the forces on the surface atoms are much larger on 

the LaO-terminated surface than the NiO2-terminated surface prior to relaxation; this 

inequivalent and purely electronic response stems from the presence of the open shell Ni ion on 

the NiO2-terminated surface that permit better screening of the near surface electric field and 

hence weaker forces on the surface atoms when compared to the LaO-terminated surface that is 

composed of closed shell ions.. 

The coexistence of metallicity and polar distortions over many atomic layers is unexpected, since 

mobile carriers can effectively screen imposed fields. In metals where mobile electrons effect 

electrostatic screening, the Thomas-Fermi framework is used to describe the screening response 

of an electron gas to external perturbations. For bulk LaNiO3 with one mobile electron per 

perovskite cell, a simple textbook estimate of the Thomas-Fermi screening length is 1 Å [46]. 

However, the polarization profiles computed by theory in Figure 3 and measured by experiments 

(Figure 2, and in Ref. [23]), point to an enlarged screening length, requiring a generalized 

Thomas-Fermi model. In this model, the additional screening due to the response of the ionic 

sublattice (and associated bound electrons) is taken into account. The ionic response screens an 

imposed external potential such that the mobile carriers see a reduced external perturbation. The 

net effect is to increase the screening length by a factor ε , where ε  is the dielectric constant 

for the insulating ionic sublattice. A reasonable estimate of ε ~ 25  yields a screening length of ~ 

5 Å for LaNiO3, which is in good accord with the above results. The thickness of these films is 



 
 

 
10 

 

thus on the order of the screening length, leading to the coexistence of metallic and polar 

behavior. 

The predicted inequivalence in the polar distortions between terminations should also manifest 

itself as an increased Ni-O orbital overlap for LaO-terminated films. We characterize the effect 

of the surface termination on the Ni-O hybridization by performing x-ray absorption 

measurements at the oxygen K-absorption edge at the U4B soft x-ray beamline at Brookhaven 

National Laboratory. The measured total electron yield spectra for the LaO and NiO2-terminated 

films at 300 K are shown in Figure 4. The incident x-rays are linearly polarized with the 

polarization vector parallel to the sample surface. The intensity of the pre-peak at ~530 eV is 

associated with the degree of Ni 3d–O 2p hybridization, where increased hybridization is 

correlated with increased metallicity [47, 48]. The inset of Figure 4 shows a comparison of the 

pre-peak intensities for insulating NiO2-terminated 3 and 4 uc films and a metallic LaO-

terminated 3.5 uc film. In comparison with the insulating NiO2-terminated films, we find a 25% 

increase in the integrated pre-peak intensity for the LaO-terminated film, consistent with the 

observed metallic transport properties and the increased hybridization expected from the reduced 

polar distortions observed in the atomic structures. We note however, that the reduced surface 

coordination may also contribute to the reduced pre-peak intensity.  

V. CONCLUSION 

In conclusion, we have demonstrated experimentally and theoretically how the surface 

termination of ultrathin nickelate films couples to polar structural distortions, leading to 

significant changes in electronic conduction. We find that 3 and 4 uc LNO films terminated with 

LaO are metallic with polar distortions confined to LaO planes, while 3 uc films capped with 
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NiO2 are insulating with polar distortions occurring in both the LaO and NiO2 planes. XAS 

measurements, synchrotron-based structural measurements, and theoretical calculations show 

that the surface polarization plays a critical role in determining the structural distortions in the 

NiO2 planes and hence the electronic transport. The inequivalent structural response to the 

direction of the surface field may play a role in clarifying the observed differences in the critical 

thickness for metallic LNO films and band properties measured using angle-resolved 

photoemission spectra [27, 28]. Future work should consider the effect of tuning the mechanical 

boundary conditions by the addition of non-polar capping layers. The coexistence of induced 

polar non-centrosymmetric distortions and metallicity within the enlarged screening length of the 

LaO-terminated LNO films provides a general route to induce non-bulk structural distortions in 

nanoscale metallic oxide systems in order to modify and control their macroscopic properties. 

Recent interest in ultra-thin oxide materials as alternate channel materials for device applications 

has arisen due to their inherently high carrier densities, as well as the strong coupling of their 

electronic and magnetic order parameters to structural degrees of freedom [1, 15, 17, 49-52]. The 

ability to use the charge of the surface termination to determine the structural and transport 

properties of ultra-thin oxide films provides a route to switch the properties of correlated oxide 

materials for applications including logic, memory and sensors. In addition, the ability to modify 

the transport properties of thin oxide films by an order of magnitude by the deposition of a single 

atomic layer is expected to have strong implications for aggressive device scaling and for 

nanotechnology device architecture and processing schemes [53]. For example, complex 

circuitry can be achieved by capping regions of an insulating NiO2 terminated film with an 

atomic layer LaO, potentially reducing additional processing steps for electrode fabrication. 
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Figures 

.  

Figure 1: Temperature dependent transport measurements for LaNiO3 films as a function 
of surface termination and film thickness (a perovskite unit cell (uc) corresponds to a NiO2-
LaO bilayer). Films terminated with LaO (solid curves) are metallic, and films terminated 
with NiO2 (squares) are insulating. 

 

 

Figure 2: Vertical cuts through experimentally determined COBRA-derived electron 
density maps along (a) [1 1 0] and (b) [1 0 0] directions for a 3.5 unit cell thick LaNiO3 film 
terminated with LaO. The horizontal lines indicate the centers of mass in the vertical 
direction of the cation and anion positions. 



 
 

 
14 

 

 

Figure 3:  Theoretically predicted structures for (a) 3 uc NiO2 and (b) 3.5 uc LaO-
terminated LaNiO3 films epitaxially strained to LaAlO3 substrates. The blue arrows 
indicate the direction of the surface fields due to the nominal charge of the termination 
layer. The red arrow indicates the direction of the mechanical force exerted by the apical 
oxygen on the Ni ion below it. Layer-resolved cation-anion displacements are shown for (c) 
NiO2 and (d) LaO-terminated films. The film-substrate interface is at z=0. Positive 
displacement indicates cation movement towards the vacuum compared to oxygen in the 
same layer. The solid lines are shown as a guide to the eye. Experimentally measured 
displacements are shown as open symbols. 
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Figure 4: Oxygen-K edge absorption spectra for 3.5 uc (LaO terminated) and 3 uc (NiO2-
terminated) thick LaNiO3 films grown on (001) oriented LaAlO3 substrates. The inset 
shows a comparison of the pre-peak intensities for 3-4 uc LNO films. The surface 
terminations are indicated in parenthesis.  
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