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Herein, oxide quasicrystal-related (OQC-R) structure and Ce-Ti—-O-(3 x 3) superstructure ultrathin films
were prepared on Pt(111) and characterized using scanning tunneling microscopy (STM) and low-energy
electron diffraction. The OQC-R structure with dodecagonal clusters consisting of triangles, squares,
and rhombuses was observed in STM images. The first discovery of the OQC-R structure with a
magnetic rare earth metal expands the possibility of discovering new oxide quasicrystals with novel
magnetism or superconductivity. By depositing Ti on an OQC-R ultrathin film and post-annealing, a
honeycomb lattice of the Ce-Ti—-O-(3 x 3) superstructure was prepared. From X-ray photoelectron
spectroscopy (XPS) and resonant-photoelectron spectroscopy, the chemical states of the Ce and Ti
atoms in the OQC-R structure corresponded to the Ce®* and Ti?* states, while those for the Ce-Ti-O-

Received 27th June 2023, (3 x 3) superstructure corresponded to the ce®t, Ti**, and Ti®* states. The phase transformation from

Accepted 1st September 2023 the OQC-R structure to the Ce-Ti-O-(3 x 3) honeycomb superstructure likely occurred when the
DOI: 10.1039/d3cp03013;] amount of Ti increased and was more oxidized. The elemental atomic density was also calibrated using

XPS and Rutherford backscattering spectroscopy. These results propose tentative structural models of
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| Introduction

Quasicrystals were first discovered in 1984 by D. Shechtman."
Then, in 2013, Forster et al. reported oxide quasicrystals (OQCs)
prepared from an ultrathin Ba-Ti-O film on Pt(111).> The
12-fold quasi-periodicity was confirmed using scanning tunneling
microscopy (STM) and low-energy electron diffraction (LEED). The
dodecagonal cluster of the OQC structure has 12 triangles,
5 squares, and 2 rhombuses. Later, in 2017, Schenk et al. reported
the OQC structure of the same dodecagonal cluster for an ultrathin
Sr-Ti-O film on Pt(111).”

Along with the OQC structure, the oxide crystalline approxi-
mant (OCA) structure has also been reported. The OCA structure
has a periodic arrangement of characteristic building blocks
inherent in the OQC structure. For example, an 8°-rotated Sigma
phase OCA of Ba-Ti-O has been prepared on Pt(111), Ru(0001), or
Pd(111) surfaces.*® Our group also prepared 8°-rotated Sigma
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the OQC-R structure as CejgTii4O41 and the Ce-Ti—O-(3 x 3) superstructure as CeTigOo.

phase OCA and OQC structures of Ba-Ti-O on Pt(111).”* In
addition, structural models, in which Ba atoms were located at
the corners of the tiling, were proposed based on the atomic
density, the chemical bonding state of each element, and the
symmetry and protrusions of the STM images.

For a given OQC structure, there are usually various OCA
structures with different structural complexity. Recently, two
new complex phases, rectangular and hexagonal approximants,
were reported by C. R. Merchan et al.” These two approximants
were obtained by reducing SrTiO; on a Pt(111) buffer layer,
which was grown on a sapphire(0001) substrate. In addition to
the OCA structure, another structure related to the OQC struc-
ture exists, called an oxide quasicrystal-related (OQC-R) struc-
ture herein. This structure has a crystal periodicity-like OCA,
and part of it contains the same tiles, such as triangles, squares,
and rhombuses, as quasicrystals. However, the tiles are not
included in the quasicrystals but appear in the unit cell. Like the
Ba-Ti-O ultrathin film prepared on the Pt(111) substrate,’® in
the unit cell, a trapezoid that did not exist in the OQC tiling was
observed in the STM image of the OQC-R structure.

However, OQC structures based on ultrathin BaTiO; and
SrTiO; films on Pt(111) have already been fabricated; hence, we
changed Ba/Sr to other metal elements. We aimed to prepare an
0OQC structure with new clusters or related structures, such as
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the OCA structure, using rare-earth metals next to Ba on the
periodic table. Herein, Ba was replaced with Ce owing to the
similar lattice constant of CeTiO; (0.3939 nm) to BaTiO;
(0.4088 nm) and SrTiO; (0.3905 nm).>** In compounds, Ce tends
to form Ce®* with one 4f electron. As a result, Ce compounds have
a magnetic order, superconducting state, and heavy electronic
state in proximity owing to the relationship between the conduc-
tion electrons with the 4f" state. Furthermore, the magnetic order
to the superconducting state can be controlled by applying
pressure.”>" In addition, the OQC and OCA structures of Ba-Ti-
O are reduced oxides, and Ti always corresponds to Ti’" and Ti*".
Theoretically, the OQC and OCA structures of rare-earth metals
may have magnetism and are expected to be ferromagnetic,
antiferromagnetic, or superconducting materials.

Therefore, the growth and structures of ultrathin Ce-Ti-O
films on Pt(111) will be reported herein. The OQC-R structure and
Ce-Ti-O-(3 x 3) superstructure of ultrathin Ce-Ti-O films were
prepared, as confirmed using STM and LEED. The atomic
composition ratios, chemical bonding state, and atomic density
of Ce, Ti, and O in both structures were determined. According to
these experimental results, the structural models are proposed.

Il Experiment

A clean Pt(111) crystal was prepared using 2 keV Ar'-ion
sputtering at room temperature, followed by annealing at
1000 °C in an ultrahigh vacuum (UHV) chamber. To remove
carbon from Pt(111), the sample was also annealed at 900 °C
and cooled down to 400 °C in the O, atmosphere repeatedly,
until the absence of carbon was confirmed using X-ray photo-
electron spectroscopy (XPS), Auger electron spectroscopy (AES),
and LEED.

The ultrathin Ce-Ti-O film was prepared after Ce and Ti
deposition on a cleaned Pt(111) surface, following by annealing
at 900 °C for 5 min in an O, atmosphere under 3 x 10~ ° mbar,
and post-annealed under UHV at 900 °C to 1000 °C for 5 min.
Ce was deposited using a handmade evaporator, setting a Ce
block wrapped in a W filament, and Ti was deposited using an
electron bombardment evaporator (EFM3, Omicron). The
details of the evaporator setup for Ce and Ti can be found
elsewhere.”®'* The periodicity and morphology of the ultrathin
films were determined using LEED (LaBe filament, 4-grid,
Omicron) and STM (STM-1, Omicron). The compositional ratio
was calculated from the peaks of each element in the AES
spectra. The sensitivity factors were abstracted from the AES
handbook,'® and are 0.3 for Ce-NON (82 €V), 0.44 for Ti-LMM
(418 ev), and 0.5 for O-KLL (503 eV). XPS (Mg Ko X-ray) and
Rutherford backscattering spectroscopy (RBS) calibrated the
elemental atomic density. For the RBS measurement, we pre-
pared the Ce-O or Ba-Ti-O ultrathin films on the polycrystal-
line graphite substrate to obtain the relationship between XPS
intensity and elemental atomic density. The details of RBS have
been published elsewhere.””'* The resonant-photoelectron
spectroscopy (resonant-PES) and soft X-ray absorption spectro-
scopy (XAS) analyses were conducted in the Beamline 7U at the
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Aichi Synchrotron Radiation Center. The spectra were recorded
using an MBS A1 electronic energy analyzer in a UHV chamber
under 2 x 10~ '° mbar, with the energy resolution (E/AE) of 7 x
10°. Resonant-PES measurements were carried out with 121 ev,
114 eV, and 113.5 eV photons. The pass energy is set to 50 eV,
with an angle of 90° between the incident X-ray and the sample.
For the XAS analyses, the total electron yield was measured
using an energy resolution of 0.2 eV at the M4,5 edges (hv ~
878-915 eV). The angles between the incident X-ray and the
sample were 15° and 90°.

[l Experimental results

Fig. 1 shows the OQC-R ultrathin Ce-Ti-O film on Pt(111),
which is prepared by depositing 0.5 ML Ce and 0.8 ML Ti,
followed by annealing at 900 °C for 5 min in an O, atmosphere
under 3 x 10~° mbar, and post-annealed under UHV at 900 °C
for 5 min. Here, 1 ML is defined as the topmost layer with an
atomic density of the Pt(111) layer of 1.5 x 10"° atoms per cm”.
Fig. 1(a) shows the wide-scale STM image of the OQC-R struc-
ture. A wide terrace and Pt(111) atomic layer step can be
observed in the STM image. Small bright spots are observed
on the terrace, ranging from 0.58 to 1.36 nm in height, and are
considered to be formed by Ce-Ti-0."" Fig. 1(b) shows the STM
image at 35 x 35 nm” comprising irregular protrusions in a
large area. Fig. 1(c) displays the atomically resolved STM image
of the OQC-R structure from the region marked by a black
square shown in Fig. 1(b). An arrangement of the dodecagons is
observed, which consists of triangles and squares marked
in white. The average distance between the protrusions is
0.64 nm, and the average height of the protrusions is
0.09 nm. These dodecagons form a large unit cell with a side
length of 3.8 nm marked as a red rhombus. In addition, there
are triangles with two orientations in the center of the dodeca-
gons, which are marked in purple. These purple triangles have
an unequal distance to the clusters, which are marked in white,
leading to the appearance of a trapezoid. Thus, we cannot
strictly call the resultant structure an OCA structure, but an
OQC-R structure. At the dodecagon junctions, there are also
triangles, quadrilaterals and rhombuses. Based on the cluster
marked in white, the arrangement of some protrusions in the
clusters seems to form a distorted sigma phase locally, marked
in blue. We can also find the arrangement of triangles from
another view angle, as displayed in Fig. 1(d). The STM images
have three types of triangles, marked in red, purple, and green.
The arrangement of these triangles presents a periodic distri-
bution. These triangles are arranged along the yellow lines
marked as L,, L,, and Ls. The fast Fourier transform (FFT) of
the STM image is inset in the upper right corner of Fig. 1(c). Six
equivalent spots are observed in the center, indicating a single
domain of the OQC-R structure. Fig. 1(e) shows the lines profile
along the L; yellow line in Fig. 1(d). The average height of the
protrusions is calculated to be 0.09 nm. The calculated distance
of yellow lines is 1.15 nm, corresponding to the yellow spots in
the LEED pattern shown in Fig. 1(f). The LEED pattern shows
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Fig.1 The OQC-R structure of the ultrathin Ce-Ti—O film prepared using 0.5 ML Ce and 0.8 ML Ti depositions on Pt(111), followed by annealing at
900 °C for 5 min in an O, atmosphere at 3 x 10~° mbar, and post-annealing under UHV at 900 °C for 5 min. (a) The STM image at 300 x 300 nm?, in a
constant current mode with a tunneling current of 300 pA and a sample bias voltage of +1.5 V. (b) The STM image at 35 x 35 nm?, 300 pA, 0.5 V. (c) and
(d) Atomically resolved STM image from the black square in (b), at 9 x 9 nm?, 300 pA, —0.4 V. The unit cell (red), cluster (white), distorted sigma phase
(blue), and yellow lines are marked. The inset in the upper right corner is the FFT of (c). (e) Line profile along the L; yellow line in (d). (f) LEED pattern at an
incident energy of 45 eV. The Pt(111) primitive (1 x 1) spots are marked with green circles, and the spots corresponding to the OQC-R structure are

marked with yellow circles.

that the yellow lines form a rotation of 15° to the Pt(111) substrate.
Compared with the yellow lines, the red unit cell formed a rotation
of 2° to the Pt(111) substrate. These spots in FFT also agree with
the yellow spots in the LEED pattern. Notably, the arrangement of
the dodecagons is local. However, the triangles with different
directions are well-ordered in a large area as shown in Fig. 1(b),
so only the corresponding spots of the triangular arrangement can
be observed clearly in the FFT and LEED pattern.

Fig. 2 shows the ultrathin Ce-Ti-O film of the (3 x 3)
superstructure on Pt(111), which was prepared by depositing
1 ML Ti on the OQC-R ultrathin Ce-Ti-O film, followed by
annealing at 900 °C for 5 min in an O, atmosphere, and post-
annealed under UHV at 1000 °C for 5 min. In the wide-scale
STM image shown in Fig. 2(a), there are many three-
dimensional islands (3D) with a height of 0.32-1.92 nm. Com-
pared with the OQC-R structure of the wide-scale STM image
shown in Fig. 1(a), Ce-Ti-O likely coagulate, easily forming a 3D
island. As shown in Fig. 2(b), the protrusions on the surface
have an orderly periodic arrangement. Fig. 2(c) shows the line
profile along the white line in Fig. 2(b). The calculated length of
the unit cell marked in blue is 1.04 nm, indicating a Pt(111)-Ce-
Ti-O-(3 x 3) superstructure. The STM image indicated that the
Ce-Ti-O-(3 x 3) superstructure forms a honeycomb lattice,
corresponding to the blue spots in the LEED pattern and FFT,
as shown in Fig. 2(d) and in the upper right corner of Fig. 2(b).
In the LEED pattern, additional spots marked in red are
observed. These spots are Ce-Ti-O-(3 x 3) spots that backfolded
the Pt(111) hexagonal substrate, which also confirmed that the

This journal is © the Owner Societies 2023

-8 B
¢ 100 nm
e —— ™

0.10
— 1
£ .04 nm
=
S 0.05F
[
I
00 T T e 8 10
Length (nm)

Fig. 2 The Ce-Ti-O-(3 x 3) superstructure of the ultrathin Ce-Ti-O film
prepared via depositing 1 ML Ti on the OQC-R ultrathin Ce-Ti-O film,
followed by annealing at 900 °C for 5 min in an O, atmosphere, and post-
annealed under UHV at 1000 °C for 5 min. (a) The STM image at 300 x
300 nm?, 300 pA, +1.0 V. (b) The STM image at 9 x 9 nm?, 300 pA, +1.5 V.
The inset in the upper right corner is the FFT of (b). (c) Line profile along the
white line in (b). (d) LEED pattern, 45 eV. The spots corresponding to the
Ce-Ti-O-(3 x 3) superstructure are marked with blue circles, and the
backfolded Ce-Ti—-O-(3 x 3) spots are marked with red circles.

Phys. Chem. Chem. Phys., 2023, 25, 26065-26072 | 26067


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp03013j

Open Access Article. Published on 02 September 2023. Downloaded on 8/20/2025 11:25:44 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Ce-Ti-O-(3 x 3) superstructure is parallel to the Pt(111) sub-
strate but not commensurate with the Pt(111) substrate.

Fig. 3 shows the AES and XPS spectra of the OQC-R structure
and Ce-Ti-O-(3 x 3) superstructure. From the AES spectra
shown in Fig. 3(a), the calculated compositional ratio (Ce:Ti:
0) of the OQC-R structure and Ce-Ti-O-(3 x 3) superstructure
is 1.0:0.3:0.8, and 1.0:0.8:1.6, respectively. Fig. 3(b) shows
the XPS spectra of Ce 3d core levels. The Ce 3d XPS region
generally contains twelve peaks originating from different
cerium oxidation states (Ce** and Ce*") and the coexistence of
different final states. The corresponding photoemission peaks
for Ce 3d are summarized in Table 1.**'®'7 In Table 1, there are
also two small peaks that are difficult to observe, marked as S at
895.7 eV and S’ at 914.0 eV, which indicate Ce®*" shake-up
satellites."**®'® The Ce 3ds, binding energy of the OQC-R
structure and Ce-Ti-O-(3 x 3) superstructure is 885.8 eV and
881.5 eV, respectively. Compared with Table 1, Fig. 3(b) demon-
strates that both structures exhibit a Ce®" state. From the XPS
spectra of the Ti 2p core levels shown in Fig. 3(c), the amount of
Ti in the Ce-Ti-O-(3 x 3) superstructure is larger than that in
the OQC-R structure. From the report by V. V. Atuchin et al., the
binding energies of metallic Ti, Ti**, Ti**, and Ti*" are 454,
455.1, 457.8, and 458.9 eV, respectively.'® Therefore, the
observed binding energy of 455.5 eV for the OQC-R structure
indicates the main state of Ti**. In addition, the main peaks
observed for the Ce-Ti-O-(3 x 3) superstructure are located at
457.9 and 455.5 eV, indicating the main state of Ti** and Ti*".
By comparing the peak areal intensity ratio of O/Pt in Fig. 3(c),
the OQC-R structure was found to contain less oxygen and was
in a further reduced state. The relationship between the XPS
intensity and the elemental atomic density obtained from RBS
and XPS™'* determines the atomic density of Ce, Ti and O
atoms in both structures. The elemental atomic density of Ce,
Ti, and O atoms is determined to be (7 + 3) x 10", (4 & 2) x
10", and (5 + 1) x 10"* atoms per cm? for the OQC-R structure
ultrathin film and (5 & 3) x 10", (7 £ 2) x 10", and (8 + 1) x
10" atoms per cm® for the Ce-Ti-O-(3 x 3) superstructure
ultrathin film, respectively. Notably, as mentioned in Fig. 2(a),
since there are 3D islands on the Ce-Ti-O-(3 x 3) superstruc-
ture ultrathin film, the atomic density calculated here also
includes these 3D islands.

Fig. 4(a) and (b) shows the valence-band Ce 4d-4f resonant-
PES spectra of the OQC-R structure and Ce-Ti-O-(3 x 3) super-
structure. For Ce 4f electrons, the Ce 3d-4f resonance is
generally sensitive in bulk, whereas 4d-4f is sensitive in thin
films.'® For both structures, the Ce*" peaks are observed at 2.2
eV, but the Ce*" peak is not observed at 4.6 eV. In addition, the
areal intensity of the Ce®* peaks indicates that the Ce amount
in the OQC-R structure is more than that in the Ce-Ti-O-(3 x 3)
superstructure. These results agree with the results obtained
using XPS spectra. The areal intensity of the O 2p peak differs
from the incident energies because of the cross section of O 2p.
For bulk materials, the M4 (hv = 877-887 eV) and M5 (hv = 895-
905 eV) spectra for the pure |J,| > states of the Ce® with 4f" are
considered with two polarizations of the electric field vector, in
parallel or vertical to the ¢ axis, based on ionic calculations,
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Fig. 3 The AES spectra and XPS spectra of OQC-R structure (red) and Ce—
Ti—O-(3 x 3) superstructure (blue) ultrathin films. (a) AES spectra. (b) The XPS
spectra of Ce 3d. (c) The XPS spectra of Ti 2p. (d) The XPS spectra of O 1s.

which include the full multiplet theory.”® Each state has a
characteristic strong polarization dependence. Such a polariza-

tion dependence is related to the spatial distribution of 4f
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Table 1 The corresponding photoemission peaks for Ce 3d*4157
Final state 3ds/ (eV) 3ds, (eV)

ce’t Vo 3d° 4f? 5d° 6s° 881.0 899.2

\4 3d° 4f* (5d 6s)° 885.8 904.1

S 3d° 4f* (5d 6s)" 895.7 914.0
cet A2 3d° 4f' 5d° 6s° 882.8 901.5

v’ 3d° 4f° (5d 6s)" 889.0 907.4

V44 3d° 4f° 5d° 6s° 898.5 917.2

electrons in each J, state. Herein, because the OQC-R structure
and Ce-Ti-O-(3 x 3) superstructure are ultrathin films, we
performed a determination by changing the angle (90° and
15°) between the incident X-ray and the surface normal to the
specimen. The normalized XAS spectra of the Ce-Ti-O-(3 x 3)
superstructure are shown in Fig. 4(c). Compared with the
calculation results of previous studies,’® we found that the
wavefunction of the Ce 4f electrons is nearly in the J, = £3/2
state from the vertical axis rotation of the Ce-Ti-O-(3 x 3)
superstructure. Moreover, the spatial distribution of the 4f
electrons in the J, = +3/2 state shows that the Ce 4f electrons
are polarized perpendicular to the Pt(111) substrate. Due to the
4f electrons, there will be interest in magnetism on the OQC-R
structure and OQC structure in the future.

The surface phase diagram of the Ce-Ti-O ultrathin films on
Pt(111) is shown in Fig. 5. It shows an overview of the surface
phase structure covered with Ce and Ti, after post-annealing
under UHV. Triangles, rounds, squares, and trapezoids mark
the results based on the quantities we prepared in the experi-
ments. However, these structures shown in Fig. 5 are summar-
ized using the LEED pattern, so we could not confirm whether
there are 3D islands on the surface. In addition to the OQC-R
structure and Ce-Ti-O-(3 x 3) superstructure introduced above,
three other LEED patterns were observed, as shown in Fig. 6. As
shown in Fig. 6(a), when the initial Ti deposition is >2 ML, the
w-TiO, (W = wagon-wheel-like) structure is observed, owing to
post-annealing under UHV.?" With repeated annealing under
UHV at 1000 °C, Ti gradually decreases, thus slowly transition-
ing to the Ce-Ti-O-(3 x 3) superstructure, then to the OQC-R
structure. In between the transition, coexisting OQC-R and
Ce-Ti-O-(1 x 1) spots can also be observed in the LEED pattern,
as shown in Fig. 6(b). The 12 equidistant spots around the
substrate lattice spots marked in yellow correspond to the
OQC-R structure, while the spots marked in blue correspond to
Ce-Ti-O-(1 x 1). Finally, the mixture would gradually change to the
Pt(111){,/7 x /7)R19° superstructure marked in white, while the
Pt(111)}-(1.4 x 1.4) structure corresponding to CeO, marked in
purple is also observed.”” Notably, Ce and Ti atoms will gradually
form the Ce-O or Ce-Ti-O 3D islands with annealing, which is
irreversible. These 3D islands will not transform into a wetting layer
like the Ba-Ti-O ultrathin films with annealing.

IV Discussion

The structural models of the Ce-Ti-O-(3 x 3) superstructure and
OQC-R structure are proposed, as shown in Fig. 7. A comparison
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Fig. 4 The valence-band Ce 4d-4f resonant-PES spectra of the (a) OQC-
R structure and (b) Ce-Ti-O-(3 x 3) superstructure. The resonant-PES
spectra were measured with an excitation energy of 121 eV with resonant
on (red), 124 eV with resonant on (blue), and 113.5 eV with resonant off
(black), respectively. (c) The Ce 3d—-4f (M-edge) XAS spectra of the Ce-Ti—
O-(3 x 3) superstructure. The XAS spectra were measured with an angle of
15° (red) and 90° (blue) between the incident X-ray and the sample, as
shown in the upper right.

of the structural parameters of the ultrathin Ce-Ti-O and Ba-
Ti-O films on Pt(111) substrates is shown in Table 2. According
to our previously proposed structural models for the OQC and
OCA ultrathin Ba-Ti-O films,® the protrusions observed in the
STM image are determined to be Ba atoms. Herein, the density
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Fig. 5 Surface phase diagram of Ce-Ti-O thin films on Pt(111), as a
function of Ce and Ti atomic density.

of protrusions in the OQC-R structure (1.8 x 10" cm™?) is
higher than that in the Ce-Ti-O-(3 x 3) superstructure (0.7 X
10" ¢cm™?) in the STM images. Compared with XPS and AES
spectra, the OQC-R structure contains more Ce and less Ti than
the Ce-Ti-O-(3 x 3) superstructure. Therefore, the protrusions
observed in the STM image are mainly considered to be Ce
atoms in both the OQC-R structure and Ce-Ti-O-(3 x 3) super-
structure, and the reason for the reduced protrusions in the Ce-
Ti-O-(3 x 3) superstructure is that Ce gathers to form the 3D
island.

While the distorted Sigma phase is observed in Fig. 1(c),
referring to Niizeki-Géhler tiling and Stampfli-Gihler tiling,>*>°
an idealized cluster without distortion is prepared in the
structural model, as shown in Fig. 7(a). The decoration scheme
for the three basic tiles in the OQC-R structure is shown in
Fig. 7(b), where the gray, yellow, blue, and red spheres represent
the Pt, Ce, Ti, and O atoms, respectively. Table 2 shows that the
atomic density of Ce and Ti observed in the STM images of the
OQC ultrathin Ba-Ti-O film is similar to that in the OQC-R

View Article Online
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Fig. 7 The proposed structural models of the ultrathin Ce-Ti-O films. (a)
The OQC-R structure. (b) The decoration of the square, triangle, and
rhombus tiles in the OQC-R structure. (c) The Ce-Ti—-O-(3 x 3) super-
structure. Circles marked in gray, yellow, blue, and red indicate Pt, Ce, Ti,
and O atoms, respectively. The unit cells of the OQC-R structure and Ce—
Ti-O-(3 x 3) superstructure are marked in red and blue rhombus,
respectively.

ultrathin Ce-Ti-O film. Therefore, just like the Ba-Ti-O OQC
structural model proposed before,® one Ti atom is located in the
square and two Ti atoms are located in the rhombus, based on
the symmetry of the structure and the composition ratios and
atomic density calculated using the AES and XPS spectra. The
triangles in the center of the dodecagon have different side
lengths compared to the cluster, and they rotate in the opposite
direction. Herein, they are not considered Ce atoms but are made
of three Ti atoms, because these small triangles are not consid-
ered into the ideal tiling of the OQC-R structure. The O atoms are
located between Ce atoms and among the three Ti atoms in the
center of the dodecagon to balance its valence state. The stoi-
chiometry of this structural model was Ce;5Ti 4041 per unit cell,
which is also consistent with the valence state, while Ce and Ti
correspond to Ce*" and Ti** states, respectively. The elemental
atomic densities for Ce, Ti, and O atoms are determined to be 1.5
x 10", 1.2 x 10", and 3.4 x 10" atoms per cm?, respectively.
Although the OQC structure from the ultra-thin Ce-Ti-O film has
not been observed yet, the ideal tiling of the OQC-R structure
could provide the possibilities of discovering new oxide quasi-
crystals with rare earth elements.

The model of a simple Ce-Ti-O-(3 x 3) honeycomb super-
structure is proposed, as shown in Fig. 7(c). This structural
model is also consistent with the valence state of each element
observed in the XPS spectra, where Ce corresponds to the Ce**

Fig. 6 LEED patterns (66 eV) of ultrathin Ce-Ti-O films on Pt(111) in the surface phase diagram (a) w-TiO,, (b) OQC-R + Ce-Ti-O-(1 x 1), and (c)
Pt(111)-(1.4 x 1.4) + Pt(111)-(\/7 x \/7)R19°. The OQC-R spots are marked with yellow circles, the Ce-Ti-O-(1 x 1) spots are marked with blue circles, the
Pt(111)-(1.4 x 1.4) spots are marked with purple circles, and the Pt(111)-(\/7 x /7)R19° spots are marked with white circles.
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Table 2 Structural parameters of OQC-R and Ce-Ti—0O-(3 x 3) ultrathin films obtained for Ce-Ti—O/Pt(111), and o-phase OCA and OQC ultrathin films
obtained for Ba-Ti—O/Pt(111): the composition ratios, the average distance of protrusions, the density of protrusions, and atomic density in the
experiment, as well as the stoichiometry and atomic density in the proposed structural models

Ce-Ti-O ultrathin films Ba-Ti-O ultrathin films”*®

OQC-R Ce-Ti-O-(3 x 3) 0oQC c-phase OCA
Composition ratios from AES (Ce:Ti:0) (Ce:Ti:0) (Ba:Ti:0) (Ba:Ti:0)
1.0:0.3:0.8 1.0:0.8:1.6 1.0:0.3:0.8 1.0:0.6:1.2
Average distance of protrusions in the STM (nm) 0.64 0.99 0.69 0.67
Rotation of unit cell with Pt(111) 2° 0° — 8°
Number density of protrusions in STM (x10** cm™?) 1.8 0.7 2.8 2.4
Atomic density from XPS and RBS (x10'* atoms per cm?) Ce/Ba 8+3 5+3 7+3 8+3
Ti 4+£2 7+2 4+2 6+ 2
o 5+1 8+1 3+1 4+1
Stoichiometry in structural models Ce gTi14041 CeTigOq Ba;,Tis0q, Ba,Ti 00
Atomic density in structural models (x10"* atoms per cm?) Ce/Ba 1.5 0.7 2.8 2.4
Ti 1.2 4.2 1.2 2.4
o 3.4 6.3 2.8 5.9

state, and Ti corresponds to the Ti*" and Ti*" states. The stoi-
chiometry of this honeycomb structural model was CeTigOq per
unit cell. The model determines the elemental atomic densities
for Ce, Ti, and O atoms to be 0.7 x 10'*, 4.2 x 10, and 6.3 x
10'* atoms per cm?, respectively. The atomic density in the Ce-
Ti-O-(3 x 3) structural model differs from the experimental
atomic density estimated from the XPS spectra because of 3D
islands, as observed in the STM image. A report by Schenk
et al.>® proposed a 2/3 Ba-decorated Ti,O; honeycomb struc-
tural model and all Ba decorated Ti,O; o-phase structural
models. Stone-Wales transformation converts the honeycomb
structure into square-triangle tiling and rhombus formation
using the adjoining O. Therefore, the honeycomb structure
could be somehow related to the OQC structure. It could be
known from experiments that after Ti deposition on the OQC-R
structure, with oxidation, the Ce-Ti-O-(3 x 3) honeycomb
superstructure is prepared. This is also reflected in the struc-
tural models. For the OQC-R structure with less O and Ti, each
Ce atom was surrounded by 2-3 Ti atoms and 3-5 O atoms,
while there were six O atoms and six Ti atoms around cerium in
the Ce-Ti-O-(3 x 3) honeycomb superstructure.

Perovskites are known for their extraordinary diversity of
magnetism. According to a study based on density functional
theory by Dorini et al.,”” the magnetism remains even in single
atomic layers. Although the Ba-Ti-O and Sr-Ti-O structures
have no magnetic properties, the Ce-Ti-O structure was
reported by Li et al.”*® to show magnetism up to 400 K. Also, it
is important to note that superconductivity in the Ti-O struc-
tures is reported to be present in a Ti*" system,*® Ti*" system,*°
and mixed Ti**/Ti*" system.*! Also, as we know, the famous
Mermin-Wagner theorem states that continuous symmetries
cannot be broken spontaneously in 2D (or 1D) systems.*?
However, there are also some works in quasicrystals that seem
to contradict the Mermin-Wagner theorem.**** We have not yet
analysed the magnetic properties of Ce-Ti-O ultrathin films in
experiment. However, we think that the discovery of the OQC-R
structure of the Ce-Ti-O ultra-thin film provides the possibility
of discovering new OQCs with rare earth metals, and their novel
magnetism or superconductivity may be found.

This journal is © the Owner Societies 2023

V Conclusions

A OQC-R structure and a Ce-Ti-O-(3 x 3) honeycomb super-
structure on the Pt(111) substrate were successfully prepared
using Ce and Ti depositions, followed by annealing in an O,
atmosphere and UHV. The OQC-R structure with a dodecagonal
cluster is observed in the STM image. For the OQC-R structure,
Ce and Ti correspond to the Ce*" and Ti*" states, respectively. In
addition, Ce corresponds to the Ce*" state, and Ti corresponds
to Ti*" and Ti*" states for the Ce-Ti-O-(3 x 3) honeycomb
superstructure. These two structures are quantitatively ana-
lyzed using LEED, STM, AES, XPS, and RBS. The results show
that the OQC-R structure can be converted into a honeycomb (3
x 3) structure by increasing the Ti and O content. The valence
states and atomic density have proposed relevant ideal possible
schematic structural models of the two structures, where the Ce
atoms occupy the tiling corners. The discovery of the OQC-R
structure with a magnetic rare earth metal also provides the
possibilities of the discovery of new oxide quasicrystals with
novel magnetism or superconductivity.
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