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Observation and Structure Determination of an Oxide Quasicrystal Approximant
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We report on the first observation of an approximant structure to the recently discovered two-
dimensional oxide quasicrystal. Using scanning tunneling microscopy, low-energy electron diffraction, and
surface x-ray diffraction in combination with ab initio calculations, the atomic structure and the bonding
scheme are determined. The oxide approximant follows a 32.4.3.4 Archimedean tiling. Ti atoms reside at
the corners of each tiling element and are threefold coordinated to oxygen atoms. Ba atoms separate the
TiOj5 clusters, leading to a fundamental edge length of the tiling 6.7 A.
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Since their discovery in 1984, the aperiodic order of
quasicrystals with a five-, eight-, ten-, or 12-fold symmetric
diffraction patterns has fascinated researchers in many
fields, e.g., crystallography, materials science, and math-
ematics. Whereas these quasicrystals were initially found
only in intermetallic alloys [1-4], the concept of long-range
quasicrystalline order was later extended to a variety of soft
materials [5—11]. Recently, it has been shown that highly
perfect quasicrystalline structures form even within 2D
oxide layers [12].

Ultrathin films of the perovskite BaTiO;, which are
known to prefer cubic or distorted cubic structures in thin-
film and bulk phases, convert into long-range ordered
dodecagonal films when grown on a threefold Pt(111)
substrate [12]. This dodecagonal structure, which develops
in a two-dimensional wetting layer at the Pt interface, was
the first oxide quasicrystal (OQC) discovered. The local
atomic structure of the OQC, as determined by scanning
tunneling microscopy (STM), exhibits arrangements of
squares, triangles, and 30° rthombs, which share an edge
length of 6.9 A. From these three elements, a Stampfli-
Gihler tiling is formed in the OQC [12—-14]. Although this
tiling has been atomically resolved by STM, it is expected
that the tiling describes only one sublattice. The large
interatomic spacing suggests that the Ti or the Ba sublattice
is imaged by STM. However, only detailed knowledge of
the positions of all atomic species within the building
blocks of the OQC can unravel the bonding mechanisms
leading to the aperiodic structure. From the experimental
side it has been argued that the STM image determines the
Ti sublattice [12]. In contrast, recent ab initio calculations
propose an alternative structure with a Ba sublattice
forming the Stampfli-Géhler tiling [15].

In this Letter, we report the observation of an oxide
quasicrystal approximant that is closely related to the OQC.
Approximants are periodic arrangements of the character-
istic building blocks inherent to the quasicrystal [16]. For a
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given quasicrystal, various approximant structures differing
in their structural complexity typically exist [17,18]. The
reduced complexity of approximants due to their finite unit
cell provides a route for the determination of structural
elements that are also elements of the related quasicrystal.
The translational symmetry in approximants allows for
calculations that rely on periodic boundary conditions [19].
Here, the identification of an oxide approximant in close
relationship to the OQC underlines the concept of quasi-
crystallinity for 2D oxides. The approximant structure is a
distorted 32.4.3.4 Archimedean tiling [20,21]. It consists of
structural elements based on squares and triangles with an
edge length that agrees to within 10% of the fundamental
edge length of the OQC. The ratio of triangles to squares in
the approximant structure is 2, whereas it is increased to
(14++/3)~2.73 in the aperiodic OQC. The common
building blocks of approximant and OQC enable insights
into the bonding schemes, leading to long-range aperiodic
order in the BaTiOs-derived thin film. The structure
determination of the approximant by surface x-ray dif-
fraction (SXRD) and density-functional theory (DFT)
calculations, as presented here, is the important first step
into a deeper understanding of the OQC.

Ultrathin films of BaTiO5; were grown by rf magnetron
sputter deposition as reported elsewhere [22]. The OQC
was prepared by annealing ultrathin films of BaTiO; at
temperatures above 1150 K in ultrahigh vacuum (UHV)
[12]. At 1250 K the approximant structure develops in a
rewetting layer of reduced BaTiOs;.

An atomically resolved STM image of the OQC approx-
imant is shown in Fig. 1(a). The approximant exhibits a
periodic structure with a nearly quadratic unit cell as
marked by the solid red line. The STM image exhibits
four atomic protrusions within the unit cell, which corre-
spond to electron tunneling into unoccupied Ti 34 states as
discussed later. Between adjacent unit cells we notice STM
contrast variations that are caused by a 2.8-nm periodic
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FIG. 1. (a) Atomically resolved STM image of the BaTiO;-
derived OQC approximant (4 x 4 nm?, 0.3 nA, 1.0 V). The unit
cell of the snub-square tiling is marked in red. The characteristic
five-vertex element is marked in blue. (b) Large-scale image of
the moiré structure of the approximant on Pt(111) (35 x 35 nm?,
0.5 nA, —1 V). (c¢) Fourier transform of (b). The spots marked by
red circles reveal the moiré periodicity. (d) Schematics of the
quasicrystalline tiling with emphasis on the five-vertex elements
therein. (e) LEED pattern of the OQC approximant on Pt(111) at
20 eV. (f) Assignment of the LEED spots to the six domains of the
approximant.

moiré structure, which becomes more clear on a larger
length scale as shown in Fig. 1(b). A Fourier transform of
the STM image [Fig. 1(c)] confirms the nearly quadratic
unit cell with lattice vectors of 12.9 and 13.1 A enclosing an
angle of 90.5°. Note that the moiré structure is a higher-
order commensurate structure with respect to the Pt(111)
substrate that can be described by a (237 58) superstructure
matrix. It leads to a moiré periodicity of 2.78 nm, which
matches the experimentally observed value. The LEED
pattern of the OQC approximant in Fig. 1(e) reveals the
existence of six domains according to the p3ml plane
group symmetry of the substrate surface. From Fig. 1(e) a
rotation of the shorter unit cell vector of the approximant

of 8° with respect to the (110) directions of Pt(111) has
been determined. The simplified unit cell of the approx-
imant as shown in Fig. 1(a) can be described by a

superstructure matrix (%%5 2) with respect to the Pt(111)
surface. The four protrusions in the unit cell of Fig. 1(a)
have an average distance of 6.7 A. This large separation
of the protrusions that deviates less than 10% from the
fundamental length scale of the aperiodic OQC indicates
that here the sublattice of a single element in the BaTiOs-
derived structure is imaged. The metallic behavior in
electron tunneling suggests that the STM contrast is given
by Ti 3d-derived states close to the Fermi level. Each Ti
atom in the approximant structure has an identical local
arrangement, with five neighboring Ti atoms forming the
five-vertex structure as marked in blue in Fig. 1(a). In this
way the Ti sublattice forms the well-known 32.4.3.4
Archimedean tiling [20], also known as snub-square tiling,
which was described 400 years ago by Kepler [21]. This
tiling is the prototypical approximant structure of dode-
cagonal square-triangle tilings and has also been observed
for soft-matter quasicrystals [7,8,11,23,24] as well as for
intermetallic quasicrystals [17,25]. The unit cell of the
snub-square tiling includes only two squares and four
triangles as tiling elements. Hence, it is the approximant
of the lowest possible structural complexity for dodecag-
onal quasicrystals. On the other hand, the five-vertex
elements are dominant and characteristic units of the
aperiodic Stampfli-Géhler tiling as indicated in Fig. 1(d).

For a structure determination that goes beyond the Ti
sublattice structure observations with STM, SXRD experi-
ments were carried out at beam line ID03 of the European
Synchrotron Radiation Facility (ESRF) using a six-circle
UHV  diffractometer.  Structure factor amplitudes
|Fops (hk?)| were derived from integrated reflection inten-
sities 1o (hk?) o |Fops(hkZ)|>  collected under total
external reflection conditions of the incoming beam
1=1.10 A) using a 2D pixel detector [26]. In total,
176 reflections of type (hk¢) with £ ~ 0 were measured,
reducing to 43 symmetry-independent reflections after
averaging over symmetry equivalent reflections (plane
group p2) and equivalent reflections of different domains.
Amplitudes of equivalent reflections agree to within 15%
on average, which can serve as an estimate of the
uncertainty. We note, however, that the refinement was
carried out by treating all | F s (hk)| with equal weight; i.e.,
the unweighted R;; was optimized [27].

The structure analysis was carried out by following
classical procedures known from 3D crystallography [28].
Owing to their strong scattering amplitude, the Ba atoms
can easily be identified in the (z-projected) 2D Patterson
function P(u,v) which is the Fourier transform of the
|Fgps (hk£)|? as discussed for 3D and 2D systems [28,29].
Once the position of the (“heavy”) Ba atoms is refined,
giving a residuum of Ry =~ 30%, the calculated difference
charge density Ap(x,y) between the calculated and the
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experimental structure factors directly provides information
about the location of the Ti sublattice. Ti atoms appear as
positive maxima in Ap(x,y), which are located approx-
imately at the positions of the protrusions in the STM
image. The positions of the barium and titanium atoms are
used as the starting model for the least squares refinement.
In this way—by excluding the O atoms—the refinement of
the atomic positions yields an unweighted residuum (R;)
of 18%. This allows us to make the conclusion that the most
important features of the structure are correctly modeled
[28], i.e., that almost all calculated scattering phases
Qcac(hk) = £ are correct. In an iterative way, the posi-
tions of the oxygen atoms can be derived by calculating
Ap(x,y). This refinement leads to a threefold coordination
of the oxygen atoms around the titanium atoms with a
best fit of Ry = 14%. Finally, the calculation of the 2D
charge density p(x,y) is carried out, which is given
by p(x.y) =3 Fops(hk)exp[—i2n(hx + ky)], ~ with
Fops(hk) = +|F s (hk)|. Figure 2 shows p(x,y) where
four unit cells have been plotted to emphasize the tiling.
Green, blue, and red circles represent Ba, Ti, and O atoms,
respectively. In order to clarify the main features of the
structure, the circles are directly located at the maxima of
the charge density plot. It can be seen that each positive
peak (solid lines) in p(x,y) is directly associated to an
atom. Negative peaks (dashed lines) also appear, which
arise due to the use of a fractional data set [30]. We

FIG. 2. SXRD-derived charge density p(x,y) contour plot of
four 2D unit cells of the OQC approximant. The snub-square
tiling is indicated by the solid blue lines. Peaks in p(x,y) are
identified with Ba (green), Ti (blue), and O atoms (red). In the
lower right part the threefold coordination of oxygen atoms
around titanium atoms is emphasized by dashed triangles.

emphasize that the peak positions and their height do not
exactly correspond to refined positions and the atomic
number of the respective species. This is because of the
limited number of Fourier coefficients, leading to trunca-
tion errors. Considerable static (anisotropic) disorder is
directly observable in p(x, y) as an elongation of the peaks
along the [210] direction of the unit cell. We attribute this to

the fact that the simplified (237/45 2) unit cell chosen in this
analysis represents a projection of the structure related to
the higher-order commensurate unit cell, which is 4 x 5
times larger. Thus, the static disorder is a result of an
averaging over slightly different, albeit equivalent, posi-

tions of the atoms within the (% }0) into the (237/45 2) unit cell.

The SXRD analysis confirms that Ti atoms are forming
the snub-square tiling observed by STM. The Ti atoms are
surrounded by three oxygen atoms, approximately forming
a triangle. The snub-square tiling of the OQC approximant
is a strongly distorted square-triangle tiling, which includes
two kinds of double triangular tiles. For the small double
triangle, one Ba atom is located in the center, which
coincides with the origin of the unit cell. Along the
(110) direction of the unit cell, larger double triangles
exist, for which Ba atoms decorate the outer sides of the
edges. Two out of the five Ba sites exhibit a lower charge
density in Fig. 2, indicating half occupancy of these
positions. As a consequence, two different rectangles are
spanned from Ti atoms, one with a large aspect ratio in
which two Ba atoms are located next to the long edges, and
one with a small aspect ratio for which the positions of the
Ba at the long edges exhibit only half occupancy. The total
stoichiometry of the structure can be written as Ba,Ti; O
per unit cell, when half occupancy is also assumed for the
oxygen atoms next to the half-occupied Ba positions. This
stoichiometry explains the OQC approximant formation
under oxygen-reducing conditions from BaTiO; perovskite
films and the observation of Ti** in the x-ray photoelectron
spectroscopy [12].

Further insights come from DFT calculations by means
of the Vienna ab initio simulation package [31-34]. The
calculations were performed by using the PW91 GGA
exchange correlation functional [35]. The calculated Pt
lattice constant 3.92 A is used to construct a 13.9 x 14.4 A
surface supercell of Pt(111). The whole supercell contains a
slab consisting of an approximant layer and 4 Pt layers to
simulate the substrate. The slabs are separated by a vacuum
space of about 22 A to prevent artificial interactions. Partial
occupations such as those found experimentally cannot
easily be taken into account. A formal stoichiometry of
BasTi; Oy, per unit cell is used instead.

The initial structural model uses the positions of the Ti
atoms as determined by STM. In the first step, a free-
standing approximant monolayer is considered, for which
the dimension of the double Ti triangle in the unit cell has
been fixed in order to determine the appropriate Ba and O
atoms arrangement around it. The final positions of the

095501-3



PRL 117, 095501 (2016)

PHYSICAL REVIEW LETTERS

week ending
26 AUGUST 2016

FIG.3. Relaxed approximant structure on Pt(111) from ab initio
calculations: (a) top view, (b) side view. Corresponding charge
density distribution with superimposed real structure: (c) top
view, (d) side view for a cut along the dashed line marked with the
arrow in (c).

Ba and O atoms are reached if the forces on the atoms are
less than 0.1 eV/ A. Practically, no vertical relaxation is
found. The Ba atoms are located on the edges of the large
double triangle and in the center of the small double
triangle. The O atoms are bound to the Ti atoms. A
stepwise constrained relaxation procedure followed for
structure optimization on the Pt(111) substrate. In this

procedure, the first two layers of Pt are allowed to relax in
the z direction. The oxygen atoms are always allowed to
relax freely. Starting from the relaxed freestanding approx-
imant structure, vertical relaxations of the Ba and Ti atoms
are allowed. In the next step, Ba is allowed to relax in all
directions, followed by a complete relaxation of the Ti
atoms. The final relaxation of the Ti atoms leads to only
small deviations from the experimental Ti positions and
does not alter the arrangement of Ba and O atoms.

Figures 3(a) and 3(b) depict the final structure of the OQC
approximant as a result of the ab initio calculations. The Ti
atoms still reside in a plane but show a relaxation towards the
Pt surface. The Ba atoms relax outwards; i.e., the Ba atoms
are located above the Ti plane. A sizable vertical relaxation is
obtained for the O atoms leading to two distinct species,
which also gives rise to a different degree of hybridization of
the O 2 p bands with the 3d bands of Ti. The first species (O1)
is located above the plane of the Ti network and shows a
stronger hybridization with Ti as compared to the second
(02), which is bound to the Pt surface. As a result, the former
average Ti-O bond length (1.78 A) is smaller than for the
second species (1.90 A). We find six O atoms of both sorts
in an arrangement that preserves a p2 symmetry. It should
be noted that a change of the size of the double triangles of
Ti will mainly influence the bonding of the O atoms,
leading to a different number of O1 and O2 atoms.

The structural model recently proposed by Cockayne
et al. for the OQC, snub-square tiling, and other approx-
imants suggests ideal squares, equilateral triangles, and 30°
rhombs decorated with Ba, Ti, and O atoms as building
blocks for all tilings [15]. Dense TiO3; networks can be
generated such in different arrangements, in which holes of
different sizes are filled with Ba atoms. Our model agrees in
the height variations of the approximant structure caused by
the inward relaxation of the Ti atoms and an outward
relaxation of the Ba atoms. Furthermore, the Ti-O distances
in the TiO; units can be reproduced. However, our
observation of a pronounced distortion of the squares
and triangles in the snub-square tiling as determined by
SXRD, and the identification of a snub-square tiling based
on the Ti sublattice rather than the Ba sublattice, questions
the previous structure model of Cockayne et al. that was
based on uniformly decorated tiles.

In conclusion, we report here on the observation of an
approximant structure for the recently discovered 2D oxide
quasicrystal. The periodic approximant is in general a well-
established concept in the crystallography of quasicrystals,
and its observation in the 2D oxide thin film highlights the
applicability of universal quasicrystal concepts for the new
class of perovskite-derived quasicrystals. Furthermore, it
allows a simplified access to atomic and electronic struc-
tures within periodic boundary conditions and will enable
the direct comparison of periodic and aperiodic structures
with otherwise similar building blocks. STM and LEED
measurements identify a distorted snub-square tiling for the
approximant structure that is higher-order commensurate
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with respect to the substrate. SXRD has determined the
structure of the OQC approximant. Both SXRD and DFT
provide evidence that the Ti sublattice forms the snub-
square tiling. The OQC approximant is based on TiO;
units, which include two different oxygen species, i.e.,
oxygen atoms that link to neighboring TiO; units via Ba
atoms and inward-relaxed oxygen atoms that bind to the
substrate.
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