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Abstract: The understanding of the origin of a two-dimensional electron gas (2DEG) at the surface
of anatase TiO, remains a challenging issue. In particular, in TiO, ultra-thin films, it is extremely
difficult to distinguish intrinsic effects, due to the physics of the TiO,, from extrinsic effects, such
as those arising from structural defects, dislocations, and the presence of competing phases at the
film/substrate interface. It is, therefore, mandatory to unambiguously ascertain the structure of
the TiO, /substrate interface. In this work, by combining high angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM), density functional theory calculations, and
multislice image simulations, we have investigated the nature of strainless anatase TiO, thin films
grown on LaAlOj3 substrate. In particular, the presence of oxygen vacancies in anatase TiO, has been
proved to stabilize the formation of an extra alloy layer, Ti; AlOy4, by means of interface rearrangement.
Our results, therefore, elucidate why the growth of anatase TiO, directly on LaAlOj3 substrate has
required the deposition of a TiOx extra-layer to have a 2DEG established, thus confirming the
absence of a critical thickness for the TiO; to stabilize a 2DEG at its surface. These findings provide
fundamental insights on the underlying formation mechanism of the 2DEG in TiO, /LAO hetero-
interfaces to engineer the 2DEG formation in anatase TiO, for tailored applications.

Keywords: anatase TiO,; 2DEG; oxygen vacancies; heterointerfaces; aberration-corrected scanning
transmission electron microscopy; DFT calculations; image simulations

1. Introduction

Over the last decades, novel phenomena and functionalities at artificial heterointer-
faces have been attracting extensive interest in both materials science and fundamental
condensed matter physics. Thanks to the considerable advancements in thin-film growth,
the electrostatic boundary conditions at oxide surfaces and interfaces can be used to epitax-
ially design artificial heterointerfaces with atomic precision, to form new electronic phases,
or novel low-dimensional states usually inaccessible in the bulk oxides. Two-dimensional
free-electron gases (2DEG) [1,2] ferromagnetism between two non-magnetic materials [3,4]
and interface electronic reconstruction [5] are prominent examples of exotic phenomena
emerging at heterointerfaces between oxide layers with properties differing from either
constituent, thus suggesting new possible platforms for a future generation of technological
applications [6]. In this regard, understanding the physical mechanisms responsible for
the formation of a 2DEG at the surface of insulating oxides or at their interface remains
one of the most challenging issues. For instance, in the case of SrTiOs-based interfaces,
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many reports have, indeed, pointed towards the building of an internal electrical potential
as a mandatory condition to drive the formation of the 2DEG. Such a scenario appears to
be confirmed by the existence of a threshold thickness of the oxide layers as the onset of
the highly conductive state [7,8]. However, alternatively, extrinsic mechanisms attributed
to local structural imperfections (mainly oxygen vacancies) have been suggested to be
responsible for the arising of the 2DEG, with no need of a critical thickness [9-11], thus still
leaving the debate open. This is also the case of anatase TiO,. Some reports point to a three-
dimensional character of the TiO, surface [12], while others support a two-dimensional
nature [13,14] or the coexistence of both 2D and 3D characters [15], similar to other oxide
systems. Having access to a very high-quality single-unit-cell (and sub-unit-cell) layer of a
given material is the only way to provide conclusive evidences on the dimensionality issue.

In this framework, very recently, some of the authors have demonstrated that no
critical thickness is required to stabilize the 2DEG at the anatase TiO; surface and implying
its purely 2D nature after optimization of the synthesis process, which demands the use
of a functional buffer layer of LaNiO; [16]. However, the growth of anatase TiO, directly
on LaAlOj; substrate has required the deposition of a TiOx extra-layer to have a 2DEG
established, thus questioning the validity of the scenario in which no critical thickness is
required [16].

In the present work, we provide an in-depth investigation of the film/substrate inter-
face of anatase TiO, thin films grown on LAO (001) substrates by pulsed laser deposition
(PLD). By resorting to spherical aberration-corrected scanning transmission electron mi-
croscopy (STEM) high angle annular dark field imaging (HAADF) complemented by
multi-slice simulations based on relaxed structures obtained from ab initio calculations,
we determined the intrinsic structure of the TiO, /LAO interface. With our approach, we
validated a new model which strongly relies on the fact that the intrinsic reduced nature of
TiO; anatase films, demonstrated in our previous work [17], is prone to stabilize a Ti; AlO4
alloy in the very initial layers of the film, as a result of the competition between the struc-
tural parameters of the two interfacing oxides. To the best of our knowledge, no previous
report considered the presence of an oxygen-deficient anatase structure to describe the
formation of a new phase near the film/substrate interface. By means of density functional
theory (DFT) calculations on oxygen deficient structures, we relate the evolution of the
interfacial structure to the ionic relaxation at the interface. The identification of an alien
chemical/structural phase at the very initial stage of anatase TiO, growth, though confined
in a single-layer-thick region at the film/substrate interface, further confirms the truly 2D
nature of the 2DEG in anatase TiO, and the absence of a critical thickness as the origin of
its occurrence.

2. Materials and Methods
2.1. Thin-Film Growth

Anatase TiO, thin film was grown by pulsed laser deposition (PLD) technique at the
APE-IOM laboratory (NFFA facility, Trieste, Italy) [18-22]. TiO; single crystal of rutile phase
was ablated using a KrF excimer pulsed laser with a repetition rate of 3 Hz and an energy
density of roughly 2 J/cm?. The growth temperature of the substrate was kept at 700 °C
and the oxygen partial pressure was maintained at 10~% mbar. Annealed samples were
maintained at the growth temperature for 10 min in ultra-high vacuum (~10~7 mbar) [23].

2.2. HRTEM and HAADF STEM Experiments

Cross-sectional TEM samples were prepared by conventional polishing technique
followed by dimpling and ion milling performed by a precision ion polishing system (PIPS).
The JEOL 2010 UHR field emission gun microscope was used to acquire high-resolution
TEM (HRTEM) images at 200 kV with a measured spherical aberration coefficient Cs of
0.47 £ 0.01. The sample was tilted to the [010] zone axis to align the film growth direction
perpendicular to the electron beam direction.
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Aberration corrected Scanning TEM (STEM) analyses were performed on a cold field
emission type Cs probe corrected ARM-200 CF, JEOL Ltd. operating at 200 kV with a
convergence angle of 24 mrad. The inner and outer detection angles of the HAADF detector
were 68 and 185 mrad, respectively. The sample was oriented to the [010] axis of the thin
film and the fast-scanning direction was oriented perpendicular to the interface.

2.3. DFT Calculations

To benchmark the pseudopotentials, first the bulk properties, such as equilibrium
lattice parameters and electronic bandgaps, were calculated within accepted accuracy. With
the optimized lattice parameters, surface-cells were built along the required directions
for both the phases of the hetero-structures. Two types of terminations were considered
for LAO substrate, e.g., AlO; and LaO terminations for the [001] LAO substrate. The
interface model was relaxed using first-principle approaches within the scope of DFT
in order to confirm experimental observations theoretically. The DFT calculations have
been performed using the Quantum Espresso [24] code using the Perdew—Burke-Ernzerhof
(PBE) exchange-correlation functional [25] as incorporated in the ultrasoft pseudopotentials.
The valence electron configuration for the La, Ti, Al, and O atoms were 5505p15d26so6p1,
3593p'3d? 4s°, 3s"3p!, and 25s°2p!, respectively. For the optimization of the heterostructure
models, the plane-wave wavefunctions cutoff and the charge-density cutoff were set as
35 Ry and 210 Ry, respectively. The ionic positions and the lattice parameters were relaxed
using the BFGS (Broyden-Fletcher-Goldfarb—Shanno) algorithm until the forces on each
atom were converged below 1 m eV/ A (1.6 x 10712 N) for the bulk calculations. All atoms
of the slabs were fully relaxed until the force on each atom reached less than 0.01 eV/ A
(1.6 x 1071 N).

2.4. STEM-HAADF Image Simulation

Multislice calculations were used to simulate STEM-HAADF images from the DFT
relaxed structures to match the experimental observation. The QSTEM [26] software was
used to perform frozen phonon calculations with the same parameters as of the experiment:
200 kV acceleration voltage, 24 mrad convergence angle, 0.005 mm Cg, 0.8 eV energy-spread
(dE), and —4.3 nm defocus with a total of 15 phonon configurations. The slice thickness of
the model with 19 nm thickness along the electron beam direction was chosen 1.9 A. Like
in the experiment, the interface structure was oriented along viewing direction [010].

3. Results and Discussions

In Figure 1a, a representative cross-sectional bright-field TEM image of the TiO,/LAO
heterostructure taken in the [010] zone axis of the substrate is shown. The TiO, film has a
good crystalline quality and shows the typical modulated structure of the reduced anatase
structure reported in earlier works [17,27,28]. The TiO, /LAQO interfaces appear sharp and
atomically flat. The corresponding selected area electron diffraction (SAED) pattern shown
in Figure 1b indicates very good crystalline matching between the TiO; film and the LAO
substrate with a TiO, (001)|| LAO (001) epitaxial relationship.

To gain more insight into the atomic structure of the TiO, /LAO interface, we per-
formed advanced STEM-HAADF experiments with a Cs-corrected microscope, since
HAADF provides the atomic sites of heavy elements, which enable us to visualize oxide
interfaces [29-31]. A representative STEM-HAADF image of the TiO, /LAO heterostructure
is shown in Figure 2a. The predominant signal in the film comes from the typical dumbbell
structure of TiO, anatase, while the signal of the substrate is dominated by the heaviest
La ions (labels are superimposed to the image for ease of visualization). In Figure 2b, an
enlarged view of the interface region is provided and marked with a cyan-colored dashed
box. The atomic stacking in the vicinity of the interface is strikingly different from both
the substrate and the film. This can be better appreciated from the magnified image of
Figure 2b, where extra atoms (marked with white arrows) can be identified with a relative
distance of half of the unit cell of anatase along the [100] direction.
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Figure 1. (a) Cross-sectional TEM image of the TiO, /LAO interface. (b) The SAED patterns at the
TiO, /LAO interface correspond to [010] zone-axis.
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Figure 2. (a) A cross-sectional STEM-HAADF image of the interface TiO; /LaAlO3 viewed along the
[010] direction. Green, blue, and yellow solid circles indicate La, Al, and Ti columns, respectively.
(b) The interface is marked by a dashed cyan-colored box pointed with cyan arrows. The white
arrows point at the extra atoms at the first interfacial layer.

According to the general strategy reported in the literature [32], we evaluated the pos-
sibility of a TiO; on AlO;- and LaO-terminated LAO substrate to reproduce the interfacial
structure of our experimental data. In both cases, we cannot reproduce the presence of
extra spots that are clearly evident in our experimental data, as well as in the reported
literature [33]. We, therefore, evaluated the possibility of other structural phases based
on the element present at the film/substrate interface and spacings compatible with the
experimental data. Among these, a good candidate is represented by Ti, AlO,, which has
lattice parameters of a = 5.66 A, b =6.08 A, and c = 8.13 A for the conventional unit-cell
belonging to the ‘Imma’ (74) Hermann Mauguin space-group [34]. Moreover, since the
2DEG is known to occur in O-deficient anatase [16], we performed DFT calculations starting
from an O-deficient anatase structure and considering two different possible interfacial
terminations of the LAO substrate, namely AlO, and LaO. All the parameters used for the
calculation are provided in the materials and methods section.

At first, to identify the interfacial termination of LAO substrate, the bulk unit cells
of LAO and Ti;AlO4 were relaxed using DFT as implemented in the Quantum Espresso
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software suite [24]. With the optimized coordinates, surface slabs were built along [001]
and [110] for LAO and Tip AlOy, respectively. The lattice parameters for the (2 x 2) LAO
[001] surface slab were optimized to be a =b =7.55 A and those for (1 x 1) TipAlOy4 (110)
were optimized to be a = 8.13 A and b = 8.31 A. For building the surface slab, surface energy
convergence was tested against the surface slab thickness to ensure bulk-like behavior
for the substrate. To mimic the atomic stacking of the experimental image of Figure 2b,
at first, a two-layer surface slabs were built by seven layers (2 x 2) LAO (001) and five
layers of (1 x 1) TipAlO4 (110) with two types of LAO surface terminations: AlO; and
LaO termination. For building this heterostructure, (1 x 1) Ti;AlO4 (110) was strained to
twice the substrate lattice parameter of a = b = 7.55 A. In Figure 3, two types of substrate
termination models for the unrelaxed configurations are shown for TipAlO4 (110) on LAO
(001). Among these two models, the most favorable termination is found to be AlO; by
calculating the interface formation energy [32], although the formation energies of the two
types of terminations are almost identical. By visual cues from the HAADF contrast of
Figure 2b, it was confirmed that the termination is indeed AlO, termination.

OlLa
' ! OTi

e PYSEYS |OA
di &G—0— 8 = ° O

Figure 3. (a) A schematic of the unrelaxed AlO; terminated-LaAlO3 (001)/Tip AlO4 (110) is shown;
(b) schematic of the unrelaxed LaO terminated-LaAlO3 (001)/Ti; AlO4 (110). The legends for the
atom types are given in the inset.

Based on these optimized bilayer models, a tri-layer supercell was then created to
match experimental observation (Figure 4) by stitching pure anatase (without oxygen
vacancies) TiO; and O-deficient anatase TiO; to one monolayer of (1 x 1) Ti;AlOy4 (110)
on AlO;-terminated LAO (stackings are described from the top of Figure 4). The model
configurations were built along the [001] direction with seven atomic layers of LAO, one
monolayer of TipAlO4 and nine layers of anatase TiO,. These layer thicknesses were
sufficient to represent the bulklike properties. The DFT-relaxed interfaces of Ti; AlO,/pure-
TiO; and Tip AlO4/O-deficient-TiO, are shown in Figure 4a,b, respectively. The red arrows
in Figure 4a,b show the force vectors due to DFT relaxation. The positions of random
oxygen vacancies within the O-deficient TiO, structure are shown with magenta arrows
in Figure 4c. By comparing Figure 4a,b, it is observed that the creation of the O-vacancy
affects the interface rearrangement differently. The different directions of force vectors
acting at the alloy layer give rise to different equilibrium distances in the interface region.
The equilibrium interface layer spacings between extra-layer TiyAlO, and TiO; are 3.1 A
and 2.1 A for the configurations in Figure 4a,b, respectively. To check the structural stability
of such a heterostructure, we further calculated the interface adhesion energy [32], which
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confirms that the heterostructure model of Figure 4b is dynamically more stable than
the pure anatase model (Figure 4a). In addition, the force acting on atoms (red arrows)
presented in Figure 4b shows that the region near the interface (marked with the magenta-
colored dashed box) favors bonding with O-deficient TiO;.
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Figure 4. Relaxed structures of the (a) AlO;-terminated LaAlO3/Tiy AlO4/pure-TiO; and (b) AlO,-
terminated LaAlO3/Tiy AlO,/O-deficient-TiO; is shown. The red arrows in (a,b) show the force
vectors due to DFT relaxation. (c) Schematic of the O-deficient-TiO, structures, where the sites of V,

(blue circles) are shown with magenta arrows.

In order to compare the interface models with the experimental evidences, STEM-
HAADF simulations were performed for both these (Figure 4) geometry-optimized struc-
tures using QSTEM software [26]. The optimized coordinates were repeated along the
electron-beam direction to create a model thickness of 19 nm, consistent with previ-
ously calculated model thickness [17]. The simulated STEM-HAADF images of AlO,-
terminated LaAlO3 /Tip AlO4/pure-TiO; and LaAlO3/Tip AlO4 /O-deficient-TiO; are shown
in Figure 5a,b, respectively. The interfacial extra layer, Tip AlO, is marked with arrows in
Figure 5. The measured spacings between the extra Tip AlO, layer and TiO; film (marked
with cyan-colored dotted box in Figure 5a—c) are 3.1 A (Figure 5d), 2.2 A (Figure 5e) and
2.3 A (Figure 5f), for Figure 5a—c, respectively. This indicates that the LaAlO3/Tip AlO;/O-
deficient-TiO, model is in a very good agreement with the experimental image presented
in Figure 5c. Our results provide strong evidence that the oxygen vacancies in TiO, play a
crucial role in stabilizing the alloy Ti; AlO4 layer at the interface between film and substrate.
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Figure 5. Simulated STEM-HAADF image along the [010] zone axis of (a) AlO,-terminated
LaAlO3/TipAlOy/pure-TiO; and (b) AlO,-terminated LaAlO3/Tip AlO4/O-deficient-TiO, is shown.
(c) An experimental STEM-HAADF image along the [010] zone axis of the heterostructure is shown;
the arrows in (a—c) denote the position of the interface alloy layer. (d—-f) Corresponding line profiles
taken from the dashed rectangular regions are shown.

4. Conclusions

In summary, we have explored the interface structure of a TiO, /LAO heterointerface
using combined STEM-HAADF imaging, multislice image simulations, and DFT calcula-
tions. The atomically resolved STEM-HAADF image acquired with aberration-corrected
TEM provides clear evidence of the presence of the extra layer at the very initial stage
of TiO, growth on the LAO substrate. Our studies confirm that the presence of oxygen
vacancies in the anatase TiO, assists the formation of the extra alloy layer (TipAlO4) by
means of interface ionic relaxation. The identification of the alloy layer at the very initial
stage of anatase TiO, growth confined in a single-layer-thick region at the film/substrate
interface further confirms the truly 2D nature of the 2DEG in anatase TiO;. Furthermore,
our study also demonstrates that the quality of the anatase TiO; film depends on oxygen
stoichiometry, which can be controlled to tune the functional properties and the emergent
behavior of the heterointerface.
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