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Abstract

The formation of two-dimensional oxide dodecagonal quasicrystals as well as related com-
plex approximant phases were recently reported in thin films derived from BaTiO3 or SrTiO3
perovskites deposited on (111)-oriented Pt single crystal. Here, we use an all-thin-film ap-
proach in which the single crystal is replaced by a 10 nm thick Pt(111) buffer layer grown
by molecular beam epitaxy on an Al,O3(0001) substrate. An ultra-thin film of SrTiO3 was
subsequently deposited by pulsed laser deposition. The film stacking and structure are fully

characterized by diffraction and microscopy techniques. We report the discovery of two new



complex phases obtained by reduction of this system through high temperature annealing un-
der ultrahigh vacuum conditions. The formation of a new large square approximant with a
lattice parameter equal 44.4 A is evidenced by low-energy electron diffraction and scanning
tunneling microscopy (STM). Additionally, a new 2D hexagonal approximant phase with a
lattice parameter of 28 A has been observed depending on the preparation conditions. Both
phases can be described by two different tilings constructed with the same basic square, trian-
gle and rhombus tiles possessing a common edge length of about 6.7 A. Using the tiling built
from high resolution STM images, we propose an atomic model for each approximant which
accounts for the experimental observations. Indeed, the STM images simulated using these
models are found in excellent agreement with the experimental ones, the bright protrusions
being attributed to the topmost Sr atoms. In addition our theoretical approach shows that the
adhesion of the oxide layer is rather strong (-0.30 eV/A?). This is attributed to charge transfer,
from most electropositive elements (St and Ti) to most electronegative ones (Pt and O), and to
hybridization with Pt-states. Density of states calculations indicate differences in the electronic
structure of the two approximants, suggesting different chemical and physical properties. This
all-thin-film approach may be useful to explore the formation of complex two-dimensional

oxide phases in other metal-oxide combinations.

Introduction

Ternary oxides with perovskite structures ABO3 have two cationic species (A, B) that can be se-
lected among transition metals, simple metals, rare earths or even alkalis.'~* So many possible as-
sociations result in a large class of materials exhibiting various properties, from superconductivity
to colossal magnetoresistance, from metal-insulator transitions to two dimensional (2D) electron
gases. '>* When synthesized in the form of thin layers, new phenomena may appear related to the
two dimensional nature of the structure.® In addition, when these ultrathin layers are supported
on a metal, it becomes possible to more precisely control the stoichiometry of the films and their

oxygen vacancy concentration compared to an all-oxide system, because interdiffusion phenom-



ena at the interfaces are largely suppressed.>® The metallic substrate can also be used to modify
the formation, structure and properties of the films, modifying the stress magnitude and the charge
transfer at the interface. This is a rapidly growing field that has revealed the existence of new
2D oxide phases whose structures have no equivalent in bulk form.> These ultrathin reduced oxide
layers are 2D materials that can be described most often from a few elementary tiles, such as MeOy4
squares (Me: a metal) or MeOs triangles. These tiles can be assembled together to pave the plane
in different ways and form structures of various complexities. The understanding of the formation
principles of such phases and the structure properties relationships are a subject of active research.

The report by Forster et. al. of a 2D oxide with a quasiperiodic structure and 12-fold rotational
symmetry certainly represents the ultimate complexity in this material class.” Quasicrystals are
long-range ordered materials that lack translational periodicity and exhibit classically forbidden
rotational symmetries, like 5-, 8-, 10-, or 12-fold rotational symmetries.8 They have been discov-
ered in many intermetallic binary and ternary systems and also in soft matter. The report by Forster
et. al. was the first example of a quasicrystalline oxide.” This 2D oxide quasicrystal (OQC) was
obtained by reduction of a BaTiOj3 thin film grown on Pt(111). First, a few nanometer thick con-
tinuous BaTiOs film is grown by magnetron sputtering or by molecular beam epitaxy (MBE) on
a Pt(111) single crystal substrate. Annealing the sample in an oxygen partial pressure at 900 K
leads to a dewetting of the oxide film and the formation of isolated BaTiO3 3D islands on the bare
Pt(111). A subsequent annealing at 1020 K under ultrahigh vacuum (UHV) leads to a re-wetting
of the surface where a 2D layer coming from the edges of the islands covers the entire Pt(111)
surface. When annealing at higher temperatures (above 1170 K), a 2D OQC structure develops
between the oxide islands. The process is reversible, meaning that the 2D quasicrystalline film de-
cays when annealed again in an oxygen partial pressure at 900 K, transforming back into isolated

crystalline BaTiOj3 islands on the bare Pt (111) substrate.?

The quasiperiodic nature of this oxide thin film was evidenced by low-energy electron diffrac-

tion (LEED) pattern exhibiting 12-fold rotational symmetry and by high-resolution scanning tun-



neling microscopy (STM) images showing bright protrusions located at the node of the so-called
Niizeki-Gihler tiling (NGT tiling), the archetype dodecagonal tiling.'? This tiling paves the plan
with three different tiling elements - equilateral triangles, squares and 30° rhombuses - appearing
in specific ratio 2.73: 1: 0.37 (the number of triangles relative to the number of squares and of
rhombuses). Later, Schenk et al. also reported the formation of a similar OQC at the interface of
a SrTiO3 (STO) thin film grown on the same (111)-oriented Pt substrate,!! suggesting that OQC

formation could be extended to different metal-oxide combinations.

Besides formation of quasiperiodic phases, related periodic phases presenting similar atomic
arrangements on a local scale were observed. !> These structures are called approximants and
can be described from the same tiling elements as for the quasicrystal but with different tiling
element ratio. Approximant phases can exhibit physical properties similar to those of the parent
quasicrystal with the advantage that they may be easier to study theoretically, since all of the meth-
ods established for periodic crystals may be applied to them.!? In the STO/Pt(111) system, only

one approximant has been reported, with an oblique unit cell formed by 36 tiling elements. !!

The vast configurational space generated by the numerous combinations of perovskites and
metal support is expected to lead to a wide range of attractive properties, as it has recently been
demonstrated in the case of the sigma-phase. ! However, the number of ABO3/Me(111) couples
experimentally investigated so far is still very limited. Here, we report an all-thin-film approach
to investigate ABO3/Me(111) systems in a more versatile and less expensive way than using sin-
gle crystal metal substrates. We investigate this possibility by growing a Pt(111) buffer layer on
Al,O03(0001) substrate by MBE, on which we grow SrTiOj3 thin film by pulsed laser deposition
(PLD). The thin film stacking architecture is presented in a schematic in Figl (a). By using STM
and LEED, we identify two new approximant phases, one with a giant square-like unit cell and
another with a large hexagonal structure, both obtained after oxidation-reduction cycles of the

thin film stacking. Both phases are described from the same tiling elements than the previously



observed OQC and monoclinic approximant, but assembled in different ways. Using the tiling

decoration proposed by Cockayne et al.,

a structure model is constructed for both phases. Sim-
ulated STM images based on density functional theory (DFT) calculations are found in excellent
agreement with the experimental data. Contrary to the literature, ! the results indicate that the
STM contrast mainly originates from Sr atoms slightly protruding above the mean surface plane.
Total energy calculations show that the adhesion of the oxide layers are similar for the square and
hexagonal complex structures, attributed in both cases to electronic interactions - charge trans-
fer and hybridization - between the adlayer and the substrate. This is consistent with the trends
between the adhesion energies and electronic factors, already identified for other types of oxide

adlayers on metal substrates. '+

Experimental and theoretical details

Sample fabrication

The sample fabrication was performed in two different UHV chambers interconnected by an UHV
tube, both chambers being equipped with a reflection high energy electron diffraction (RHEED)
setup. First, 10 nm of Pt were grown by molecular beam epitaxy (MBE) on a Al,O3(0001) sub-
strate (SurfaceNet GmbH) previously degassed at 1173 K in UHV for 15 minutes. The Pt growth
was performed at a substrate temperature of 673 K (pressure < 10~ mbar). Then, 0.8 nm of STO
were deposited by PLD on the Pt buffer layer using a KrF excimer laser (248 nm) at 1 Hz pulse
repetition and a fluence of 0.4 J/cm?. XRD characterizations were performed with a MRD X’Pert
Pro diffractometer in a Bragg-Brentano configuration, using Cu K, radiation (A = 1.54056 A).
Another sample was used to analyze the film in cross-section by transmission electron mi-
croscopy (TEM). For that purpose, a 10 nm thick STO film was grown on a 10 nm Pt buffer layer
deposited on Al,O3(0001) substrate. The Pt buffer layer was enriched with a 1 nm thick Ti layer
followed by an annealing at 1073 K to promote intermixing. According to the literature, it facil-

t‘18

itates the epitaxial growth of STO with (111) orientation on Pt.'® However, all phases reported



here were observed independently of the presence or not of this Ti layer and had no observable
effects. An electron-transparent lamella was prepared in a cross-sectional view by a focused ion
beam scanning electron microscope (FIB-SEM; Helios NanoLab 600i dual beam system, Thermo
Fisher Scientific, previously FEI company, Eindhoven, The Netherlands). Prior to the lamella
preparation, a 30 nm thick carbon layer was deposited on the sample in order to protect the surface
layer during the FIB lamella preparation. The experimental high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images were recorded, to directly assess the
atomic structure and orientation relationship, using a probe Cs-aberration-corrected TEM (JEM-
ARM 200CF; JEOL, Tokyo, Japan) operated at 200 keV, with a spatial resolution in STEM mode
of 0.08 nm. The atomically-resolved STEM images were processed using an Average Background
Subtraction Filter (ABSF)!® to reduce the contributions from amorphous phases. The collection

semi-angle for the HAADF detector was set between 68—280 mrad.

Surface characterization

The STO films are stable under ambient conditions, which allowed sample transfer through air
to a different UHV system in which oxidation and reduction cycles were performed followed by
in situ surface characterizations using low energy electron diffraction (LEED), room temperature
scanning tunneling microscopy (STM) and x-ray photoemision spectroscopy (XPS).

After re-entering the samples in UHV, an annealing in 1 x 10~ mbar of O, at 900 K was performed
to remove surface contamination induced by the transfer as confirmed by XPS. The reduction step
consists in further annealing of the film stacking to higher temperatures (> 1123 K) and under UHV
conditions (< 1078 mbar). The temperature was monitored with a pyrometer with the emissivity

set to 0.8. STM images were processed with the WSxM software. 2’

Computational details

All calculations were performed with Density Functional Theory (DFT) using the Vienna ab ini-

tio simulation package (VASP)?!-23 combined with the Atomic Simulation Environment (ASE).?*
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Spin-polarised calculations were performed with plane-wave basis set and projector-augmented
wave (PAW) method, 22 using the optPBE functional.?”?8 The following electrons were treated
explicitly: 4525p%6s% (Sr), 2522p* (0), 35*3p®4s23d* (Ti), 5d°6s' (Pt). The strong on-site Coulomb
interaction of localized electrons was treated through the GGA+U approach,? using U(Ti) =
1.0 eV.3%3! This value has been chosen because it provides a good agreement with theoretical
quantities calculated using the hybrid HSEO3 exchange correlation potential, as demonstrated
recently in the case of an oxide layer with the honeycomb structure supported on a metal sub-

strate.30-32

The one-electron Kohn-Sham orbitals were expanded in a plane-wave basis set with a
kinetic energy cutoff of 500 eV. Total energies were minimised until the energy differences were
less than 107 eV between two electronic cycles. The reciprocal space integration was sampled at
the I'-point for total energy calculations. The partial occupancies have been considered within the
Methfessel-Paxton scheme with a smearing equal to 0.2 eV. A thinner k-point grid (2x2x 1) was
used for the DOS (Density of States) calculations for the hexagonal structure (surface cell 28.20
A x 28.20 A). This set-up gives cohesive energies and lattice parameters of bulk systems in good
agreement with the experimental data. !4

The ultrathin oxide (UTO) films supported on Pt(111) have been built using 4-layer thick asym-
metric slabs consisting of three Pt(111) layers and one oxide-layer. The outmost bottom layer of
the Pt substrate was kept fixed, while all other layers were allowed to fully relax in all directions,
using the Conjugate Gradient Algorithm, until all forces were less than 0.1 eV/A. Adjacent slabs
(along the surface normal direction) were separated by a 15 A thick vacuum layer and a dipole
correction was applied to cancel the artificial electric field that develops due to imposed periodic
boundary conditions in surface normal direction. The average charges on each atom were calcu-
lated using the Bader approach,3? using the code distributed by the Henkelman group.3*>7 The
STM images were calculated using the Tersoff-Hamman approximation.3®3° Charge deformations
were calculated by the difference pyro/p; — Ppt — PuTo, Where pyro/p. Ppe and pyro are the
charge densities of the UTO/Pt(111) slab, Pt(111) slab and UTO free standing layer, respectively.

Structures and STM images were plotted using the VESTA and p4vasp softwares, respectively.



The formation enthalpies are given by
. N 2
AHf = E(PtWSI'XleOZ) —wEcon (Pt) — xEcoh(Sr) —yEcon (Tl) — E[Joz (1)

where E and E, are total and cohesive energies, respectively and (o, is the chemical potential of

dioxygen. Adhesion energies are calculated using
E.an = E(UTO/Pt) — E(UTO) — E(Pt) 2)

where E(UTO/Pt), E(UTO) and E(Pt) are the total energies of the supported UTOs, the ideal
freestanding UTOs and the Pt(111) substrate, respectively. A single point calculation, without any

geometry optimization, has been performed to evaluate E(UTO) and E(Pt).

Results and discussion

Thin films stacking

The film structure was probed in situ at the different stages of the sample fabrication by RHEED.
Fig.1 (b) presents the RHEED patterns along the [1120]4},0, and [1010]a1,0, directions, starting
with the diffraction pattern of the clean substrate. After Pt deposition at 673 K, the RHEED pat-
tern exhibits sharp elongated streaks repeated every 60° confirming a 6-fold surface symmetry of
the epitaxial thin film. Blue arrows indicate the matching of the streaks after the film deposition.
The next RHEED patterns are obtained after growing the STO film on the Pt buffer layer at 1073
K. The spotty pattern indicates that the STO ultra thin film is (111)-oriented with the presence of

surface islands when grown on the Pt(111) surface.

A high resolution X-ray diffraction (HRXRD) ® — 26 measurement of the Pt film grown on

Al,O3 (0001) substrate is shown in Figure 1(c). The substrate reflections are clearly observed along
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Figure 1: (a) Sample architecture consisting in a thin film stacking configuration. (b) RHEED
patterns: before film growth; after deposition of 10 nm of Pt; after deposition of 0.8 nm of STO.
(c) HRXRD w — 28 scan of the Pt buffer layer growth on an Al,03(0001) substrate and the XRD
@-scans along the reflection planes {220} and {119} of the Pt film and the substrate respectively.

with the hhh reflections of the Pt. No reflections from other planes are present indicating that Pt
is well (111)-oriented. Laue oscillations on both sides of the Pt(111) and Pt(222) reflection peaks
suggest good crystallinity and high interface quality. Figure 1(c) also shows the ¢-scan of the Pt
film and substrate measured using the reflection planes {220} and {119} respectively. Six peaks
separated by 60° for both, substrate and film, are evidence of the six-fold symmetry and moreover
the epitaxial growth of Pt(111) on the Al,O3(0001) substrate. These RHEED and HRXRD results
confirm the epitaxial relationships:

(111)p¢ || (0001)aL,05 5 [011]p¢ [|[1010]a10, and (111)s;Tio, || (111)py.



Figure 2(a) shows an HAADF-STEM image of the thicker sample previously mentioned. The
FIB lamella was cut perpendicular to the [1010] AL 0, direction. The measured thickness of the
buffer layer is about 12 nm and that of the SrTiO3 film is 10 nm, in agreement with expected
values. The interfaces at both Pt/Al,O3 and Pt/SrTiOj3 are relatively sharp. Due to the slight thick-
ness difference of the projected layers along the viewing direction and the resulting variation in
corresponding focal planes, the atomic structure of each layer could not be observed simultane-
ously in one image. Instead, atomically resolved ABSF-filtered HAADF-STEM images are shown
at their corresponding zone axes [1010] Al,03» [110]p; and [110]s;Tio, respectively. Various crys-
talline grains are present in the SrTiO3 layer, corresponding to different variants, '3 whose average
grain size lies at around 15 nm.

For determining the orientation relationship between the Pt and STO layers and inspecting the
interface quality, the STEM imaging was carried out at the interfacial region with atomic resolu-
tion. Fig 2(b) presents an HAADF-STEM image of the Pt/STO interfacial region. The Pt and STO
layers are viewed along the [110]p; and [110]s,1i0, zone axes, respectively. The corresponding
superimposed structural models of Pt and STO are in good agreement with the underlying atomic-
resolution STEM image. The atomically-sharp interface is present between the Pt layer and the
STO thin film. The fast-Fourier transform (FFT) pattern calculated from the dotted marked region
on the HAADF-STEM image is shown in Fig 2(c). Some of the spots on the FFT pattern are
assigned to the Pt and STO atomic planes. The analysis confirms that the (111)Pt lattice planes

are parallel to (111)STO planes. The orientation relationship deduced from the FFT pattern is

(111)p[1107p¢ || (111)sr1i04[110]srTi0;-

Experimental investigation of the SrTiOs-derived square approximant

Figure 3 (a) shows the LEED pattern of the surface of the STO(0.8 nm)/Pt(10nm)/Al,O3(0001)
sample after degassing to remove air contamination. At 50 eV the diffraction pattern reveals a well

(111)-oriented STO film (diffraction spots marked in orange) epitaxially grown on the Pt(111)

10



Figure 2: (a) HAADF-STEM image showing the thin film stacking, consisting of Al,O3 sub-
strate, ~ 12 nm Pt buffer layer and ~ 10 nm SrTiO3 thin film. The atomically-resolved HAADF-
STEM images of each layer are shown on the right at their corresponding zone axes of [210]41,05,
[110]p¢ and [110]sT0, respectively. (b) Atomically resolved ABSF-filtered HAADF-STEM image
of the Pt/STO interfacial region with the superimposed structural models viewed in the [110]p; and
[110]sTo zone axes, respectively. Pt, Sr and Ti atoms are shown in red, green and blue, respec-
tively. (c) The corresponding FFT pattern obtained from the marked area in (b).

buffer layer (diffraction spots marked in blue). The surface lattice parameter of STO is twice as
large as that of the Pt(111). Then, by annealing the surface at higher temperatures (> 1123 K)
in UHV (< 10~ mbar) a new structure with an apparent dodecagonal symmetry was formed as
observed by LEED and STM. This is illustrated in the LEED pattern at 20 eV with 12 intense
diffraction spots as can be seen in Figure 3 (b). At higher beam energies (see Fig.3 (c)), higher
order diffraction spots are observed leading to a LEED pattern very similar to the one reported
previously for the OQC.!! The 6-fold diffraction spots from the Pt buffer layer are marked by the
blue circles.

The real space structure and the local atomic arrangements were determined from atomically
resolved STM images taken at room temperature (figure 4 (a)). Although the LEED pattern shows
an apparent dodecagonal pattern typical of an OQC, the fast Fourier transform (FFT) of the real
space image reveals a periodical almost square lattice, indicating that an approximant was formed
instead of an OQC.*"* The FFT was used to determine the lattice parameters. Figure 4 (b)
gives a more detailed view of the identified approximant unit cell, with the in-plane measured

lattice parameters of: 42.2+ 0.6 Ax 43.2 4+ 0.6 A, and angle between edges of 89.7 + 0.4°. The
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Figure 3: (a) LEED pattern of the STO thin film deposited on 10 nm of Pt(111). First order
diffraction spots of the oxide are marked in orange. Pt buffer layer first order diffraction spots are
highlighted in blue. (b) LEED pattern of the square approximant formed on Pt(111) at 20 eV and
(c) at 50 eV. Some of the spots in the outer ring appear as triplets in (b). The blue circles mark
the Pt(111) first order diffraction pattern. Higher order diffraction spots of the approximant are
marked in red, green and magenta circles.

bright protrusions seen in the STM images are at the nodes of the same Stampfli-Géhler tiling
elements used to describe dodecagonal structures. ! These tiling elements are arranged such that
the unit cell contains 72 tiles, namely 48 triangles, 18 squares and 6 rhombus with a tiling element
ratio of 2.66:1:0.33. This is twice the number of tiles needed to describe the previously reported
monoclinic approximant,'! but the ratio remains the same. Besides, it is just slightly different
from the ideal NGT structure of the dodecagonal QC phase given by 2.73:1:0.37. The unit cell

2 smaller than the values

contains 47 vertex atoms, corresponding to an area density of 2.20 nm™
reported for the OQC phase (2.46 nm~2). From the STM image, an average distance of 6.4 + 0.3
A between the bright protrusions is deduced. The edge length of the tiling elements deduced from
the ideal unit cell is 42.2 A/(3 +2 \/5) =6.53 A, for the vertical axis, and 43.2 A/(?’ +2 \/5) =6.68
A, for the horizontal axis. One axis of the approximant unit cell is parallel to the [123] direction
of the hexagonal Pt buffer layer. From the idealized unit cell model, it is possible to obtain a FT
of the structure, as shown in the left side of Fig.4 (c) where the near 12-fold first order, second
order and third order diffraction spots are present as part of a square lattice indicated in green. The
calculated FT pattern perfectly matches the FFT of the experimental STM image (right side 4 (c)).

The tiling decoration is shown in Figure 4 (d).

The unit cell of the approximant can be expressed as a superstructure with respect to the Pt(111)

12
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lattice, resulting in a commensurate matrix given by when the dimensions of the unit

9 18
cell are slightly modified to 44.87 Ax 43.75 A, with an angle between edges of 89.7° and the

Pt(111) unit cell is fixed to 2.79 A. Six rotational domains of the approximant, with three unique
subpatterns, exist from the square-like structure on the hexagonal lattice of the Pt(111) buffer layer.
As a result, some of the diffraction spots in the LEED pattern are split into three reflexes as can
be seen at low primary beam energies (Fig. 3(b)). The square lattice is not clearly visible in the
diffraction pattern (Fig. 3), probably due to the fact that many of the diffraction spots may have a

weak intensity and the LEED patterns are dominated by the most intense spots.

Experimental investigation of the SrTiO; derived hexagonal approximant

With increasing numbers of oxidation-reduction cycles under the same experimental conditions as
described earlier, another new UTO phase was observed with a large hexagonal unit cell. Figure 5
(a) and (b) show high resolution STM images of this structure, as well as the tiling decoration. The
FT calculated from this tiling decoration as well as the FFT calculated from the experimental STM
image are shown in Fig. 5 (c). It is also possible to observe more intense higher-order spots in the
calculated FT which form a pseudododecagonal ring which is included in the hexagonal lattice.
It reflects the presence of local dodecagonal motifs. The dimensions of the unit cell are 27.8 +
0.6 Ax 28.1 + 0.6 A. This hexagonal unit cell can be decorated with the same Stampfli-Géhler
tiling elements. It contains 29 tiles, namely 20 triangles, 6 squares and 3 rhombus as shown in
Fig.5(c). A common edge length of 6.7 + 0.2 A is deduced from the average distance between
the bright protrusions. Dodecagonal rings consisting of 6 squares and 12 triangles decorate the
node of the unit cell. A protrusion is usually missing at each node of the hexagonal unit cell (ie.
at the center of the dodecagonal rings) in the images shown in Fig. 5(a) and (b). In other patches
of the surface, this site is occupied and appears as a bright dot, suggesting the presence of slightly
protruding atoms. STM images of the two variants of the hexagonal approximant are shown in

the supplementary material (Fig. S1). The unit cell contains either 19 or 18 vertex, corresponding

13



(b)

14 x 14 nm?, 0.1 nA, -1V

[123]

(d)

direction of the Pt(111) buffer layer. (d)

]

Figure 4: (a) Atomically resolved STM image of the STO derived approximant formed on Pt(111).

(b) STM image of the square approximant with the square-like unit cell superimposed. (c) Left:

calculated FT of the idealized tiling. Right: FFT of the STM image in (a). The square unit cell is
[123

marked in green with one of the axes oriented in the

Tiling decoration of the square unit cell.
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Figure 5: (a) Atomically resolved STM image of the STO derived large hexagonal phase formed
on Pt(111). (b) Idealized unit cell of the large hexagonal phase decorated by the dodecagonal
tiling elements: squares, triangles and rhombuses superimposed on the real STM image. (c) Left:
calculated FT of the idealized tiling. Right: FFT of the STM image in (a). The hexagonal unit cell
is marked in green. (d) Tiling decoration of the hexagonal unit cell.

to an area density between 2.65 and 2.80 nm~2, significantly larger than that of the ideal OQC
or its square approximant. The tiling elements ratios of the hexagonal phase is 3.33:1:0.5, which
differ considerably from the ideal OQC or the square approximant. The structural evolution of
the UTO film, from square-like to hexagonal approximant , could be related to a change in the
stoichiometry with the number of annealing cycles. The LEED pattern of the hexagonal phase is

shown in Fig. 6. Four non-equivalent domains can be identified, which are rotated with respect

15



to the [110]p direction by 15°, 27°, 34° and 45°. We tentatively ascribed these domains to the

6 -5 5 —6
following four commensurate structures with matrices given by and for the
5 11 6 11
domains presented in green in Fig.6, when the lattice parameter of the hexagonal phase is 26.61
. _ . . 8 -3 3 -8 )
A and the Pt(111) unit cell is fixed to 2.79 A and and for the domains
3 11 8 11

marked in pink in Fig. 6 when the lattice parameter of the hexagonal phase is 27.48 A and the

Pt(111) unit cell is fixed to 2.79 A.
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Figure 6: LEED patterns of the large hexagonal phase of STO/Pt(111). (a) At 17 eV, four non-
equivalent domains are identified. The domains are rotated by 15°, 27°, 34° and 45° with respect
to the [110]p; direction. (b) At 85 eV, Pt buffer layer first order diffraction spots are evident. These
are highlighted in blue.

Theoretical investigation of the two 2D complex oxide phases

The structural and electronic properties of the square and hexagonal approximants are investigated
using two model structures based on the complex tilings identified above (Figs. 7-8). They are
made of structural motifs — equilateral triangles, squares and 30° rhombuses — sharing a common
side length. The atomic structure of each type of tiles has been implemented using the models
proposed by Cockayne et al. for BaTiOz and replacing Ba by Sr atoms.'> Thus, the chemical

compositions of the triangles, squares and rhombuses are SrTiO3, SrTi4yO4 and SrTi;O,, respec-

16



tively. The Sr atoms are located at the vertices of the tiling. Each Ti atom is bound to three oxygen
atoms (local 3-fold symmetry), and each oxygen atom is located between two Ti atoms. The square
and rhombus motifs share common sides with the triangular tiles, while the square and rhombus
motifs are connected through the vertices. This atomic arrangement is quite different from the
32.4.3.4 Archimedean tiling (c-phase) identified by Forster et al.,'?> where Ti atoms are located at
the vertices of the square and triangle tiles. It is also quite different from the honeycomb structure,
that consists of a Ti;O3 single-layer doped with alkali earth atoms, as experimentally observed
for TiO3/Au(111).%> With this tile decoration model, the chemical composition of the square ap-
proximant is Srg 361101 54 and that of the hexagonal phase is Srp33TiO1 56. These are very close
to that of the ideal NGT tiling of the quasicrystalline phase with the same tile decoration model
which is Srp 37TiO; ss5. > The surface atom densities of the square approximant and the hexagonal
phase are 19.56 and 18.7 atom.nm~2 respectively. The number of Sr atoms per surface unit cell
deduced from these values are in agreement with the number of vertices per unit cell deduced from

the experimental STM images.
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Figure 7: Top and side views of the relaxed approximant structure, along with the three types of
tiles used to build it. Sr, Ti, O and Pt atoms are shown in green, blue, red and silver respectively.

The two complex UTOs present similar formation enthalpies: -1.03 eV/A2 and -1.08 eV/A? for
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Figure 8: Top and side views of the relaxed complex hexagonal structure. Sr, Ti, O and Pt atoms
are shown in green, blue, red and silver respectively.

the square and hexagonal phase respectively. They also present similar adhesion energies (-0.28
eV/A? and -0.30 eV/A? for the square and hexagonal phase respectively). They are much stronger
than the one calculated for the o-phase (-0.11 eV/A2), likely because the atomic surface density is
larger for the complex UTOs than for the o-phase. They are weaker than the one calculated for the
honeycomb structure (-0.42 eV/A2). It suggests that the presence of common symmetries between
the substrate and the adlayer lead to a stronger interaction.

When supported on Pt(111), UTOs display significant structural relaxations in the z direction,
i.e. the surface normal direction. Such corrugation can alleviate the elastic strain due to the size-
mismatch between the unsupported and supported films. '*3 It is quantified by the vertical separa-
tion between the average z-position of the anions (z~) and cations (z*). The rumpling R =z —z~
is negative for the two complex systems (Tab. 1). Indeed, the mean vertical distance between the
topmost Pt atoms and the Ti atoms is much smaller (2.3 A) than the one between topmost Pt atoms
and the oxygen or strontium atoms (3.1 A and 3.2 A, respectively), in agreement with the values
obtained by Cockayne et al. for BaTiO3.!> The rumpling is found much larger for the complex
UTOs (R*PPX = —(0.41 A and R"* = —0.47 A for the approximant and hexagonal structures, re-
spectively) than for the UTOs with a smaller surface cell (R® = —0.22 A and Rhoneyeomb — _() 26
for the o-phase and the honeycomb structure, respectively).

These structural results can be rationalized by a Bader charge analysis. Charge transfer is found
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to occur at the Pt-UTO interface, from most electropositive elements (Sr, Ti) to most electroneg-
ative elements (Pt and O). Thus, electrostatic interactions likely contributes to the location of Ti
cations close to the negatively charged Pt substrate, while repelling the negative O atoms. !> This is
further confirmed by the charge density deformation, which indicates non negligible charge differ-
ences at the Pt-UTO interface. More generally, electronic effects are known to impact the rumpling
and the adhesion energies. Using the o-phase, a correlation has been evidenced between the Bader
charge carried by the transition metal atoms (Qty) and both R and E,4,. Overall, a larger Qv
leads to a stronger adhesion of the film and a larger R.!* The same trends are observed in this
work. Indeed, the Bader charges of Ti atoms are calculated to be larger in the approximant and
hexagonal complex UTO structures (2.04 e and 2.07 e, respectively) than in the 6 and honeycomb

UTOs (1.99 e), in agreement with a larger R and E;,.

Table 1: Bader charges on ions, as well as the rumpling and the adhesion energies.

‘Approximant Hexagonal o phase Honeycomb

‘ Freestanding UTO
Ori (e) 1.46 1.40 1.90 1.47
Qs (e) 1.51 1.51 1.60 1.51
Qo (e) —1.29 —1.27 —1.30 —1.22
| Supported UTO
R(A) —0.41 —0.47 —0.22 —0.26
Or; (e) 2.04 2.07 1.99 1.99
Os: (e) 1.48 1.41 1.56 1.61
Op: (e) —0.11 —0.11 —0.10 —0.08
Qo (e) —1.22 —1.17 —1.10 —1.13
Eqdn (€V/A?) —0.28 —0.30 —0.11 —0.42
AHy (eV/at) —1.03 —1.08 —0.42 —1.52

For each complex UTO, the STM images are simulated for both positive and negative biases
(Figs.9-10, Fig. S2). The bright contrast is attributed to the protruding Sr atoms, while the Ti
and O atoms are not visible, in agreement with the average z-positions of Sr, Ti and O described
previously. Overall, the good agreement between the simulated and experimental STM images

(Figs. 4-5) suggest that the UTO structural models considered in this work are realistic models for
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Figure 9: Simulated STM image of the square approximant (V;;,s = —1 'V, isosurface with charge
density equal to 0.1 e nm™3). A fraction of the experimental STM image (Fig.4) is shown in the
upper left corner.

the new complex UTOs synthesized here and has been further confirmed by recent surface x-ray

diffraction experiments. *°
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Figure 10: Simulated STM images of the complex hexagonal phase. The two variants have been
considered, either with (a) or without (b) the central protrusion at the center of the dodecagonal
motifs. The STM images have been calculated at the same bias as the experimental ones, shown in
the upper left corner of each panel. ((a) Vj;us = —1 'V, isosurface with charge density equal to 0.2
e nm =3, (b) Vjius = +1.5'V, isosurface with charge density equal to 0.1 e nm ™).

Density of states calculations have been performed using the two complex UTO structures (Fig.
11). In both cases, the contribution of Sr atoms to the DOS is weak below the Fermi level, thus
corroborating the Bader analysis. The main contribution to the DOS at the Fermi level originates

from Ti atoms. A strong hybridization between Pt-, O- and Ti-states is also visible, between -6
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eV and -2 eV for the approximant UTO, and between -7 eV and -3 eV for the complex hexagonal
UTO. Using a smearing of the k-points set to the tetrahedron method with Blochl corrections,
a sharp pseudogap appears in the DOS of the hexagonal approximant (see inset in Fig.11(b) .

Unfortunately, memory limitations did not allow a similar calculation to be performed with the

square UTO.
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Figure 11: Density of states of the square approximant (a) and of the complex hexagonal phase
(b). The inset in (b) shows the DOS calculated using a thinner k-point grid (2x2x1) exhibiting a
sharp pseudogap at the Fermi energy.

Conclusion

In summary, we reported an all thin film approach to investigate ABO3/Me(111) systems in a more
versatile and less expensive way than by using single crystal metal substrates. The multilayer
stacking consisted in a SrTiOj3 thin film deposited by PLD on a Pt(111) buffer epitaxialy grown
on Al,03(0001) substrate by MBE. The epitaxial relationships at both the Pt/Al,O3 and Pt/SrTiO3
interfaces have been characterized by a combination of RHEED, XRD and HRTEM. Two novel
UTO phases have been discovered in the wetting layer obtained by high temperature annealing of
the thin film stacking: a square like approximant with a giant unit cell and a complex hexagonal
phase. Their structures have been investigated by STM, LEED and DFT. High resolution STM im-
ages of both phases show bright protrusions located at the node of two different tilings constructed

with the same basic square, triangle and 30° rhombus tiles possessing a common edge length of
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about 6.7 A. The tile ratio is different for the two phases. The number of tiles needed to describe
the square approximant is twice as large as for the previously reported oblique approximant in the
SrTiO3/Pt(111) system. Using the experimentally derived tilings for these two new phases, struc-
ture models have been elaborated by adopting the tile decoration proposed by Cockayne ez al., ' in
which the Sr atoms are located at the node of the tiling and in which each Ti atom is bound to three
oxygen atoms and each oxygen atom is located between two Ti atoms. Thus, the chemical compo-
sitions of the triangles, squares and rhombuses are SrTiOs, SrTi4O4 and SrTi;O,, respectively, and
the global compositions of the square and hexagonal phases are Srg 361101 54 and Sro33TiO 56
respectively. Both phases have similar atom densities, formation enthalpies and adhesion energies.
Both undergo significant structural relaxation when supported on Pt(111) leading to some buck-
ling of the oxide layer. Charge transfer occurs from most electropositive elements (Sr, Ti) to most
electronegative elements (Pt and O). According to the structural optimization, Ti cations lie more
closely to the negatively charged Pt substrate compared to O and Sr atoms. Simulated STM images
are found in excellent agreement with the experimental ones, thus giving support to the structural
models proposed for the two new 2D oxide phases. Accordingly, mainly the Sr atoms are imaged
by STM as they are protruding above the mean surface plane of the UTO thin films, although the
main contribution to the DOS originates from Ti atoms. Finally, the DOS calculations suggest that
the two new UTOs may have different physical and chemical properties. In perspective of this
work, the all-thin-film approach proposed here may be expanded in the future to different families
of ABO3/Me(111) systems in order to explore the vast landscape offered by the numerous potential

perovskites and metal supports for the discovery of new UTO 2D materials.
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