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1 Introduction

The discovery of two-dimensional dodecagonal quasicrystals in oxides opened a new
chapter in both, quasicrystal research and 2D materials sciences [1, 2]. Quasicrystals
are long-range aperiodically ordered materials. Initially discovered in intermetallic al-
loys, quasicrystals extended the notion of a crystal by possessing 5-, 8-, 10- or 12-fold
symmetries [3–7]. These kinds of symmetries are incompatible with tiling the two-
dimensional plane with regular polygons or the three-dimensional space with regular
polyhedra while obeying translational invariance. However by following aperiodic
functions, the tilings of quasicrystals are well-determined which gives rise to diffrac-
tion pattern that are equally sharp as observed for periodic crystals.

Dodecagonal quasicrystals have been discovered for a multitude of materials sys-
tems [5, 8–14]. Characteristic to these quasicrystals is an aperiodic ordering in the plane
that is periodically repeated in the perpendicular direction. This columnar nature al-
lowed to gain insights to the quasicrystalline structure using atomic force microscopy
and transmission electron microscopy [7, 10, 15]. The study of solely 2D dodecagonal
quasicrystalline systems was enabled by their discovery in colloidal suspensions [16].
Together with the possibility to imprint aperiodic order into these suspensions by ex-
posing them to laser interference patterns [17, 18], colloidal systems became a micro
scale playground for studying the formation mechanism of quasicrystals and their
properties in two dimensions [19–24]. In general, dodecagonal two-dimensional qua-
sicrystals are stabilized by the competition of two length scales, which results in the
formation of square-triangle tilings [25, 26].

Oxide quasicrystals (OQCs) are different: They represent the first 2D material that
is aperiodically ordered on the atomic level. Furthermore, they are the first natural
system exhibiting a dodecagonal tiling made from three tiling elements: equilateral
triangles, squares and rhombuses. This habilitation thesis focusses on the prototypical
OQC formed in Ba-Ti-O on Pt(111) [1]. Subjects of interest are the growth and structural
properties of this OQC, its atomic and electronic structure, and its use as the template
for molecular adsorption. Going beyond this particular materials system, also Sr-Ti-
O layers and Pd(111) and Ru(0001) substrates have been investigated and a wealth of
periodic oxide quasicrystal approximants have been explored.





2 Quasicrystals

The discovery of quasicrystals goes back to the first observation of a diffraction pattern
of icosahedral symmetry in a Pd-Mn alloy [3]. The discretness of the diffraction spots
of this compound showed that a long-range ordered phase must be present. This ob-
servation was astonishing because icosahedral space group symmetry is incompatible
with lattice periodicity, a precondition for the definition of crystals at that time.

In crystallography, aperiodic structures in the form of incommensurately modu-
lated phases had been known already. In 1972 de Wolff was the first to use the pro-
jection from a four-dimensional periodic lattice to describe the aperiodic structure in
three dimensions [27]. Soon thereafter many incommensurately modulated phases
have been discovered and the superspace-formalism has been generalized by Janner
and Jannsen [28, 29], which defines space groups in higher dimensions.

In the same issue as where Shechtman’s discovery appeared, computer simulations
were reported by Levine and Steinhard that found a quasiperiodic orientational or-
dering in three dimensional structures and the term quasicrystal was coined [4]. The
major difference between incommensurately modulated crystals and quasicrystals is
that there is no periodic average structure for quasicrystals. The reader interested in
a comprehensive mathematical introduction into aperiodic crystals is referred to the
book by Jannsen, Chapius and deBoissieu [30].

2.1 The 1D Fibonacci chain

A simple and very illustrative model for a quasicrystal is the one dimensional Fibon-
acci chain. The Fibonacci chain is a sequence of long and short distances L and S . It
can be formed from a recursion rule in which L is substituted by LS and S by L. One
of the interesting properties of the Fibonacci chain is the frequency ratio for the ele-
ments L and S of τ : 1, with τ being the golden mean. The golden mean is the positive
root solving (2.1):

x2 − x− 1 = 0, x = (1 +
√

5)/2 = 1.618... (2.1)

It is the smallest of the Pisot-Vijayaraghavan (PV) numbers and the scaling factor for
self-similarity in the Fibonacci chain, a property that applies also to icosahedral quasi-
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Figure 2.1: The projection of the nearby 2D lattice points onto a line with slope m results
in a sequence of long and short distances L and S .

crystals in three dimensions. An alternative way to construct the Fibonacci chain is by
defining it as a series of elements F in which any new element is the sum of the two
previous ones starting from F0 = L and F1 = S according to equation (2.2).

Fn+1 = Fn +Fn−1 (2.2)

Following this rule the Fibonacci chain rapidly grows.

L+ S = LS
LS + L = LSL
LSL+ LS = LSLLS
LSLLS + LSL = LSLLSLSL

(2.3)

The long and short distances in the Fibonacci chain can also be interpreted as the
two tiles of this 1D QC. To derive the Fibonacci chain from higher dimensions, we
consider a 2D square lattice as shown in Fig. 2.1(a). This lattice is spanned by the
two linearly independent vectors ~a and~b. By cutting this lattice along a line of slope
m and projecting the nearby lattice points onto that line as illustrated in Fig. 2.1(b),
one dimensional structures are obtained that will consist of two segments of different
length for all slopes |m| 6= 1. In the example given in Fig. 2.1(b), the projection of ~a
results in L segments and the projection of ~b in S segments. Since the slope can be
expressed by ∆a/∆b it immediately reflects the tiling element ratio of L and S . This
means the Fibonacci chain is obtained for the irrational slope m = τ. More general,
cutting at any irrational slope results in the formation of quasicrystals, while cutting at
rational slopes results in periodic structures.

The direction parallel to the cut, in which the one-dimensional structure is obtained,
is called the physical space (often also referred to as parallel space). What is meant above
by ”the nearby lattice points”, needs to be defined more precisely. Therefore, the direc-
tion perpendicular to the cut becomes relevant, which is called the internal space (or

4
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Figure 2.2: (a) Strip-projection method for constructing the Fibonacci chain from a 2D
square lattice. The width of the strip is given from the projection of the square unit cell into
the internal space called acceptance domain (AD). While the Fibonacci chain is infinitely long
in the physical space, all atoms in the strip are confined in the internal space to the AD, which
is densely filled. (b) Shifting the strip along the internal space selects different sets of 2D
lattice points, which causes flips of elements L and S in the physical space (gray circles).

perpendicular space). The interval for the selection of lattice points is given by the pro-
jection of the unit cell of the higher-dimensional lattice into the internal space. This
footprint of the higher-dimensional unit cell in the internal space of a quasicrystal is
called its acceptance domain(AD). The latter is also often called occupational domain or
window.

Upon introducing these important terms we can derive the Fibonacci chain from
the higher-dimensional lattice using the strip-projection method illustrated in Figure
2.2(a). The Fibonacci chain evolves by projecting all atoms within a wide strip that cuts
a 2D square lattice at a slope m = τ into the physical space. The internal space width
of the strip is given by the AD. The resulting chain is gap-less tiling the physical space
with L and S line segments, the quasicrystal tiling. Projecting all lattice points within
the strip into the internal space results in constant atomic density for all points inside
the acceptance domain and 0 elsewhere. In other words, the there is no overlap of the
atomic positions of the quasicrystal in the acceptance domain but an infinitely dense
filling.

For the physical space, lattice excitations are known that cause displacements from
the ideal atomic position, called phonons. For quasicrystals also excitations in the in-
ternal space can occur upon displacements of the acceptance domain. In Fig. 2.2(b)
the strip-projection for the generation of the Fibonacci chain is performed again, but
this time the strip has been slightly displaced to the right. As a consequence, some
atoms dropped out of the strip and new atoms entered (marked red). Upon project-

5



Quasicrystals

Figure 2.3: (a) Construction of a 3/1 approximant using the strip projection method. (b)
The slope of the approximant is derived from that of the quasicrystal by a phason shift that
linearly changes along the physical space axis emphasized by the shaded area.

ing the atoms in the strip into the physical space, the sequence of elements L and S
is flipped at two positions as compared to Fig. 2.2(a) (gray circles). Upon flipping,
the global tiling statistics is still obeyed since there was no change of the slope of the
strip. Hence, we generate the Fibonacci chain, but the part we observe was at a differ-
ent position in the infinite chain formed in (a). We could denote this as a phase shift,
which is why excitations in the internal space are called phasons. More precisely, the
given example is results from a constant phase shift. The swapping of tiling elements
observed in physical space is called phason flips.

Finally, the implications to the internal and the physical space representation when
cutting at a rational slope must be discussed. Figure 2.3(a) depicts the strip-projection
at a slope of m = 3. The width of the strip is again given by the projection of the
higher-dimensional unit cell to the direction perpendicular to the cut, which means
for the given example it is reduced in comparison to the one used for the Fibonacci
chain. The rational slope means that a staircase is formed in which for every three
steps along~a one step in~b must be made. For the projection into the physical space of
the quasicrystal this implies the formation of a periodic structure with four elements
in the unit cell: 3 × L & 1 × S . Upon projecting the atoms inside the strip into the
internal space of the quasicrystal we also obtain a periodic structure, which exhibits
the opposite ratio of long and short distances as compared to the physical space. In
the internal space the atomic positions are not restricted to the acceptance domain any
more but spread to infinity similar as found for the physical space. This implies that
the analysis of the projected atomic positions into the internal space is the ideal tool to
distinguish periodic from quasicrystalline structures [15].

6
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As demonstrated above, the quasiperiodic tiling can be approximated by cutting
at a rational slope, which is why these periodic structures are called approximants.
The closer the rational slope approaches the irrational slope creating the quasicrystal,
the larger the size of the unit cell will be and the closer the tiling statistics matches
that of the quasicrystal. Starting from the cut through the higher-dimensional lattice
at a slope of τ, the rational slope of the approximant is reached by applying a phase
shift that linearly changes with the physical space as illustrated by the shaded area in
Fig. 2.3(b). Mathematically, this corresponds to a shear deformation denoted as linear
phason strain, which transforms the coordinate system of the quasicrystal into that of a
given approximant [31].

2.2 Two-dimensional dodecagonal quasicrystals

Dodecagonal structures occur across all materials systems: intermetallics [5], chalco-
genides [8], dendritic liquid crystals [9], co-polymers [10], inorganic nanoparticles [11],
mesoporous silica [12], metal organic frameworks [13] and DNA molecules [14]. As re-
viewed by Ishimasa [25]: their formation is not stabilized by local interactions of con-
duction electrons as it is the case for icosahedral and decagonal intermetallic quasicrys-
tals. Instead, the dodecagonal long-range order is governed by a different principle. It
forms in systems exhibiting two competing length scales favouring hexagonally close-
packed or square arrangements [26, 32]. By tailoring relative sizes and concentrations
these systems can be driven towards a tiling element ratio of Ntr/Nsq = 4/

√
3 [25].

For this tiling element ratio the highest entropy structure is the dodecagonal tiling [33].
More recently, following the Lifshitz-Petrich model of frustrated two length scales for
inducing aperiodic ordering a fine tuning of intermolecular interaction forces led to the
formation of dodecagonal structures in metal-organic frameworks [34–36]. Note that
all the examples listed here exclusively describe observations of square-triangle tilings.

Niizeki, Mitani and Gähler broadened the range of dodecagonal structures in two
dimensions [37, 38]. In his construction of a dodecagonal lattice, Gähler obtained a
star of twelve vectors {~e1, ..., ~e12} whose projections on the physical space (‖) and the
internal space (⊥) can be expressed as

~ei
‖ = a‖(cos((i− 1)π/6), sin((i− 1)π/6))

~ei
⊥ = a⊥(cos((i− 1)π/6), sin((i− 1)π/6)).

(2.4)

Using the relations ~ei+6 = ~e−i, ~e5 = ~e3− ~e1 and ~e6 = ~e4− ~e2 all twelve vectors can be ex-
pressed as linear combinations of {~e1, ..., ~e4}. Hence, these four vectors define the basis
of a four dimensional lattice. The two symmetry operations which are connected to
the higher-dimensional space group D24 are the twelvefold rotation A and the mirror

7
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B [38]. With respect to the lattice basis they are expressed by

A =


0 0 0 −1
1 0 0 0
0 1 0 1
0 0 1 0

 ,B =


0 0 0 1
0 0 1 0
0 1 0 0
1 0 0 0

 . (2.5)

From this four-dimensional periodic lattice different dodecagonal structures in two di-
mensions are obtained by using different shapes of the acceptance domain for the pro-
jection. The square-triangle tiling is obtained for a fractal acceptance domain [39, 40].
Figure 2.4 reproduces the various dodecagonal tilings derived by Gähler. He used a
more simple dodecagon-shaped acceptance region (Cb) to derive a tiling of squares,
triangles and asymmetric hexagons, which are often referred to as shields (Fig. 2.4-3).
Upon expanding the area of that AD domain slightly to a short diameter of 2 ~a⊥ and a
large diameter of 4cos(π/12) ~a⊥/

√
3 and rotating it by 15° (Ca in Fig. 2.4-1) generates a

tiling in which all shields are filled by one additional vertex that transforms the shield
into one square, two triangles and one 30° rhomb. This way a square-triangle-rhomb
tiling is obtained (Fig. 2.4-2). By further expanding the AD (Cc in Fig. 2.4-1), additional
vertices are introduced into squares, which converts these squares and one neighbor-
ing triangle into pairs of rhombs, a transformation that is also discussed in the context
of random square-triangle tilings [41].

In the context of oxide quasicrystals the square-triangle-rhomb tiling introduced
by Niizeki and Gähler is of superior importance and will be denote as Niizeki-Gähler
tiling (NGT) further-on. Taking a small patch of the NGT as an example, Fig. 2.5 illus-
trates how to utilize the higher-dimensional periodic lattice for the characterization of
the two-dimensional quasicrystal tiling. In the physical space depicted in Fig. 2.5(a)
the four projected unit vectors are given as colored arrows. They are rotated by 30°
(π/6) with respect to each other. By starting from an arbitrary vertex of the tiling, us-
ing an integer linear combination of the projected lattice vectors each point in the tiling
can be reached. The four vertices labeled as an example are reached from the center by
subsequent steps along each of the lattice vectors. The four integer indices are unique
and determine the coordinates of all lattice sites in the periodic hyperspace. In the in-
ternal space, shown in Figure 2.5(b), the projected lattice vectors are rotated by 150°
(5π/6) against each other. These lattice vectors have the length of the short radius of
the acceptance domain (shaded area). While in physical space the distance to the initial
position increases in this example, the relative orientation of the four projected lattice
vectors in the internal space results in an inward motion along the path.

Similar to the 1D Fibonacci chain, also the NGT can be derived from recursion [42].
Figure 2.6(a) illustrates the substitution rule for triangles, squares and rhombs. In each
substitution cycle, triangles are replaced by seven triangles and three squares of smal-
ler length. Each square is replaced by 16 triangles, five squares, and four rhombs.

8
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Figure 2.4: Dodecagonal tilings consisting of three tiles constructed by F. Gähler by varying
the acceptance domain. Selected tiling sequences are colored. Adapted from [38].

Finally, all rhombs are replaced by a combination of eight triangles, two squares, and
three rhombs [43]. The shaded area marks the symmetry inherent ot the tiles. Upon
inflation/deflation, self-similar structures are obtained. The scaling factor for dodeca-
gonal quasicrystals is another PV number called the platinum mean [32]. It is the pos-
itive root solving

x2 + 4x− 1 = 0, x = 2 +
√

3 = 3.732... (2.6)
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a
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e1,||
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e3,||e4,||

e1,┴
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b

Figure 2.5: The dodecagonal Niizeki-Gähler tiling in (a) physical and (b) internal space. The
four projected lattice vectors are given as colored arrows. The numbers in brackets illustrate
the indexing of the physical space vertices and their mapping to the internal space.

a

56.2 %

26.8 %

 9.8 %

 7.2 %

ba   a/(2+√3) c

Figure 2.6: (a) Recursion rule for the dodecagonal NGT according to [42]. Upon substitution
a self-similar square-triangle-rhomb tiling is generated, scaling with the platinum mean. The
shaded area mark the symmetry of the tiles. (b) The four vertex configurations that occur in
the NGT and their relative frequencies. (c) Phason flips in the NGT. The flipping between
three equivalent positions inside the shield causes a 120° rotation of the interior tiling.

Mathematically, the substitution can be expressed by the deflation matrix T , in which
the rows of the matrix are assigned to the number of triangles, squares and rhombs
involved in the substitution, respectively.

T =

 7 16 8
3 5 2
0 4 3

 (2.7)

The scaling factor of self-similarity, the platinum mean, can also be calculated from the
square root of the dominant eigenvalue of T . The square root has to be taken since the

10
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matrix and its eigenvalue are defined for the scaling of the area rather than the edge
length. In addition, the corresponding dominant eigenvector of the deflation matrix
represents the triangle : square : rhomb tiling element ratio in the NGT [43]:[

(1 +
√

3), 1, (1 +
√

3)−1
]
w (2.73, 1, 0.37). (2.8)

Despite a large number of possible combinations of the three tiling elements, only
four vertex configurations exist in the NGT, which are shown in Fig. 2.6(b). These
vertex configurations arise as corner points between four, five, six, or seven tiling ele-
ments, respectively. Most frequently a vertex is formed by five edges when three tri-
angles and two squares meet (56.2 %). Roughly one quarter (26.8 %) of the vertices
is a combination of the four edges of two triangles, one square and one rhomb. In
9.8 % of all vertices seven tiles merge namely five triangles and two rhombs. Least fre-
quent (7.2 %) is the vertex formed from six edges of four triangles, one square and one
rhomb. For completeness it should be mentioned that additional singular points exist
in the ideal tiling with a different vertex configuration.

In the NGT, the vertices of the rhombs inside the shield elements are most sensit-
ive to phasonic excitations. Gähler showed that the vertices defining the rhombs are
defined by the outermost area of the acceptance domain in the internal space. How-
ever, the area of the internal space surrounding the acceptance domain of the NGT
corresponds to additional positions inside the shield. This is also evident by the work
of Gähler, where a slight increase in the size of the acceptance domain from Ca to Cc

caused additional pairs of rhombs to occur. By looking carefully to the distribution
of rhombs in the corresponding tiling in Fig. 2.5-4 three rhombs are frequently located
next to each other. This is a consequence of the population of a shield element with two
vertices. For phasonic excitations this means that any small displacements of the ac-
ceptance domain will immediately cause a depopulation of the vertices inside of some
shields belonging to the NGT in favor of a population of an alternative vertex position
in the shield. The consequences on the tiling level are illustrated in Fig. 2.6(c). The
flipping between the three equivalent positions inside the shield element appears as a
120° rotation of the shield.

In the above paragraphs the special properties of dodecagonal QCs have been dis-
cussed. The following selection of results obtained for two-dimensional oxide quasi-
crystals will demonstrate that in these materials quasicrystal properties and concepts
can be studied using the strong and powerful tools of surface science, especially using
scanning probe techniques with atomic resolution.
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3 Selected results

In this chapter the results of this habilitation thesis are highlighted covering the growth
and structural properties of the prototypical OQC formed from Ba-Ti-O on Pt(111) (3.1),
a summary of related periodic structures (3.2), the full atomic structure of oxide qua-
sicrystals (3.3), the electronic structure of the OQC (3.4) and studies of molecular ad-
sorption on these surfaces (3.5). The original publications reporting the work in full
detail are collected in chapter 5.

3.1 Growth and structural properties

Oxide quasicrystals are formed from ternary oxide material on metal support upon
high-temperature annealing in reducing environments [1, 2, 44]. The oxide material
can be deposited on the metal by any means, e.g. rf magnetron sputtering, pulsed-laser
deposition, or by using sequential or simultaneous evaporation in molecular beam epi-
taxy [45]. Upon thermal treatment fully oxidized films tends to de-wet the metal sub-
strate to form three-dimensional islands, as has been reported for Pt(111), Pd(111), and
Ru(0001) [1, 46, 47]. In reducing conditions, a two-dimensional wetting layer distrib-
utes the oxide material provided by the 3D islands until the metal substrate is fully
covered. Figure 3.1 illustrates this wetting process for the Ba-Ti-O/Pt(111) system as
monitored by low-energy electron microscopy (LEEM) [48]. In the top row of the figure
the bare metal substrate gives rise to the bright contrast, the BaTiO3 islands are light
gray and the wetting layer is dark blue. In this system, the wetting process takes place
at 1020 K in UHV. The wetted area does not develop any long-range ordering at this
temperature. At 100 K higher temperatures, the quasicrystalline dodecagonal long-
range order forms in the two-dimensional film and the residual 3D islands coalesce.

Figure 3.2 shows the diffraction pattern of the OQC obtained by µLEED. The do-
decagonal pattern is obvious from the highest intensities, which correspond to the
second order spots of the structure. This µLEED measurement performed in a LEEM
system is the only measurement so far in which the first order spots have been clearly
resolved. The pattern remains unchanged over a broad temperature range. In LEEM,
even at 965 K the pattern is observed [48]. At higher temperatures electron emission
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+100 K

500 nm

Reduction: UHV @ 1020 K

Oxidation: 10-6 mbar O2 @ 900 K

+150 K

Figure 3.1: LEEM measurement of the wetting and de-wetting process of Ba-Ti-O on
Pt(111). The top row shows the evolution of a two-dimensional wetting layer (dark blue)
from 3D BaTiO3 islands (light gray) on the metal surface (yellow) at 1020 K in UHV. The
bottom row shows the decay of the OQC upon oxidation at 900 K. FOV = 1.5 µm. Reprinted
from [F5.8].

sets in, which does not allow for further LEEM imaging. However, the OQC pattern
has been observed by SXRD up to the formation temperature of 1150 K.

The OQC structure is stable upon O2 adsorption - even at high temperatures: At
a temperature of 900 K the OQC in the Ba-Ti-O/Pt(111) starts to decay only for pres-
sures above 5× 10−7 mbar [48]. The reason for the decay is the dissociation of O2 into
adsorbed atomic oxygen at free Pt defect sites. This oxygen leads to an oxidation of
the two-dimensional wetting layer into perovskite islands. This conversion is mon-
itored by LEEM in the bottom row of Fig. 3.1. Starting from the perfect OQC structure
in the lower right, the decay proceeds in a dendritic fashion towards the lower left.
The bright contrast appearing represents the bare metal substrate. The more metal is
exposed to the O2 atmosphere, the faster the conversion proceeds. By evaluating the
time-dependence of the conversion, an exponential increase of the free metal area has
been found [48]. This is the signature of an autocatalytic process as a consequence of
the O2 dissociation. Since the OQC layer terminates at the substrate step edges, free
Pt sites will be initially available at the step edges on the higher-lying terrace, which
is why the conversion starts there. In the course of time the two-dimensional OQC
layer is locally converted into small islands, which necessarily extend to the third di-
mension. The conversion from a high density of smallest islands towards the lower
islands density seen on the top right of Fig. 3.1 happens upon temperature increase via
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350 K 770 K 965 K

a b c

Figure 3.2: Dodecagonal diffraction pattern of the OQC in Ba-Ti-O/Pt(111). µLEED data
reveals the thermal stability of the structure upon heating at 350 K (a), 770 K (b), and 965 K
(c). Measurements at higher T were hindered by electron emission. Adapted from [F5.3].

Ostwald ripening and coalescence. The growth and decay cycle presented in Fig. 3.1
demonstrates that these ternary oxide layers exhibit a prototypical strong-metal sup-
port interaction (SMSI), which has been thoroughly discussed for binary oxides in cata-
lysis in the past [49–51].

On the atomic level, the dodecagonal structure is characterized by atomic vertices
forming three basic tiles with a common edge length: equilateral triangles, squares,
and rhombuses having 30° and 150° angles. As shown in Fig. 3.3, these basic tiles are
combined to dodecagons consisting of 20 vertices arranged in 12 triangles, 5 squares,
and two rhombs. These dodecagons are the basic building blocks of the tiling. They
are combined on larger scales in an edge sharing fashion (top left in Fig. 3.3). The
distance between two adjacent dodecagons sharing one edge is a factor of (2 +

√
3)

larger than the edge length of the basic tiles. This factor of (2 +
√

3) is the inflation
factor for dodecagonal tilings. The first mathematical description of a dodecagonal
triangle-square-rhomb tiling has been presented by Niizeki and Gähler [37, 38]. Hence
it is called Niizeki-Gähler tiling (NGT). A first inflation rule was given by Liao et al.
[42]. Their work suffered from partially overlapping tiles upon recursion. This issue
has been resolved by defining the recursion rule based on half elements [52]. Figure
3.4(a) illustrates how the second generation of the tiling is obtained based on combin-
ations of the basic first generation tiles. The shaded area in the first generation tiles
encodes the tiling element symmetry. In the second generation a proper orientation of
the first generation tiles needs to be maintained. As a consequence of this substitution,
tiling elements arise in the second generation, which are enlarged by the inflation factor
(2+
√

3). Every subsequent iteration of this inflation causes further enlargement of the
supertiles by the same factor as shown in Fig. 3.4(b) for the third generation square. In
this third generation the characteristic dodecagons can be recognized. Four of these
dodecagons that decorate the vertices of the second generation square are marked in
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blue in Fig. 3.4(b). By connecting all dodecagons an self-similar tiling will be construc-
ted which is enlarged by the (2 +

√
3) compared to that of the basic tiles.

How closely oxide quasicrystals resemble the dodecagonal Niizeki-Gähler tiling
model has been tested by an extensive statistical analysis [43]. Statistical measures
are the frequencies of tiling elements and larger clusters and the distribution of their

1 nm

Figure 3.3: Atomically-resolved STM image of the OQC in Ba-Ti-O/Pt(111). The atomic
vertices are arranged in triangles, squares and rhombs. These tiling elements are combined in
dodecagons that are the characteristic building blocks of the dodecagonal tiling. 10×10 nm2,
30 pA, 0.15 V. Reprinted from [F5.8].

a b

a  

(2
+

√3
) 

a 

(2
+

√3
)²

 a
 

Figure 3.4: (a) Overlap free recursion rule for the three basic tiling elements of the dodeca-
gonal Niizeki-Gähler tiling. (b) Third iteration of the recursion starting from a square. For
further explanation see text. Adapted from [F5.8].
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Figure 3.5: Distribution of shared edges between adjacent tiling elements of two experimental
datasets compared to the ideal NGT (gray histogram). Reprinted from [F5.7].

orientations. More elaborate, by analyzing the frequency of shared edges between
neighboring tiles, information about the combination of elements in the global tiling
can be obtained. This analysis has been performed for the prototypical OQC in Ba-Ti-
O/Pt(111) [43, 53]. In the Niizeki-Gähler tiling only three combinations of the three
tiling elements are allowed: A triangle can be combined with a square, a rhomb, or an-
other triangle. No other combination should occur. Moreover, the relative frequency of
these tiling element combinations is fixed. Figure 3.5 shows these frequencies for the
NGT as grey bars. In addition, the data points obtained from two independent data-
sets of different size are included in the figure. These data points are obtained from
atomically-resolved STM measurements containing 8100 and 20000 atomic vertices,
respectively [43, 44, 53]. As can be read from the graph, tiling element combinations
occur in the real oxide quasicrystals, which are not allowed in the NGT. However, these
defects occur almost at zero measure - their total number amounts to 0.3 % of all atomic
vertices for the larger dataset. Both, the tiling element ratio and the relative frequencies
of the three NGT tiling element combinations are perfectly reproduced in the measured
OQC systems, which proves that oxide quasicrystals are the first natural realization of a
dodecagonal Niizeki-Gähler tiling. The only significant deviations from ideal statistics
have been found in the orientation of the dodecagons in the Ba-Ti-O/Pt(111) system
[43]. The twelvefold degeneracy in the orientation of the dodecagons is lifted and a
preference for rotations every 60° are found. This observation is attributed to a stabil-
ization mechanism for the OQC on the three-fold substrate, which is aligned parallel
to the edges of the OQC tiling elements.
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3.2 Periodic approximants

Besides oxide quasicrystals, a plethora of periodic structures is observed in 2D layers
of Ba-Ti-O and Sr-Ti-O on Pt(111), Pd(111), and Ru(0001) surfaces [2, 47, 52, 54–57].
As illustrated for the example of the 2D hyperspace for the 1D Fibonacci quasicrys-
tal in chapter 2, periodic structures related to quasicrystals exist for cutting the higher
dimensional hyperspace at rational slopes. Each corresponding unit cell consists of a
continuous patch of tiles, that also exist in the parent quasicrystal (pQC). The closer
the rational slope approximates the irrational slope of the quasicrystal, the better the
periodic tiling approximates the aperiodic tiling of the pQC. Consequently, these peri-
odic structures are called approximants. Figure 3.6 illustrates the relation between
approximant unit cells and the pQC for the NGT of oxide quasicrystals and the two
single-phase approximants that have been reported first: the 4:2:0 approximant (also
known as σ phase) and the 24:9:3 approximant [2, 55]. The nomenclature used for la-
beling these approximants encodes the triangle:square:rhomb tiling element ratio of
the given unit cell, which is yet another measure for the complexity of a given peri-
odic structure. In Fig. 3.6(a) a patch of four triangles and two squares is emphasized
in the NGT tiling, which completely tiles the plane upon periodic repetition as shown
in Fig. 3.6(b). The larger patch emphasized in Fig. 3.6(a) consisting of 24 triangles, 9
squares and 3 rhombs is periodically repeated in Fig. 3.6(c). Not just by visual inspec-
tion, but also by comparing the tiling element ratios of the approximants with that
of the NGT, one clearly notes that the larger approximants resembles the OQC quite

c

ba

Figure 3.6: (a) NGT tiling emphasizing two patches that exist in periodic repetition. (b)
4:2:0 σ-phase approximant observed for Ba-Ti-O on Pt(111), Ru(0001), and Pd(111). (c)
24:9:3 approximant found in Sr-Ti-O/Pt(111). Adapted from [F5.8].
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closely. Normalized to the number of squares the NGT tiling element ratio amounts to
(1 +

√
3) : 1 : (1 +

√
3)−1 ≈ 2.73 : 1 : 0.37. While the σ phase with its ratio of 2 : 1 : 0

deviates significantly, the 24:9:3 approximant with its ratio of 2.66 : 1 : 0.33 already
closely resembles the composition of the NGT.

      

Figure 3.7: Hexagonal approximant exhibiting
five tiles in the unit cell (for further explanations
see text). Adapted from [F5.10].

In these ternary oxide systems, ap-
proximant structures have been identi-
fied that cannot be described with their
relation to the pQC in a similar fashion
as introduced above. One example is
shown in Fig. 3.7. This hexagonal ap-
proximant structure contains not only the
three tiling elements of the NGT in its
unit cell, but five in total. In the cen-
ter of the unit cell one finds a character-
istic dodecagon of the NGT made from
triangles, square, and rhombs. However,
this dodecagon is surrounded by twelve
trapezoids (black in Fig. 3.7) bridging to
the neighboring cells. In addition, at the
corner between three adjacent cells a lar-
ger triangle exists, that can be either decorated by an additional adatom (blue circle)
or empty (red circle). Obviously, for structures like this the relation to the pQC that
consists of less tiling elements is rather ill defined. Other examples exist that request
a more subtle definition of the term approximant. In the Ba-Ti-O/Pd(111) system, an-
other 24:9:3 approximant is observed, for which the distribution of rhombs within the
unit cell is altered by phason flips within the same boundary as seen Fig. 3.6(c). As a
result, the same patch cannot be found in the pQC at any position [58]. Furthermore,
structures are found that exhibit vertex configurations that are not allowed in the pQC.
One example is the hexagonal approximant in Sr-Ti-O/Pt(111), in which one vertex
is surrounded by six triangles [57]. For this reasons, the approximant classification
scheme shown in Fig. 3.8 is proposed.

According to this scheme, structures that consist solely from the basic tiling ele-
ments of the pQC are called approximants, whereas structures that contain other tiling
elements are called pseudo approximants. The approximants are further subdivided
into strict, flipped and vertex-relaxed. Strict approximants have an unit cell that in-
cludes full tiles. This unit cell is a compact patch of the pQC and it contains only
vertex configurations that are allowed for the pQC. Flipped approximants also have a
unit cell including full tiles. Its boundary equals that of a compact patch of the pQC
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Approximants Pseudo Approximants

Flipped

Vertex relaxed

Indexable

Extended

Strict

d=0.7

d=4
d=1.5

d =
Aunit cell

ApQCpatch

−1

Figure 3.8: Generalized classification scheme for approximant structures inspired by the
wealth of structures in two-dimensional ternary oxide layers (for further explanation see text).
The indexable pseudo approximant is a hypothetical structure, all other structures have been
observed experimentally.

and exhibits only vertex configurations of the pQC. The arrangement of tiles within
the boundary is allowed to vary from the pQC. The mechanism causing these vari-
ations are phason flips that provide the name for this subclass of approximants. The
third subclass of approximants are called vertex relaxed. These approximants have a
unit cell of full tiles and all tiles must exist in the pQC. In other words, vertex con-
figurations can be included in the unit cell, which are not present in the pQC and no
restriction regarding the distribution of tiles exists. Pseudo approximants are divided
into two subclasses: Indexable and extended ones. In the case of indexable pseudo ap-
proximants it is requested that all points in the lattice can be reached by adding one of
the projected unit vectors of the pQC to the neighboring atom positions. This way all
atomic positions can be expressed using the lattice vectors spanning the higher dimen-
sional periodic lattice of the pQC. The definition of extended pseudo-approximants
only requests that the unit cell contains a patch of the pQC. This definition allows also
tiles that introduce a new length scale to the lattice which cannot be mapped to the
higher-dimensional periodic lattice. The factor d shown in Fig. 3.8 defines a measure
for the deviation from the pQC. It compares the area of a patch included in the pQC
tiling with the unit cell area of the pseudo approximant. In absence of new tiles, which
means for all strict approximants, this measure is 0. For all pseudo approximants d
is larger than 0. The classification scheme presented here does not only have implic-
ations in the physical real space. The structural modification which lead to a division
into the different subclasses do also modify the reciprocal physical and the internal
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Figure 3.9: (a) Representation of a strict 24:9:3 approximant in real space (unit cell), internal
space and reciprocal space. (b) Same characterization for a flipped 24:9:3 approximant. As a
guide to the eye for the internal space, the acceptance domain of the pQC is given (AD). For
illustrating the differences in reciprocal space, the Fourier-transform of the base is shown next
to the diffraction pattern.

space properties. Two examples will be used to emphasize the important differences.

Figure 3.9 compares the two different variants of the 24:9:3 approximants that ex-
ist in Sr-Ti-O/Pt(111) and Ba-Ti-O/Pd(111) [2, 58]. The structure observed in Sr-Ti-
O/Pt(111), shown in Fig. 3.9(a) is a strict approximant. The vertices in the unit cell
are on identical positions as found in the NGT. By lifting the structure into the four-
dimensional hyperspace one can get to the internal space representation, in which all
points are found inside of the acceptance domain (AD) of the NGT. For simulating the
diffraction intensities the squared modulus of the structure factor F, which accounts
for the distribution of the vertex atoms in the unit cell, is multiplied with the squared
modulus of the density distribution in the reciprocal space, which accounts for the
lattice.

I = |F|2 · |L|2 = |
J

∑
j=1

f0(k0, k, rj)e
ikrj |2 · |

N

∑
j=1

eiKRj |2 (3.1)

In reciprocal space, the FT of the strict approximant closely resembles the intensity
distribution of the OQC. This follows for the quite large number of tiles in the unit
cell, which are perfectly ordered for this strict approximant. The deviations in the
diffraction pattern arise from the discrete sampling of the reciprocal space as defined
from the periodic lattice of the approximant, which does not allow to meet the points of
highest intensity everywhere. Of course, the larger the unit cell of a strict approximant,
the finer the k-space sampling and the better the approximation of the OQC diffraction
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Figure 3.10: (a) Hypothetical indexable pseudo approximant represented in real, internal and
reciprocal space. (b) Example of an extended pseudo approximant for comparison. The twelve
non-indexable positions of the trapezoids reach far out in the internal space. Hence, the AD
in the center is barely recognizable.

pattern. In the case of the flipped 24:9:3 approximant shown in Fig. 3.9(b), the tiles are
rearranged wrt. the perfect OQC tiling. This is immediately seen in the internal space
representation, in which two vertices reside outside the acceptance domain. Similar
to disorder, the tiling rearrangement result in a smearing out of the reciprocal space
intensity distribution calculated from the FT of the unit cell base. As a consequence, the
k-space intensity is distributed amongst various neighboring spots in the diffraction
pattern. The relative intensity distribution at the same reciprocal space coordinates
differs significantly from the pattern of the strict approximant having the same lattice
as given in Fig. 3.9(a).

As a second example, two pseudo approximants of hexagonal symmetry shown
in Fig. 3.10 are discussed. The indexable pseudo-approximant contains a dodecagon
surrounded by twelve triangles in its unit cell. This part of the motif is identically
found in the NGT. By periodic repetition in a hexagonal fashion as indicated by the
red unit cell, new tiles arise in-between three of the aforementioned patches that are
not part of the NGT. Accordingly the structure is classified as a pseudo approximant.
By sharing one vertex atom between neighboring dodecagons, the indexability of the
structure is ensured. In the internal space all vertices fall into the AD of the NGT. Also
in reciprocal space, this structure appears like a strict approximant, due to the perfect
ordering of the atomic vertices forming the base of the unit cell. The extended approxi-
mant shown in Fig. 3.10(b) does also contain one full dodecagon in its unit cell, which is
surrounded by twelve additional vertices. However, this outer ring of twelve vertices
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is rotated by 15° with respect to the dodecagon in comparison to the pseudo approx-
imant in Fig. 3.10(a). Thus, twelve trapezoids are formed instead of twelve triangles.
This rotation by 15° does not allow to index the entire structure any more because the
projected lattice vectors of the NGT incline 30° angles. The non-indexability implies
in fact, that these points cannot be reached by any linear combination of the projected
lattice vectors. Hence in the internal space representation only approximated positions
can be given for these outermost vertices. They appear as twelve points on a circle far
outside of the acceptance domain. It is important to note, that the presence of two
trapezoids instead of two triangles on the connecting line between two large clusters
causes a subtle modification of the distance between adjacent cluster centers. The new
distances introduced by the trapezoids severely alter the reciprocal space intensity dis-
tribution. Although sampled with an almost identical reciprocal lattice, the diffraction
pattern does not at all approximate a twelvefold symmetric pattern any more. It is
purely hexagonal with small variations in the relative intensities of neighboring spots.

This short excursion aims on giving an overview about the variety of periodic struc-
tures that exist in two-dimensional ternary oxide made from Ba-Ti-O and Sr-Ti-O. Some
of these approximants have played a major role in the exploration of the atomic struc-
ture of oxide quasicrystals because the application of the powerful tools of structure
determination like surface x-ray diffraction and density functional theory is straight
forward for periodic structures, which is the subject of the following section.
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3.3 Atomic structure of oxide quasicrystals

The structural properties of oxide quasicrystals and their related approximants have
been discussed in the previous chapter solely on the tiling element level. This tiling
has been obtained by connecting the atomic vertices observed in STM images. The
elemental nature of these atomic vertices remained the central question in the research
on oxide quasicrystals since their discovery. The large interatomic spacing of 6.70 Å to
6.85 Å for the majority of vertices implied that only the sublattice of one single atomic
species gives rise to the contrast in STM. All attempts in STM of varying the imaging
conditions by altering the bias voltage to become sensitive to the density of states of the
two other elements in these ternary compounds failed [1]. The ultimate tool for atomic
level microscopy is non-contact atomic force microscopy (nc-AFM) in direct combina-
tion with STM by using conductive probes. It allows the simultaneous mapping of the
density of states and interaction forces. Thus, it is capable of imaging atoms that do
not contribute to the tunneling current at a given bias voltage. Figure 3.11 shows sim-
ultaneously recorded constant-height STM (left column) and nc-AFM images (right
column) of the OQC. These measurements have been conducted at 5 K using a CO-
functionalized tip as a probe [53]. At larger tip-sample distance, the constant-height

a b

c d

20        120 pA

200        500 pA

-60            0 Hz

-60        +25 Hz

            

            

Figure 3.11: Simultaneously recorded constant-height STM (a,c) and nc-AFM images (b,d)
of the OQC in Ba-Ti-O/Pt(111) using a CO-terminated tip. One of the characteristic dodeca-
gons is emphasized for guidance. a-d) 7×7 nm2, U = 20 mV, A = 50 pm. The tip-sample
distance has been reduce by 160 pm between (a,b) and (c,d). Adapted from [F5.7].
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current image (a) shows the atomic vertices as well-separated spherical objects. In the
frequency shift image (b) the same vertices are seen in a dark contrast reporting on
an attractive interaction with the CO-terminated tip. However, no additional atoms
are resolved in-between the vertex atoms seen in STM. By further approaching the tip
to the surface, the absolute current in the current image (c) is strongly increased and
the vertex atoms appear space filling. In the frequency shift image (d) the same atoms
appear now with a bright contrast, which corresponds to a repulsive interaction with
the tip. Even in this repulsive regime utilizing a CO molecule as the smallest-possible
probe it is not possible to resolve any additional atomic species [53].

To solve the atomic structure of oxide quasicrystals, STM and LEED experiments
have been complemented by surface x-ray diffraction and density functional theory
calculations for the 48:18:6 approximant in Sr-Ti-O/Pt(111) [52]. Figure 3.12(a) shows
the unit cell of this approximant, in which 48 vertex atoms form a tiling of 48 triangles,
18 squares and 6 rhombs. This structure is categorized as flipped approximant since its
tiling (Fig. 3.12(b)) comprises rows of three rhombs, that do not occur in the ideal NGT.
The large size of the unit cell makes this structure challenging for structure relaxation in
DFT. However, in this structure two glide-planes exist, which increase the symmetry of
the system to p2gg and reduce the size of the irreducible unit to one quarter of the unit
cell (semi-transparent tiling in (a)). As a consequence of the large real-space unit cell
dimensions of 4.4×4.3 nm2, the reciprocal lattice is densely sampling the k-space. In
addition, six domains of this structure form on the hexagonal substrate, which results
in a very dense set of superstructure spots marked in black in the reciprocal space map
shown in Fig. 3.12(c). The red circles in this map indicate the positions of the intense
Bragg peaks of the dodecagonal OQC. Three spots appear from the different domains
of the periodic structure at the OQC spot positions. From the reciprocal space map-
ping, 182 symmetry inequivalent spot intensities have been extracted for the 48:18:6

Qx (Å-1)6×6 nm², 0.1 nA, 1.0 V

a b c

Q
y 

(Å
-1
)

Figure 3.12: (a) The vertex configuration in the unit cell, (b) the tiling, and (c) the SXRD
data for the 48:18:6 approximant in Sr-Ti-O/Pt(111). Adapted from [F5.12].
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approximant. This dataset has been used to test the different structures that have been
proposed for oxide quasicrystals. An initial proposal has been put forward at the be-
ginning of this habilitation work based on a combined STM, LEED, SXRD and DFT
analysis of the 4:2:0 approximant in Ba-Ti-O/Pt(111) [55, 59]. At that time, the vertex
atoms seen in STM have been assigned to the Ti atoms and a Ba4Ti4O10 stoichiometry
has been concluded. An alternative proposal has been made by Cockayne et al. in a the-
oretical work based on a tiling decoration approach [60]. Cockayne et al. assigned the
vertices to the alkaline earth metal atoms hosted in a Ti2O3 network structure. In their
model, the 4:2:0 approximant will have a stoichiometry of Ba4Ti12O18. The availability
of the 48:18:6 approximant SXRD data allowed for the first time to decide between the
competing structural models [52]. By optimizing the atomic positions of the different
metal cations for the two models in a least-squares refinement the measured SXRD data
has been fitted with the two models. With regard to all agreement factors (Goodness of
fit (GOF), weighted residuum (wR2), and unweighted residuum (R1)) [61], the struc-
tural model including alkaline earth metal atoms occupying the vertex positions leads
to substantially better fits (GOF=1.5, wR2=0.21, R1=0.11) as compared to the alternative
with Ti atoms at the vertices (GOF=4.2, wR2=0.73, R1=0.45). This clearly decides that
the SXRD analysis is in agreement with the theoretical model developed by Cockayne
et al. [60]. The arrangement of the Sr and Ti atoms can be directly visualized by the
calculation of the charge density contour map, ρ(x, y), which is shown in Fig. 3.13(a).
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Ti
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Pt

Ti-Pt = 2.18 Å

Sr-Ti = 0.67 ÅO-Ti = 0.87 Å

a

Figure 3.13: (a) Electron density distribution in the unit cell of the 48:18:6 approximant in
Sr-Ti-O/Pt(111) calculated from SXRD. (b) Top and side view of the DFT relaxed structure
of this approximant. For clarity the substrate atoms have been omitted in the top view.
Reproduced from [F5.12].
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Figure 3.14: The unit cell of the
48:18:6 approximant represented as
decorated tiling. Sr, Ti, and O atoms
are coloured green, blue, and red, re-
spectively. The decoration the three
tiles applies to all related structures
including oxide quasicrystals.

The highest-density features as marked in green
correspond to the positions of the heaviest atom,
the alkaline earth metal Sr. They form the vertices
of the square-triangle-rhomb tiling. The Ti atoms
are located at positions of the second highest elec-
tron density, as emphasized in blue and by the
black arrows in Fig. 3.13(a). To identify the po-
sitions of the O atoms, DFT calculations have
been performed by E. Cockayne. The relaxed
structure of the 48:18:6 approximant is shown in
Fig. 3.13(b). The essential feature of such two-
dimensional ternary oxide layers is a Ti-O back-
bone that forms rings of four, seven, and ten
Ti atoms, which are marked in magenta, orange
and gray in Fig. 3.13(b), respectively. The seven
membered rings are decorated with a single al-
kaline earth metal ion, whereas the ten membered
rings host two alkaline earth metal ions and one
additional O atom. The next-neighbor distance
between the two alkaline earth metal ions in the ten membered ring is strongly re-
duced due to the screening by the additional O atoms in-between. This structure is
strongly interacting with the supporting substrate, which can be seen from the signi-
ficant downward relaxation of the Ti atoms [52].

The atomic network structure obtained for the 48:18:6 approximant can be trans-
ferred to all periodic and aperiodic structures in two-dimensional ternary oxides via
a tiling decoration scheme presented in Fig. 3.14, which has been proposed first by
Cockayne et al. [60]. The backbone TinOn ring structure with n = 4, 7, and 10 is
closely related to honeycomb networks. Figure 3.15(a) illustrates the Stone-Wales de-
fect known for Carbon-based networks [62]. By rotating the central bond between four
adjacent rings with n = 6, a combination of two rings with n = 5 and two with n = 7 is
formed. In a subsequent transition of the same type a combination of four n = 7 rings
surrounding one n = 4 ring can be realized. Stone-Wales defects are well-known for
various honeycomb systems including binary oxides and their formation is accompan-
ied with an energy penalty [63]. The complex networks in ternary oxide layers with
rings of different sizes are stabilized by hosting the alkaline earth metal ions for ring
sizes of n > 6. This has been proven by a comparative DFT study of a Ba decorated
honeycomb Ti2O3 network and the 4:2:0 σ-phase approximant. In the two structures
shown in Fig. 3.15 (b,c) 2/3 of all rings are decorated by Ba ions, i.e. all n = 7 rings
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Figure 3.15: (a) Transition from a honeycomb lattice by subsequent Stone-Wales (S-W)
transformations into a structure of four and seven member rings. (b) Comparison of the total
energies of Ba-decorated Ti2O3 honeycomb structure and (c) the Ba-Ti-O σ-phase approxi-
mant on Pt(111) by DFT. The lowest energy phase is the σ-phase approximant. Reproduced
from [F5.12].

for the σ phase. Since both structures comprise the identical composition and com-
parable unit cell area upon relaxation, a comparison of their total energies is straight
forward. It turns out that despite the unfavorable situation of strained n = 4 rings,
the σ phase is the lower energy phase. Two main contributions are suggested that sta-
bilize the complex network of ”defects” in two-dimensional ternary oxides. First, the
reduction of the absolute height of the Ba ions wrt. the Pt(111) substrate reduces the
dipole connected to the ion and its image charge induced in the substrate. Second, the
larger ring size in the σ phase results in an enlarged distance between adjacent Ba ions
of about 15 % wrt. to the honeycomb, which reduces the Coulomb repulsion amongst
the neighboring ions[52].

Now that the atomic structure is solved and the Cockayne model is validated the
different phases observed in a given materials system can be put into a proper context.
Most thoroughly investigated is the Ba-Ti-O/Pt(111) system. Already before the obser-
vation of the first oxide quasicrystal in this system, four different periodic approximant
structures have been reported, which at that time have been observed in co-existence
on the Pt(111) surface [54]. In the mean time, all of these structures have been prepared
as single phases and two additional ones have been reported. With the knowledge of
the atomic structure it is now possible to derive a phase-diagram of the system. The
parameter that is decisive for the formation of a given structure is the Ba coverage of
the Ti2O3 backbone. The survey of structures in the Ba-Ti-O/Pt(111) system presen-
ted in Fig. 3.16 starts with the pure honeycomb Ti2O3 on the left. Starting from a Ba
coverage of 50 % of all honeycomb rings, i.e. 1.5 Ba/nm2, the so-called Six-Network
structure forms [54, 60]. In this structure single Stone-Wales transformations result in
a network of equal amounts of TinOn rings with n = 5 and n = 7. The vertices of this
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Figure 3.16: Collection of structures obtained in two-dimensional Ba-Ti-O films on Pt(111)
ordered by increasing Ba ion density(top row). For all periodic structures the single-phase
LEED pattern and the periodically repeating tiling motif are shown.

tiling are formed from Ba in n = 7 rings, while the empty n = 5 rings decorate the
center of the trapezoidal tiling elements. The Six-Tiling structure contains one n = 6
ring in addition, which can be occupied by Ba or be empty. Thus, a small acceptance
for Ba density variations is given. The Double-Y structure is the first to develop square
and triangle tiling elements, which means also the first to contain n = 4 rings. In case
of the Wagon-Wheel structure, n = 6 rings exist in the large triangles that can be either
decorated by Ba or remain empty allowing also for a narrow range of Ba density vari-
ations [54, 56, 60]. Starting from the σ phase the trapezoidal tiling elements disappear.
Now, exclusively n = 4 and n = 7 rings are formed. This structure corresponds to

+ ½ O
2

Figure 3.17: The formation of a Ba
decorated TinOn n = 10 ring upon
incorporating an additional O atom
into adjacent n = 6 rings. Adapted
from [F5.12].

a 2/3 filling of the honeycomb pores by Ba as dis-
cussed above (Fig. 3.15(b,c)) [52, 54, 55, 60]. At
slightly higher Ba density of 2.5 Ba/nm2 the OQC
is formed in the system, which includes the rhomb
tile that is connected to n = 10 rings. At a dens-
ity of 2.9 Ba/nm2 a triangle-rhomb tiling is real-
ized, the so-called ∆ phase. This structure is solely
made from n = 10 rings. It must be understood
as a honeycomb network fully decorated by Ba.
These n=10 rings arise from two adjacent n = 6
rings, when an extra oxygen is opening up the
shared bond between these rings as illustrated in
Fig. 3.17 [52]. Assuming the lattice parameter of
the Ti2O3 honeycomb on Pt(111), a fully occupied
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Figure 3.18: The workfunction of selected two-dimensional oxide phases as function of the
Ba content in the layer. The gray line is a linear fit through the data.

honeycomb would correspond to a density of 3.2 Ba/nm2 [64]. However, this n = 10
ring network expands, which reduces the Ba density. At the high density limit a com-
plex hexagonal phase has been identified, which could not yet been solved completely.
Is there a way to prove the assignment made in Fig. 3.16? The variation of Ba ion dens-
ity at the surface must alter the surface dipole, which is why a linear decrease of the
workfunction (WF) with increasing Ba amount is expected [65]. This has been con-
firmed experimentally as shown in Fig. 3.18. Starting from the empty HC with a WF
of 5.1 eV, we observe a linear decrease when going via the Six-Tiling and the Wagon-
Wheel approximant all the way to the OQC.

The two-dimensional ternary oxide layer structures can be converted into one-
another despite their different composition, mediated by the formation of three-dimen-
sional BaTiO3(111) perovskite islands. By driving the formation of these islands, which
have a significantly larger Ba content than all 2D phases, a reduction of the Ba con-
tent in the two-dimensional layers is obtained. These islands grow under oxidizing
conditions and remain stable upon short term UHV annealing afterwards. In experi-
ments it was possible to convert an OQC layer into a Wagon-Wheel approximant in a
two-step preparation: In a first step, islands were formed by 20 min O2 annealing in
1× 10−6 mbar at 920 K. This treatment results in a complete de-wetting of the Pt(111)
substrate as shown in Fig. 3.1. In a second step the metal substrate is wetted by the
2D oxide upon annealing for 5 min in UHV at 1070 K. Afterwards, the entire surface
exhibited the single phase LEED pattern of the Wagon-Wheel structure. Upon further
oxidation following the same recipe, the Wagon-Wheel structure has been converted
into the Six-Tiling approximant. This process can be reversed by long-term UHV an-
nealing above 1100 K. Given that this reversibility applies similarly to related systems,
it offers a very efficient way of exploring the composition-dependent phase diagram.
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Atomic structure of oxide quasicrystals

The in-depth understanding of the atomic structure and the formation mechan-
ism of oxide quasicrystals worked out in this thesis represents a milestone in the re-
search on these two-dimensional systems. It allows to bridge to related materials to
explore whether it will be possible to construct dodecagonal structures by rational
design. Plenty of honeycomb structures are well-established in metal supported oxides
[64–73]. In addition, two-dimensional oxide phases with broad ring size distributions
forming vitreous structures have been found [74–78]. Studying the influence of large
guest entities, e.g. alkaline earth metals or lanthanides, on these 2D network systems,
shall pave the way to a tailor-made fabrication of new two-dimensional quasicrystal-
line materials targeting specific properties related to their aperiodic order.
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3.4 Electronic structure of oxide quasicrystals

In scanning tunneling microscopy the OQC and related periodic structures exhibit a
strong contrast upon all bias voltage conditions suggesting a metallic character of these
two-dimensional oxide layers. On the local scale, the metallic behavior has recently
been confirmed by measuring a finite differential conductance at the Fermi level in
constant height scanning tunneling spectroscopy [79].

An integral measure for the metallicity of the OQC comes from angle-resolved pho-
toemission applied to the Ba-Ti-O/Pt(111) system using momentum microscopy [80].
Figure 3.19 shows 2D momentum maps of the OQC covered and the bare Pt(111) sub-
strate, recorded at the Fermi energy and at 0.5 eV binding energy. In the presence of
OQC, the signature of the Pt bulk bands remains clearly visible, although these features
are damped by the 2D overlayer. In addition, the OQC induces a strong enhancement
of the photoelectron intensity around the Γ̄ point at the Fermi level. With increasing

Figure 3.19: 2D momentum map of (a, b) the OQC in Ba-Ti-O/Pt(111) in comparison
with (d, e) bare Pt(111). (a, b) taken at EF and (d, e) at EB = 0.5 eV. In (c), (f) their
momentum distributions along ky integrated over kx ±0.5 Å are shown, and the full width at
half maximum near ky = 0 for OQC (filled regions) is estimated by the arrows. Reprinted
from [F5.5].
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Electronic structure of oxide quasicrystals

binding energy the intensity distribution becomes narrower indicating an E(~k) disper-
sion of the electronic states of the OQC. Regarding the filling of the electronic states,
a lower bound of the Fermi wave vector of 0.6 Å−1 could be estimated. This value
is consistent with a lower bound for the charge carrier density of 2.5× 1014 cm−2. It
originates from partially occupied Ti 3d bands that lead formally to a 3d1 state [80].
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Figure 3.20: XPS spectra of Ti 2p for differ-
ent two-dimensional oxide systems. The low
binding energy component corresponds to the
given 2D system. The percentage denotes the
2D oxide area fraction.

The metallic character of these 2D ox-
ides is also reflected in the core level peak
shape of the atomic species involved.
The effect is best seen for the Ti 2p core
level region shown in Fig. 3.20. The blue
component in Fig. 3.20 is the formally 3+
charged Ti in the two-dimensional net-
work structures, namely the Ti2O3 hon-
eycomb, the OQC, the Wagon-Wheel and
the Six-Tiling approximants. The yellow
component relates to Ti4+ in 3D BaTiO3

islands. From the data a Shirley back-
ground has been subtracted. The sum
of the two components is giving the fit
(red line) of the experimental data (black
dots). A perfect fit of the Ti 2p doublet
of 3+ component is obtained by using
a Doniach-Sunjic lineshape [81]. This
lineshape accounts for a strong asym-
metry of the peak towards the higher
binding energy side resulting from ener-
getic losses of the photoelectrons upon
excitations of valence electrons, which is
typical for metal systems. This asymmet-
ric peak shape also causes a strong contribution to the inelastic background at higher
binding energies. The three spectra of the ternary 2D oxides shown in Fig. 3.20 illus-
trates the transformation from the OQC in lower Ba density structures upon oxidation
and rewetting discussed in the previous section. With the growing higher binding en-
ergy Ti4+ component the formation of stable 3D islands can be monitored. From the
area ratios of the two Ti species a surface model of the coexisting 3D and 2D phases
can be designed and the 2D oxide’s composition can be derived.
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3.5 Molecular adsorption onto 2D ternary oxides

The extraordinary structure of oxide quasicrystals and their high degree of structural
perfection especially in the Ba-Ti-O/Pt(111) system raised the interest in the transfer-
ability of their dodecagonal structure to overlayer systems. Our research focused on
the use of oxide quasicrystals as templates for the growth of aperiodically-ordered mo-
lecular films. The special benefit of molecular systems is the availability of all kinds of
intermolecular distances that allows to pick molecules matching the pitch of the tem-
plate.

As a first example the adsorption of C60 molecules on the OQC in Ba-Ti-O/Pt(111)
is presented [82, 83]. When adsorbing monolayer coverages onto the OQC at room
temperature, close-packed two-dimensional C60 patches form. In LEED, rings are
observed (Fig. 3.21(a)), from which a hexagonal structure with a lattice parameter of
(9.9± 0.1) Å is determined, matching the van-der-Waals diameter of C60 molecules.
Analyzing the intensity distribution of the first-order ring more closely (Fig. 3.21(b)), a
preferred orientation of hexagonal C60 patches rotated by 15° against the tiling element
edges of the OQC has been identified [82]. This is a first indication of a guided self-
assembly in these inert molecular films. This effect becomes more pronounced when
reducing the substrate temperature during adsorption. These experiments have been
performed by in-situ deposition of the molecules onto the sample hosted in a variable
temperature STM kept at 150 K. The result is shown in Fig. 3.22. At 150 K the molecu-
lar motion is strongly suppressed. In this submonolayer coverage, the molecules are
not able to merge into close-packed islands. Instead, smallest patches exist in which
the molecules adopt motifs of the underlying OQC template. Besides local hexagonal

[112]
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Figure 3.21: (a) LEED pattern of one monolayer of C60 molecules upon room temperature
deposition onto the OQC in Ba-Ti-O/Pt(111). (b) Comparison of the azimuthal intensity
distribution of the OQC spots (red) and the ring corresponding to the first order C60 spots.
A clear preference for an orientation at 15° rotation against the 〈112̄〉 direction of Pt(111) is
found. Adapted from [F5.6].
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Figure 3.22: (a) Small clusters of C60 mo-
lecules adsorbed at 150 K onto the OQC tem-
plate. Various motifs (b-f) are obtained that
reproduce the OQC tiling on the scale of C60.
Adapted from [F5.6].

arrangements (Fig. 3.22(b)), also squares
are found (Fig. 3.22(c)) and even com-
binations of triangles and squares. The
latter can be just a combination of one
triangle and one square (Fig. 3.22(e)),
a square sandwiched between two tri-
angles (Fig. 3.22(f)) or two triangles and
two squares (Fig. 3.22(g)). Even tiling ele-
ments involving five and six molecules
are formed, like pentagons (Fig. 3.22(h))
and the characteristic shield element
(Fig. 3.22(i)). These results show, that
there must be a preferred adsorption site
that allows to accommodate the large
host molecule. To localize the preferred
adsorption site of the C60 that allow to
imprint the OQC tiling to the molecular layer, we made use of the least complex
approximant structure, the σ phase. Figure 3.23(a) shows an extended patch of this
square triangle tiling. This simple structure contains only two high symmetry adsorp-
tion sites: the centers of squares or pairs of triangles. Focussing on the squares, a
well-determined set of next-neighbor C60 distances must occur for isolated molecules
labeled 1-7 in Fig. 3.23(a). Having these possibilities in mind, a statistical analysis of the
ranges of intermolecular distances and their angular distributions for low coverages of
C60 has been performed. The results shown in Fig. 3.23(b-d) confirm the hypothesis of
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Figure 3.23: (a) The σ-phase tiling as template for C60 adsorption. Potential NN distances
for preferential adsorption in squares are indicated. (b-d) Angular distribution of intermolecular
distances observed in STM for the three sets of distances emphasized in (a). Adapted from
[F5.6].
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a preferential adsorption of squares which also explains the transfer of the OQC tiling
motifs into the molecular layer at low coverages. However, the overall interaction of
C60 is too small to induce a dodecagonal ordering in the molecular self-assembly, which
would allow for further studies, e.g. on the modification of the electronic structure in
aperiodically ordered organic films.

Other molecules, which were thought to bind more specifically to either Ti or Ba
atoms in the OQC layer, have been tested in addition. Cyclopentadiene has been
chosen to bind preferentially to the Ti sites, at a time before the Cockayne model of
the OQC had been accepted and the STM contrast of the OQC was assigned to Ti
still. At room temperature no specific binding could be seen and the OQC structure
remained unaffected by the dosage of cyclopentadiene [83]. At 80 K multilayers of cyc-
lopentadiene adsorb. Heating back to room temperature, monolayer cyclopentadiene
is still adsorbed as shown by HREELS. However, no long-range ordering is obtained.
Further annealing resulted in a degradation of the OQC layer and a loss of Ti from the
surface, presumably due to the formation of volatile titanocene [83]. Since Ba is prone
to from stable carbonate species, CO2 adsorption has been tested as well [83]. At 83 K
a saturation coverage is formed, for which the vibrational frequencies of the CO2 mo-
lecules are found close to those of gas phase molecules. The desorption temperature is
95 K. Interestingly, the physisorbed CO2 molecules are adopting the OQC structure as
seen from LEED taken at 83 K [83].

As a last example CO adsorption should be mentioned. When flooding the OQC
surface with CO molecules at temperatures below 60 K a dense layer of molecules is
formed that exhibits the dodecagonal long-range order. However, the exact adsorption
geometry has not been resolved [83].
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Figure 3.24: (a) NC-AFM measurement of a CO-covered OQC at 5 K exhibiting a twelvefold
symmetric FT (inset). (b) Circular line profile taken from the FT image. Bars indicate intervals
of 30°. (c) 2D autocorrelation image of (a) and (d) its radial distribution function [83].
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4 Summary

In the course of this habilitation thesis an in-depth understanding covering various
aspects of oxide quasicrystals has been developed: The growth of oxide quasicrystals,
their detailed atomic structure, structural variations upon chemical modifications con-
cerning the alkaline earth metal species and the substrate, their electronic structure
and their use as template for molecular self-assembly. This work unraveled oxide qua-
sicrystals as a fascinating materials system bridging between two fields of research.
On one hand side in the field of surface science, these aperiodically-ordered two-
dimensional oxide network structure complements periodic networks with unique
ring sizes and vitreous networks with broad ring size distributions. On the other hand
in field of quasicrystal research, OQCs have been established as a textbook quasicrys-
tal model system with a degree of structural perfection that has never been obtained
in dodecagonal quasicrystals before.

Two kinds of local interactions dominate OQCs on the atomic level: the stabiliza-
tion of a reduced Ti-O network on a metal support involving a charge donation to the
substrate. This is known to produce long-range ordered periodic structures of max-
imal symmetry, e.g. the sixfold Ti2O3 honeycomb lattice. In addition, in response to
an additional interaction force induced from the dipoles related to the alkaline earth
metal ions decorating the Ti-O network, the local symmetry is reduced by the form-
ation of Ti7O7 rings. However, the Coulomb repulsion amongst neighboring dipoles
forces global structures of higher, dodecagonal symmetry.

From the perspective of quasicrystal research OQCs represent a new class of quasi-
crystalline materials. They differ from the intermetallic alloys, which are stabilized
by conduction electrons via the Hume-Rothery mechanism. OQCs do also not match
the category of soft-matter quasicrystals, in which square-triangle tilings are establish
due to the frustration of two competing length scales. Instead, the covalently bonded
network of OQCs is the first natural representation of a square-triangle-rhomb tiling,
which is well-described using the mathematical NGT model. Their structure might be
rationalized as a packing density optimization for a certain concentration of repelling
dipoles hosted by a TinOn network involving three competing length scales given by
the three elementary tiles.
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1. Introduction

With the discovery of a two-dimensional oxide quasicrystal 

(OQC) derived from BaTiO3 on the Pt(1 1 1) surface, a new 

class of quasicrystalline materials emerged [1]. For the first 

time, the formation of an aperiodic structure has been reported 

for an oxide material. Furthermore, it has been the first 

example of a spontaneous, epitaxial growth of a dodecagonal 

structure on a sixfold substrate, thus representing a special 

case of quasi crystal-crystal heteroepitaxy.

Recently, a single phase approximant was reported for the 

BaTiO3-Pt(1 1 1) system, which reveals a 32.4.3.4 Archimedean 

tiling [2, 5]. This is the prototypical periodic square-triangle 

tiling, known already from Keplers ‘Harmonices mundi’ [2, 3]. 

This approximant develops within a wetting layer of reduced 

BaTiO3 spreading across the Pt(1 1 1) surface at slightly higher 

temper atures as compared to the OQC [1, 2, 4]. A full struc-

ture determination of the approximant has proven the purely 

two-dimensional character of the reduced BaTiO3-derived 

structures. Furthermore, it revealed that TiO3 units reside at 

the vertices of the tiling and are separated by Ba atoms [2, 5].

The dodecagonal symmetry of the OQC is an inter-

esting parallel to the majority of the soft matter QC systems  

[6–10]. In addition, both materials classes share a common 

approximant, the 32.4.3.4 Archimedean tiling. However, 

the soft-matter systems have been so far strongly limited to 

square-triangle tilings, whereas the OQC tiling includes a 

third element, which is the 30° rhomb.

Here we report an experimental approach to elucidate the 

importance of lattice mismatch between the oxide and the 

substrate for the OQC formation. This mismatch can be tuned 

in two ways: either by exchanging the substrate material, or 

by starting from different oxides. The most intuitive alteration 

of the BaTiO3-Pt(1 1 1) system, is the substitution of Ba by Sr. 

Due to the smaller cation radius of Sr, the lattice constant of 

SrTiO3 is 2% smaller as compared to BaTiO3. Therefore, the 

lattice mismatch between BaTiO3 and Pt of 2% vanishes for 

SrTiO3 on Pt. Another advantage of this substitution is that 

this system is still a titanate in contact to Pt, which means only 

minor change to the chemical nature of the system.

In the following we will demonstrate the OQC formation 

from SrTiO3 on Pt(1 1 1). This OQC shows a similar local 
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Abstract

We report on the formation of a SrTiO3-derived dodecagonal oxide quasicrystal (OQC) at the 

interface to Pt(1 1 1). This is the second observation of a two-dimensional quasicrystal in the 

class of oxides. The SrTiO3-derived OQC exhibits strong similarities to the BaTiO3-derived 

OQC with respect to the local tiling geometry. However, the characteristic length scale of the 

SrTiO3-derived OQC is 1.8% smaller. Coexisting with the OQC a large scale approximant 

structure with a monoclinic unit cell is identified. It demonstrates the extraordinary level of 

complexity that oxide approximant structures can reach.
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tiling structure although its characteristic length will differ. In 

the two-dimensional wetting layer, additionally, the formation 

of a complex approximant structure will be reported, which 

closely resembles the OQC.

2. Experimental

The experiments have been performed in two ultrahigh vacuum 

(UHV) systems operating at a base pressure of 10−10 mbar. 

One chamber is equipped with an Ar+ ion sputtering facility, 

electron-bombardment assisted sample heating, and a fourfold 

evaporator (EBE4, SPECS, Germany) for the molecular beam 

epitaxy (MBE) preparation of oxide thin films. For sample 

characterization Auger-electron spectroscopy (AES) and spot-

profile analysis low-energy electron diffraction (SPALEED) 

are available. The second chamber houses a home-built low-

temperature scanning tunneling microscopy (STM) operating 

at 77 K in combination with low-energy electron diffraction 

(LEED).

A Pt(1 1 1) single crystal (MaTecK, Germany) with a 

miscut  < �0.1  has been used as substrate for the SrTiO3 dep-

osition. The sample has been cleaned by repeated cycles 

of 600 eV Ar+ ion sputtering, UHV flashing at 1300 K, and 

annealing at 900 K in 10−6 mbar O2. The MBE deposition 

of SrTiO3 has been done by electron-beam assisted evapo-

ration from a Nb-doped(0.05%) SrTiO3 single crystal. From 

this source, a Ti deficient mixture of SrO and TiOx arrives 

at the Pt(1 1 1) surface. The Ti deficiency is compensated by 

co-evaporation from a Ti rod. The deposition rates of the two 

sources are calibrated according to a SrTiO3 single crystal 

AES reference spectrum. During the SrTiO3 deposition, the 

substrate is kept at room temperature. The film composition 

is monitored by AES. The film thickness is determined from 

the damping of the Pt AES peak at a kinetic energy of 235 eV. 

A 4 Å thin SrTiO3 film has been prepared on Pt(1 1 1) by 

subsequent deposition of 3 Å out of the SrTiO3 source at an 

evaporation rate of 0.2 −Å min 1   and 1 Å from the Ti rod at a 

rate of 0.5 −Å min 1  . The deposition was performed in an O2 

atmosphere of × −1 10 6 mbar and was followed by annealing 

10 min at 900 K in × −5 10 6 mbar O2. Upon this final annealing 

step in oxygen, no long-range ordered structures have been 

detected in SPALEED measurements. Different as for con-

ventional LEED, SPALEED scans the electron beam across 

the surface and the diffracted intensity is recorded via a chan-

neltron detector, which has the advantage that the full kx-ky 

plane can be imaged. The measurement covers a surface area 

of ×0.5 0.5 cm−2. For further details see [11, 12].

3. Results

3.1. The SrTiO3 derived oxide quasicrystal

Upon annealing the SrTiO3 film at 900 K in UHV, first indica-

tions of a long-range ordered surface structures are obtained in 

the SPALEED measurements. Figure 1 shows SPALEED data 

upon UHV annealing at 1000 K recorded at different electron 

energies. The diffraction data show 12 equidistant sharp spots 

at 1.05 
−

Å
1
 (marked red in figure 1). Additionally, 12 spots are 

observed at 1.48 
−

Å
1
 and at 2.03 

−
Å

1
, which are rotated by 15° 

against the inner 12 spots (blue in figure 1). Other character-

istic features are 24 spots at 2.51 
−

Å
1
 (magenta in figure 1), 

which can be seen best at 66 eV. Those correspond to the first, 

second, and third order diffraction spots of a dodecagonal 

structure, indicating the growth of an SrTiO3-derived OQC. 

The dodecagonal structure is derived from a four-dimensional 

hyperhexagonal lattice, which means it is described by four 

independent lattice vectors [13, 14]. In the projection into the 

two-dimensional plane, these four lattice vectors are of equal 

length and seperated by 30° as marked by the four red circles 

in figure 1. At an electron energy of 66 eV, six additional spots 

are observed (green in figure  1(c)). These spots are (1100) 

OQC spots that are backfolded at the unit cell boundaries of 

the hexagonal substrate, as indicated by the green arrows. The 

remaining weak spots of sixfold symmetry seen at different 

energies, result from an additional phase, which will be dis-

cussed later.

The rotation of the first oder OQC spots reveals that the 

vertices of the real space tiling are aligned either parallel to 

the 1 1 2⟨ ¯⟩ high-symmetry directions of Pt(1 1 1), or parallel 

to the 30° rotated 1 1 0⟨ ¯ ⟩ directions. The alignment of the 

SrTiO3-derived OQC with respect to the hexagonal substrate 

is identical to the BaTiO3-derived one [1].

For a quantitative comparison of the edge lengths of the 

tiling, spot profiles extracted from the diffraction data of the 

SrTiO3- and the BaTiO3-derived OQC are shown in figure 2. 

The profiles have been taken for three different symmetry 

equivalent 1 1 2⟨ ¯⟩ directions, to determine the positions of the 

Figure 1. Diffraction pattern of the SrTiO3-derived OQC on 
Pt(1 1 1) as measured by SPALEED at different electron energies. 
First, second, and third order OQC spots are marked in red, blue, 
and magenta, respectively. The black hexagons mark the Pt(1 1 1) 
first order substrate spots. The solid green arrow in (c) marks a 
(1100) OQC spot. The dashed green arrow and circles mark the six 
prominent inner spots as backfolded (1100) OQC spots.
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first order substrate spots. In addition, spot profiles have been 

extracted at angles of  ± �6.2  around these 1 1 2⟨ ¯⟩ directions, 

for the determination of the position of the (1011) OQC spots 

(magenta in figure 1). Due to their short distance relative to 

the Pt spots, the characteristic barrel distortion of SPALEED 

[12] can be neglected which allows a lattice parameter deter-

mination with high accuracy. The different variations of the 

OQC spot positions ∆a at different ||k  along the 1 1 2⟨ ¯⟩ direc-

tions (gray in figure  2) result from these barrel distortions. 

By this comparison, a 1.8% larger reciprocal edge length is 

determined for the SrTiO3-derived OQC, as compared to the 

BaTiO3-derived OQC. This transforms into a 1.8% reduced 

characteristic length of the SrTiO3-derived OQC in real space, 

which corresponds to an edge length of 6.72 Å.

The local atomic arrangement of the SrTiO3-derived OQC 

is shown in the STM image in figure  3(a) taken at 77 K. 

The FT of the STM image, figure 3(b), shows twelve sharp 

spots of equal distance to the origin every 30°, which is a 

first indication for the presence of a dodecagonal structure. 

However, the higher-order spots are weak. Patches of a well-

ordered dodecagonal OQC can be found locally, as shown in 

the enlarged STM image figure 4. In this atomically-resolved 

STM image, bright protrusion are recognized, which arrange 

in equilateral triangles, squares, and 30° rhombs, all sharing a 

common edge length. These tiling elements are assembled in 

dodecagonal units, which are highlighted in gray in figure 4. 

Each dodecagon consists of five squares, twelve triangles, and 

two rhombs as indicated for the central one in figure 4. The 

two rhombs are pointing to the center and incline an angle of 

150°. Such dodecagonal units are known as building blocks of 

the ideal Stampfli–Gähler tiling and have also been observed 

for the BaTiO3-derived OQC [1, 13, 15]. Nine neighboring 

dodecagonal building blocks are marked in figure  4, which 

are again forming squares and triangles on ( +2 3) larger 

scale, corresponding to the inflation rule of a dodecagonal 

quasicrystal. The STM imaging contrast remains unchanged 

for variations of the sample bias between  −1.5 and 1.9 V, 

which emphasizes that the Ti sublattice is imaged, as it has 

been proven recently for the BaTiO3-derived structure [2].

3.2. Identification of a large unit cell approximant

The well-ordered OQC is not the only structure that forms in 

the wetting layer of reduced SrTiO3 on the Pt(1 1 1) surface. 

Additional and coexisting small domains of an approximant 

structure are observed. Figure 5(a) shows an enlarged view of 

Region 1 in figure 3(a). In this region, some darker appearing 

Ti atoms can be recognized, which form rows running from 

the upper left side to the lower right side along the 1 1 0⟨ ¯ ⟩ 
direction of the substrate. The exact tiling structure of the area 

in figure 5(a) is shown in figure 5(b). Figure 5(b) reveals that 

the darker appearing rows are formed by chains of rhombs. As 

indicated by the blue dodecagons in figure 5(b), these chains 

result from edge-sharing, equally rotated dodecagonal units. 

Between neighboring rows, single rhombs are seen, which 

make it easy to identify the unit cell of the periodic approxi-

mant structure. The unit cell is a monoclinic rectangle, which 

is marked black in figure 5(b).

An idealized approximant’s unit cell is shown in figure 5(c), 

which is constructed from equilateral triangles, squares, and 

30° rhombs. It contains 36 tiling elements, namely: 24 trian-

gles, nine squares, and three rhombs. These tiling elements 

are arranged such that a full dodecagonal building block is 

included in the unit cell. The length of the short axis of the 

unit cell is 25.1 Å and corresponds to the diameter of the 

dodecagonal unit, which is ( +2 3) times the fundamental 

length of the OQC. The long side of the unit cell has a length 

of 37.7 Å and inclines an angle of �95.1  with the short side. 

The short axis of the approximant unit cell is aligned par-

allel to the 1 1 0⟨ ¯ ⟩ direction of the hexagonal substrate. The 

region shown in figure  5(a) contains  ≈20 unit cells, which 

covers  ≈50% of the area. From the pattern of vertex points 

of figure 5(b), it is possible to extract a FT of the structure 

with reduced background intensity, which typically arises 

from irregularities in the measured STM image. The results 

are shown in figure  5(d). The positions of the most intense 

spots of the FT strongly remind on the first and second order 

spot arrangement of a dodecagonal structure, as marked in red 

and blue in figure 1(b). But here, these spots are higher-order 

Figure 2. Comparison of SPALEED spot profiles of the SrTiO3-
derived OQC (top) and the BaTiO3-derived OQC (bottom). Profiles 

along three different 1 1 2⟨ ¯⟩ directions of Pt are shown in black. 

The additional profile lines are taken at angles of ± �6.2  around the 

1 1 2⟨ ¯⟩ directions cutting the (1011) OQC spots of SrTiO3 (BaTiO3) 

next to the Pt spots (magenta in figure 1).

Figure 3. (a) Atomically-resolved large-scale STM image of the 
SrTiO3 derived OQC on Pt(1 1 1) and its Fourier-transform (FT) 
(b). The Regions 1 and 2 marked by black squares in (a) will be 
discussed in the next section. (a) Image size ×75 50 nm2  , 20 pA, 
−0.1 V, height variation 40 pm.
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spots of a fine grid of the monoclinic lattice of the approxi-

mant structure, as indicated in black.

Only a few nm appart from Region 1, a second region has 

been marked in figure 3(a). This Region 2 is shown enlarged in 

figure 6(a). In this region, a large number of individual dode-

cagonal building blocks exist. They can be easily identified in 

the adopted tiling structure shown in figure 6(b) by searching 

for pairs of rhombs. All observed pairs of rhombs reveal a 

characteristic geometrical relation: they are rotated by �30  

with respect to each other. As a consequence, the two rhombs 

share a straight edge at the connecting vertex, i.e. four of their 

eight edges are aligned parallel. This is the typical configura-

tion of the dodecagonal building block of the OQC. In a few 

cases, two dodecagonal units are overlapping, or attached to 

each other, which result in short rows of three or four rhombs. 

All dodecagons of this region are rotated such that the four 

equally oriented edges of the rhombs are parallel to the high-

symmetry directions of the substrate, i.e. only rotations of �60  

and 120° are observed. To illustrate the parallel alignment of 

the rhombs to the substrate, the three different 1 1 0⟨ ¯ ⟩ direc-

tions of Pt(1 1 1) are represented by bars of different colors 

in figure 6(c). Individual unit cells of the approximant struc-

ture described above can also be identified in Region 2, which 

are superimposed in figure 6(c). Their color is related to the 

substrate orientation of the short unit cell vector. The approxi-

mant unit cells occur in all three possible rotations. Moreover, 

some unit cells are mirrored, as can be seen best at the position 

of the single rhombs inside of the orange cells in figure 6(c).

The FT has also been calculated for the tiling of Region 

2, which is shown in figure 6(d). Since no extended domains 

of the approximant unit cells exist, the weak spots of the 

monoclinic unit cell at small reciprocal distances completely 

vanish. The only obvious difference of the FT from an ideal 

dodecagonal diffraction pattern is the inhomogeneous inten-

sity distribution of the inner twelve second order QC spots, 

marked in blue in figure  6(d). From the twelve diffraction 

spots on this ring, only six intense spots every 60° can be rec-

ognized. However, these spots are the sharpest spots of the 

Figure 5. (a) Atomically-resolved STM image of an approximant 
structure in the SrTi3 wetting layer on Pt(1 1 1). The image is a 
zoom into Region 1 in figure 3. (b) The local tiling created from 
triangles, squares, and rhombs as derived from (a). (c) Idealized 
unit cell of the approximant. (d) Fourier transform of the tiling 
calculated from the pattern of vertex points of (b).

Figure 6. (a) Atomically-resolved STM image of the SrTi3 wetting 
layer on Pt(1 1 1) in Region 2 of figure 3(a). (b) The local tiling 
created from triangles, squares, and rhombs as derived from (a).  
(c) The three occurring orientations of the dodecagonal units 
parallel to the high-symmetry directions of the substrate are color 
coded in the tiling of (b) and differently oriented approximant unit 
cells are highlighted accordingly. (d) FT of the tiling calculated 
from the pattern of vertex points of (b). The blue circle marks the 
inner second order spot position of a dodecagonal structure.

Figure 4. Atomically-resolved STM image of the SrTiO3 derived 
OQC on Pt(1 1 1). Triangles, squares, and 30° rhombs assemble 
in dodecagonal units, which is superimposed in the center. These 

dodecagons arrange in triangles and squares on a ( +2 3) larger 
scale as indicated in gray. Image size ×12.3 10.8 −nm 2, 20 pA, 
−0.1 V, height variation 20 pm.
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whole pattern. The intensities of the six spots in between are 

smeared out and hard to distinguish from the background. This 

observation is again related to the differently rotated mono-

clinic approximant unit cells. All of them contribute equally 

to the six intense spots, whereas the 30° rotated spots are at 

slightly different positions for the different domains. Without 

the knowledge about the approximant, the FT might have been 

wrongly taken as an indication of a well-ordered OQC patch.

4. Discussion

The large unit cell approximant described in figure  5 is a 

complex approximant structure in the OQC system. So far, 

the existence of a 32.4.3.4 Archimedean tiling is reported for 

the BaTiO3-Pt(1 1 1) system. From this rather simple approxi-

mant, created from only four triangles and two squares per unit 

cell, a structure model of the reduced BaTiO3 rewetting layer 

has been derived recently [2, 5]. Comparing the complexity of 

the 32.4.3.4 Archimedean tiling with the approximant struc-

ture introduced here, one finds now six times more tiling ele-

ments in the unit cell, including also the rhombs and even a 

full dodecagon as known from the Stampfli–Gähler tiling. In 

fact, the unit cell is an exact cut out of a perfect dodecagonal 

quasicrystal, which is repeated periodically.

In the following, a complete picture of the complex inter-

play of the approximant and the p3m1 symmetry of the 

Pt(1 1 1) substrate is illustrated, and the consequences for the 

diffraction pattern are discussed. Using the idealized approxi-

mant’s unit cell shown in figure 5(c), the calculated diffrac-

tion pattern of a single domain of the approximant structure is 

shown in figure 7(a). The brown circle represents all k vectors 

=

π

k
2

a
, where a is the Pt–Pt next-neighbor distance of the hex-

agonal Pt(1 1 1) substrate. The red, blue, and magenta circles 

emphasize the positions of the first, second, and third order 

diffraction of a dodecagonal grid, respectively. The substrate 

spots of the hexagonal lattice are observed in the 112⟨ ¯⟩ direc-

tions, indicated by the brown arrow in figure 7(a). In figure 5 

it has been shown that the short side of the approximant’s unit 

cell aligns in real space parallel to the 1 1 0⟨ ¯ ⟩ substrate direc-

tions. In reciprocal space, the short axis of the approximant’s 

cell (marked in black) is oriented parallel to the 1 1 2⟨ ¯⟩ direc-

tion. The spot diameter in figure 7(a) represents the relative 

spot intensities. Due to the structure factor, the pattern of the 

monoclinic structure exhibits an intensity distribution in the 

Figure 7. (a) Calculated diffraction pattern of an SrTiO3 approximant domain from the unit cell given in figure 5(c). (b) Superposition 
of three rotational and three mirror domains. (c) The six domains in registry with the Pt(1 1 1) substrate. (d) Comparison of the measured 
diffraction pattern of figures 1(a) and (c). The brown circle mark the inverse length of Pt(1 1 1) and the red, blue, and magenta circles mark 
the positions of the first, second, and third order spots of a dodecagonal lattice. The gray lines mark a 30° tiling of the reciprocal space. For 
further explanation see text.
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higher-order spots, which closely resemble the diffraction 

pattern of a dodecagonal structure. Only slight deviations in 

the spot positions from the circles, which mark the diffrac-

tion orders of a dodecagonal OQC, are noticeable. However, 

for each of the prominent diffraction orders of the approxi-

mant, six symmetry inequivalent spots exist. Those differ in 

their distance to the origin and their angular spacing, which 

results from the monoclinic unit cell. This can be nicely seen 

at the circle according to the first order OQC spots (red), for 

the inner second order spots (small blue circle) and the third 

order spots (magenta circle). However, for the most promi-

nent approximant’s spots (large blue circle), almost no devia-

tion from the corresponding QC position can be recognized. 

Deviations below 1% between their lengths and variations of 

their angles below 0.7% around the 30° positions are found. 

Due to a coincidence of the short unit cell vector with the  

1 1 2⟨ ¯⟩ substrate direction (brown arrow) and the fact that  

the short diagonal of the unit cell inclines a 60° angle with the 

short axis, four of these intense higher-order spots exactly hit 

the 30° grid.

Three rotational domains and three mirror domains of the 

approximant result from the monoclinic structure on the three-

fold-symmetric substrate. In figure 7(b), all six domains are 

superimposed such that spots of individual domain are drawn 

semi transparent. Thus, the gray level of the spots can repre-

sent added diffraction intensities from different domains. In 

the superposition of all six domains, many of the character-

istic deviations in the diffraction pattern of the approximant 

with respect to the ideal dodecagonal pattern are averaged 

out. This can be seen for example in figure  7(b), where all 

spots on the red circle appear at equal distance from the origin 

and with equal 30° separation. Only the low-intensity spots 

clearly reveal the sixfold symmetry imposed by the substrate. 

Differences are, however, present and would lead to larger 

deviations at higher diffraction orders.

The lattice parameters of the idealized approximant’s unit 

cell of a  =  25.1 Å, b  =  37.7 Å, and α = �95.1  as well as the 

alignment are close to achieve registry with the Pt(1 1 1) sub-

strate. By changing the lattice parameters slightly to a  =  24.9 

Å, b  =  38.5 Å, and α = �94.1 , the approximant’s unit cell 

can be expressed by a ⎜ ⎟
⎛
⎝

⎞
⎠

9 0

9 16
 superstructure with respect 

to Pt(1 1 1). These small differences in the lattice parameters 

cannot be determined from the STM measurements. However, 

in the diffraction pattern both unit cells are easily distinguish-

able. Figure 7(c) shows the calculated diffraction pattern for 

the ⎜ ⎟
⎛
⎝

⎞
⎠

9 0

9 16
 commensurate unit cell. The diffraction pattern of 

figure 7(c) reveals a more pronounced sixfold symmetry, i.e. 

for almost all orders of diffraction the spot positions along 

the 1 1 2⟨ ¯⟩ directions (brown arrow) differ significantly from 

the 30° rotated 1 1 0⟨ ¯ ⟩ directions. Very pronounced is the 

change for the spots corresponding to the inner ring of second 

order QC reflections (inner blue circle). Here, the spots of 

all domains coincide along the substrate 1 1 2⟨ ¯⟩ directions, 

whereas the spots of the six domains are widely spread under 

30° rotation. The same is observed for the spots corresponding 

to the third order QC reflections (magenta circle). Close to 

the 1 1 2⟨ ¯⟩ directions, the spots of different domains overlap to 

sharp features, which is again not the case for the 30° rotated 

direction. The most intense spots of the approximant (large 

blue circle) are also strongly affected by changing the lat-

tice parameters. Here, the spots along the 1 1 0⟨ ¯ ⟩ directions 

are broadened significantly, whereas they remain sharp in the 

1 1 2⟨ ⟩ directions.

The comparison of the measured diffraction data of the 

sample and the calculated diffraction pattern of the ⎜ ⎟
⎛
⎝

⎞
⎠

9 0

9 16
 

approximant superstructure is shown in figure  7(d). It con-

firms that the approximant unit cell adopts to the Pt(1 1 1) lat-

tice and forms a commensurate layer. All effects of snapping 

into registry as discussed before are clearly identified in the 

measured diffraction pattern: The approximant’s spots at the 

position of the inner second order QC spots (blue circles) are 

sharpened along the sixfold axes and they are heavily smeared 

out inbetween. The opposite holds for the more intense outer 

spots, which are broadened along the sixfold axes and sharp 

inbetween. Additionally, the effect on spots at the third order 

QC position (magenta cirlces) of sharpening in the vicinity of 

the Pt spots and wide distribution around the 30° rotated direc-

tions is well visible. Moreover, the calculated approximant 

diffraction pattern allows a clear assignment of the additional 

spots present in the diffraction pattern (orange circles) to the 

approximant. At these positions several spots of different 

domains merge in the diffraction pattern. All residual spots 

of the measured diffraction pattern do also coincide with lat-

tice points of the monoclinic approximant domains. However, 

their intensities are weak in the calculated pattern. Please 

note that the absolute intensities in the calculated diffraction 

pattern do not reflect the real system, as the calculations are 

based on the Ti sublattice seen by STM. The ignored Ba and O 

atoms do also affect the structure factor and thus the measured 

diffraction intensities.

The slight distortions of the unit cell for adopting commen-

surability to the Pt substrate have an interesting impact on the 

side lengths of the three tiling elements. Along the short axis, 

the length of the unit cell amounts to twice the height of the 

triangle plus two edge lengths (see figure 5(c)). Since the com-

mensurate unit cell has a short axis of 24.9 Å, the edge length 

of the tiling elements needs to be 24.9 + =Å 2 3 6.69/( )  Å. 

The short diagonal of the unit cell has a length of three edges 

plus four times the triangle height. Therefore, the observed 

length of 44.0 Å, for the commensurate cell leads to an average 

side length of 6.81 Å in this direction. This describes signifi-

cant distortions of the tiles within the commensurate unit cell 

of this large approximant.

The discussion above demonstrates that the measured 

SPALEED pattern of the SrTiO3-derived wetting layer is dom-

inated by epitaxial domains of a complex approximant. This 

statement seems to question the existence of a SrTiO3-derived 

OQC as introduced at the beginning. However, patches as shown 

in figure 4 exist, in which a large number of adjacent dodecag-

onal building blocks are found. This arrangement is completely 

incompatible with the approximant structure, in which these 

dodecagons appear in well separated rows. Indications how to 
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interpret the atomic arrangement in the SrTiO3 wetting layer 

can be derived from the evaluation of the local tiling composi-

tion. Table 1 compares the tiling frequencies as extracted from 

Regions 1&2 in figure 3(a), which are only 20 nm apart from 

each other, with those of the Stampfli–Gähler tiling and the 

ideal approximant. Both regions show only little deviations in 

the number of triangles to higher contents as compared to the 

ideal OQC tiling. For Region 1, 3.7% more triangles have been 

counted and for Region 2 2.5%. In absolute numbers, these are 

31 triangles for Region 1 and 21 triangles in Region 2. Surely, 

these numbers have to be treated with care since the investi-

gated ensembles in both regions are limited (R1: 1248, R2: 1261 

tiles) and the image borders might falsify the overall statistics. 

Nevertheless, both regions are much closer to the ideal compo-

sition of the OQC as compared to the ideal approximant. Most 

interesting for the understanding of the actual surface structure 

is Region 2, in which isolated dodecagons coexist with isolated 

unit cells of the approximant.

All observations show that a strong tendency to assemble 

triangles, squares, and rhombs exists in the SrTiO3 wetting 

layer, which follows closely the Stampfli–Gähler type arrange-

ment. The dodecagonal units are influenced by the Pt(1 1 1) 

substrate, as can be seen in the uniform orientation of the 

rhombs along high-symmetry substrate directions. Depending 

on the very local tiling frequency, approximant unit cells can 

be favored, but also larger OQC patches are present. From 

the distinct orientation of the dodecagons along the Pt direc-

tions it is clear that the OQC patches do not form an ideal 

long-range ordered Stampfli–Gähler tiling. Instead, the OQC 

patches can be interpreted as random tiling QC, which fills the 

gaps inbetween small approximant patches.

5. Conclusion

Atomically-resolved STM images and high-resolution 

SPALEED data demonstrate the formation of an dodecag-

onal quasicrystal for a SrTiO3 thin film on Pt(1 1 1) after an 

annealing procedure. STM identifies the Ti sublattice, which 

exhibits a Stampfli–Gähler tiling with an average fundamental 

length of 6.72 Å. This length is shorter by 1.8% as compared 

to the fundamental length of the BaTiO3-derived OQC. This 

observation highlights that two-dimensional OQCs can form 

with different lengths on the Pt(1 1 1) surface and that no spe-

cific lattice mismatch is needed.

Together with the SrTiO3-derived OQC, domains of a com-

plex monoclinic approximant structure coexist. The approxi-

mant’s unit cell consists of 36 tiles, assembled exactly as in 

an ideal dodecagonal QC and, by that, including a full dode-

cagonal unit. For an undistorted approximant’s unit cell, the 

six domains on the hexagonal substrate average out any devia-

tions from the ideal dodecagonal lattice in the first and second 

order spots. Only for higher order spots small differences 

occur. The identification of the approximant succeeded due 

to its commensurate adaption to the Pt(1 1 1) lattice, which 

causes slight modifications of the diffraction pattern.
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The recently discovered two-dimensional oxide quasicrys-
tal (OQC) derived from BaTiO3 on Pt(111) is the first material
in which a spontaneous formation of an aperiodic structure
at the interface to a periodic support has been observed.
Herein, we report in situ low-energy electron microscopy
(LEEM) studies on the fundamental processes involved in
the OQC growth. The OQC formation proceeds in two steps
via of an amorphous two-dimensional wetting layer. At
1170 K the long-range aperiodic order of the OQC develops.
Annealing in O2 induces the reverse process, the conver-
sion of the OQC into BaTiO3 islands and bare Pt(111), which
has been monitored by in situ LEEM. A quantitative analy-
sis of the temporal decay of the OQC shows that oxygen ad-
sorption on bare Pt patches is the rate limiting step of this
dewetting process.

1 Introduction

Two-dimensional materials have recently pioneered a
new field of materials science. Their peculiar properties
are often related to their lower dimensional periodic
structure [1]. Aperiodicity is nowadays entering the solid
state 2D materials with the recent discovery of a two-
dimensional oxide quasicrystal (OQC) [2]. 2D quasicrys-
tals are well-known for soft-matter systems [3–8]. How-
ever, the OQC is the only two-dimensional quasicrystal
in solid materials, known so far. Common to most of
the 2D materials is their formation due to a self-limited
growth process catalyzed by a metal support. This holds
also for the OQC, which develops in a reduced 2D wetting
layer spreading from 3D BaTiO3 islands on Pt(111) [2].

In previous work, a static characterization of the OQC
film in coexistence with 3D BaTiO3(111) islands at the
Pt(111) surface has been reported [2]. Its dodecago-
nal structure had been resolved by low-energy electron

diffraction, and its local structure has been determined
by atomically resolved scanning tunneling microscopy.
However, the OQC layer formation involves a massive
materials transport across the Pt(111) interface on signif-
icantly larger length scales. A detailed knowledge on pos-
sible pathways for the OQC formation process, includ-
ing the dynamics of the materials transport, is still lack-
ing. Experimentally, this task is demanding due to the
high formation temperatures of 800-1250 K and different
length scales involved.

Here, we report the first in situ observation of the
growth processes that lead to the formation of a long-
range ordered quasicrystal. Using low-energy electron
microscopy (LEEM), the OQC structure formation pro-
cess has been followed from room-temperature up to
1170 K. Starting from the edges of the 3D BaTiO3 islands,
an amorphous 2D layer grows. Its front proceeds from
the 3D islands until the entire Pt(111) surface is covered.
At temperatures above 1150 K, long-range ordered struc-
tures develop in that wetting layer. For submonolayer
coverages of BaTiO3 exclusively periodic superstructures
have been observed previously [9], whereas for larger ini-
tial coverages the long-range ordered OQC forms [2]. By
exposing the 2D wetting layer at elevated temperatures
to O2 in situ LEEM reveals a rapid transition back into 3D
BaTiO3 islands. With the observed wetting and dewetting
under reducing and oxidizing conditions, respectively,
the BaTiO3/Pt(111) system reveals parallels to inverse
model catalysts in heterogeneous catalysis, for which the
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so-called strong metal-support interaction (SMSI) has
been found [17, 23].

Our work demonstrates that the OQC serves as ideal
candidate for further studies of quasicrystal structure
formation in general. Its complexity is significantly lower
as compared to any other quasicrystal due to the reduced
dimensionality and a smaller size of the building blocks
involved [2, 10]. The herein reported nearly isothermal
reversibility between a 2D quasicrystal and a periodic is-
land structure (controlled by an external parameter as
the oxygen chemical potential) presents ideal grounds
for future in-depth studies of the mechanisms leading to
the formation of quasicrystals on the nanoscale.

2 Experimental

Ultrathin films of BaTiO3 have been grown on Pt(111)
single crystal surfaces using RF magnetron sputtering as
described previously [11]. The BaTiO3 films are stable un-
der ambient conditions, which allows for a sample trans-
fer through air. Thus, ex-situ XPS and LEEM characteri-
zations of the samples were performed. The XPS studies
were conducted at the SuperESCA beamline of the Elet-
tra third generation synchrotron radiation source in Tri-
este, Italy. The experimental chamber was equipped with
a Phoibos hemispherical energy analyzer (SPECS GmbH)
and had a background pressure of about 2×10−10 mbar.
The LEEM experiments were carried out in a commer-
cial Elmitec LEEM III at the University of Bremen, pro-
viding a base pressure of 1×10−10 mbar. After re-entering
the UHV, annealing in 1×10−6 mbar O2 at 900 K has been
applied to remove adsorbates induced by the transfer. By
this treatment the samples are free of any contamina-
tions as proven by high-resolution XPS at the SuperESCA
beamline in Trieste.

3 Results and discussion

Figure 1 shows the sample morphology of a thin film of
BaTiO3 on Pt(111) upon annealing at 1170 K in UHV, as
measured by PEEM and LEEM. In the PEEM image in
Fig. 1(a), a large number of islands of different size
appear with dark contrast. In-between the islands, a
continuous film is present, which appears bright due to
a higher photoemission yield. Islands and film cover the
entire Pt(111) surface as demonstrated in Fig. 1(a) with
a field of view (FOV) of 50 μm. In the LEEM image of the
same region in Fig. 1(b) taken with a FOV of 25 μm at an
electron beam energy of 16.5 eV, the contrast between
the islands and the film is inverted. Furthermore, the

Figure 1 Large-scale photoemission electron microscopy (PEEM)
and LEEM images of ultrathin BaTiO3 on Pt(111) upon UHV anneal-
ing at 1170 K. The PEEM image (a) shows islands (dark) embedded
in a continuous layer of a lower work function material (bright). In
the enlarged LEEM image (b) the contrast is inverted. The reflectiv-
ity variations between different islands represent their structural
inequivalence. The island marked in green serves as a guide to the
eye. (a) hν = 4.9 eV. (b) Ekin = 16.5 eV.

Figure 2 μLEED and dark field LEEM characterization of ultrathin
BaTiO3 on Pt(111) as shown in Fig. 1(b). The diffraction spotsmarked
by red, yellow, and blue circles have been selected for the dark field
imaging of the OQC (b), of non-rotated BaTiO3 islands (c), and of
rotated BaTiO3 islands (d), respectively. (a) Ekin = 19.5 eV. (b) Ekin

= 14.6 eV, (c) Ekin = 14.1 eV, (d) Ekin = 13.9 eV.

observed contrast in LEEM suggests the presence of
several types of islands as indicated by the different gray
levels.

The μLEED pattern of the region shown in Fig. 1(b)
is shown in Fig. 2(a). It reveals the co-existence of sev-
eral long-range ordered structures. Three rings of twelve
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features can be distinguished in the diffraction diagram.
The outer and the inner ring (marked red) are formed by
twelve spots of matching intensity and sharpness. Both
rings are rotated by 15◦ against each other and corre-
spond to diffraction from the dodecagonal OQC. The
twelve features at intermediate distance can be assigned
to two hexagonal structures (marked yellow and blue)
of identical reciprocal length in different orientations
with respect to the substrate, whose first-order diffrac-
tion peaks lie outside the Ewald sphere at this low en-
ergy. The six spots of highest intensity (marked in yellow)
originate from a BaTiO3(111) lattice that is aligned along
the high-symmetry directions of Pt(111) (see Supporting
Information), called non-rotated BaTiO3(111) from now
on. The 30◦ rotated elongated features in the diffraction
pattern (marked in blue) result from BaTiO3(111) struc-
tures in different orientation at angles of 30 ± 10◦ with
respect to the substrate.

Dark field imaging has been used to relate the in-
dividual diffraction patterns of Fig. 2(a) to real-space
features shown in Fig. 1(b). Upon selecting an individ-
ual spot of the diffraction pattern by an aperture in
the diffraction plane of the microscope [12], all fea-
tures of the related structure appear bright in the real-
space image. Figure 2(b) shows the dark field LEEM im-
age corresponding to the OQC (red in Fig. 2(a)). The
continuous film in-between the islands appears with a
homogeneous, bright contrast in Fig. 2(b) indicating the
presence of a well-developed OQC structure here. For the
PEEM image in Fig. 1(a) this observation allows to as-
sign the high photoelectron yield to the OQC area. PEEM
shows that the OQC layer extends to a scale of tens of
micrometers at least. It proves that the OQC covers the
entire surface between the BaTiO3 islands. By selecting
a spot of the non-rotated BaTiO3(111) structure (yellow
marked diffraction spot in Fig. 2(a)), the majority of the
islands appears bright in the dark-field LEEM image as
shown in Fig. 2(c). All additional islands have differently
rotated BaTiO3(111) structure as proven by the corre-
sponding dark-field LEEM image in Fig. 2(d). Their ori-
entation varies in an interval of ±10◦ around a 30◦ rota-
tion with respect to the Pt(111) lattice vectors.

Figure 3(a) and (b) show magnified views of the area
inside the red rectangle in Fig. 1(b). In Fig. 3(a) the OQC
covers the Pt(111) surface between the large BaTiO3(111)
islands. The large island on the right side is the one
marked green in Fig. 1. Upon annealing in an O2 atmo-
sphere of 7×10−7 mbar, dewetting of the OQC film sets
in, which is shown in detail in Fig. 3(b). In the area that
was covered by the OQC before, small BaTiO3 islands are
formed that exhibit an intermediate intensity. The sur-
roundings of the small islands appear bright in LEEM

Figure 3 The two configurations of ultrathin BaTiO3 on Pt(111) as
measured with LEEM (a, b), and XPS (c, d). Upon annealing at
1170 K in UHV the OQC is present (a, c). By annealing at 900 K in
7× 10−7 mbar O2 theOQC is transformed into BaTiO3 islands and
bare Pt(111) (b, d). (a,b) Ekin = 14.1 eV. (c, d) hν=140 eV.

and will be assigned to areas of bare Pt(111) (see below).
The large BaTiO3(111) islands remain unchanged upon
annealing in O2. High-resolution XPS spectra for the Pt 4f
core level, Fig. 3(c), show a single-component 4f doublet
for the OQC covered surface with a Doniach-Sunjic line
shape [13]. Upon annealing in O2 a second doublet ap-
pears at 0.4 eV lower binding energy as shown in Fig. 3(d).
Its appearance and energy fit well to the formation of ar-
eas of bare Pt(111) with the well-known Pt(111) surface
core level shift [14, 15] (for details see Supporting Infor-
mation). This observation implies that the OQC dewets
the Pt(111) substrate and coalesces into BaTiO3(111) is-
lands.

Besides a static characterization, LEEM allows for a
high-temperature in situ observation of the OQC struc-
ture formation process on a time scale of seconds as
demonstrated in Fig. 4. The LEEM data provide direct
insights into the high-temperature wetting process that
leads to OQC formation. Our starting point for the wet-
ting layer formation is a surface morphology as shown
in Fig. 3(b), in which large and small BaTiO3 islands are
present and surrounded by bare Pt. Wetting occurs at
1020 K in an UHV environment with a total pressure
below 5×10−9 mbar. Due to a temperature increase of
120 K in comparison to Fig. 3(b), the small islands co-
alesce due to Ostwald ripening, decreasing their num-
ber and increasing their individual areas. With increasing
time from Fig. 4(a) to (f), a dark contrast develops in the
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Figure 4 In situ LEEM measurement of the growth of the 2D OQC upon UHV annealing at 1020 K. (g)-(l) show magnified views of the
area inside the black square in (a). For better recognition the three different phases are color coded in the schematic image below the
measurement. Free Pt area is colored yellow, BaTiO3 islands are light blue and the wetting layer is dark blue. Movies corresponding to
the shown image sequences are available in the Supporting Information.

images, which spreads across the Pt terraces. This dark
contrast is identical to that of the OQC in Fig. 3(a).

To follow the very details of the wetting process, the
lower large terrace in Figs. 4(a)-(f) (marked with a black
square in (a)) is shown enlarged in (g)-(l). The wetting
layer nucleates at the islands. With time, the wetting layer
grows as circular coronas around the islands with sharp
boundaries to the hot Pt. As a consequence of a growing
wetting layer the size of the islands reduces with time,
which is best seen by comparing Figs. 4(g) and (l). At
surface steps the wetting layer formation is different as
seen at the top of Figs. 4(g)-(k). The excess material of
the islands is wetting from the steps instead of forming
a corona around the islands. When growing with time,
patches of the 2D wetting layer merge to form a continu-
ous film starting from the step edges as can be best seen
in the upper part of Figs. 4(a)-(f). At the end of the wet-
ting process the entire Pt area is covered by a continuous
layer. Only few residual islands remain. The wetting pro-
cess takes about 15 min at the given temperature and can
be followed in full detail. However, at a temperature of
1020 K the wetting layer is disordered (see Supporting In-
formation). Therefore, the wetting layer formation upon
high-temperature annealing in UHV is a phase transi-
tion from small three-dimensional BaTiO3 islands into a
two-dimensional amorphous phase with liquid-like edge
morphology.

Annealing at higher temperatures induces long-range
ordering, and the OQC structure develops at 1170 K. The

LEEM image taken upon annealing at 1170 K as shown
in Fig. 3(a) reveals a homogeneous OQC film in-between
the large BaTiO3(111) islands. The residual material of
the small islands, which is not completely consumed
during the local wetting layer formation, disperses into
the large BaTiO3(111) islands due to Ostwald ripening.

Once it has formed, the OQC layer is stable in UHV
over a wide temperature range. From room temperature
up to 865 K this has been followed using in situ μLEED
as shown in Fig. 5. Besides the bright first-order diffrac-
tion spots of the OQC, a large number of weak spots can
be recognized for temperatures up to 770 K. They can
be assigned to higher order diffraction or to backfolded
spots originating from the first order Pt(111) substrate
spots as described elsewhere [2]. At 965 K the most in-
tense spots are still well recognizable, but the secondary
electron background has strongly increased (Fig. 5(c)). At
even higher temperatures, the strong increase of the sec-
ondary electron background does not allow for further
LEED measurements. It might be speculated here that
the OQC will remain stable up to the formation temper-
ature of 1170 K.

The reverse process, i. e., the decay of the OQC film
into periodic BaTiO3 islands during annealing in O2

atmosphere, has also been followed by in situ LEEM as
illustrated in Fig. 6. At a constant 900 K sample tempera-
ture, O2 was introduced into the UHV chamber and the
in situ changes of the surface morphology have been
recorded. At a pressure of 7×10−7 mbar of O2 the OQC
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Figure 5 μLEED at elevated temperatures of 350, 779, and 965 K.
Ekin = 14.0 eV. The inelastic background is strongly increased in (c),
prohibiting LEED at even higher temperatures.

is starting to decay. Starting dominantly from the
upper edges of the Pt(111) steps, the bright contrast of
the bare Pt becomes visible. In a dendritic fashion, the
bare Pt area is growing with time across the terraces
replacing the OQC film. This can clearly be seen in the
magnified images of Figs. 6(g)-(j), which focus on the
lower central terrace of Figs. 6(b) to (e). They show that
no sharp boundary between the OQC and the free Pt
exists during dewetting. Instead, small islands form at
the periphery of the free Pt area that can be recognized
by an intermediate contrast.

At the given O2 partial pressure of 7×10−7 mbar and a
sample temperature of 900 K, the dewetting takes about
90 s. To characterize the dewetting process further, the
change in morphology with time inside the white dot-
ted rectangle of Fig. 6(f) has been evaluated. The increase
in dewetted Pt(111) area with oxygen exposure is shown
in Fig. 7. It clearly is a highly non-linear self-accelerating
process. A quantitative analysis unveils an exponentially
growing dewetted area (solid line in Fig. 7). This finding
points to an oxygen-controlled dewetting process where
oxygen adsorption takes place almost exclusively at bare
Pt sites. In turn, it also demonstrates the relative inert-
ness of the intact OQC structure against O2 adsorption.
In a series of experiments not shown here a strong de-
pendence of the kinetics of the OQC decay on the ad-
sorption probability of oxygen has been found, which is

Figure 6 In situ LEEM measurement of the OQC decay by annealing in 7 × 10−7 mbar O2 at 900 K. (g)-(j) show enlarged views of the
area inside the white square in (b) for the time span from 160 s to 215 s. For better recognition the three different phases are color coded
in the schematic image below the measurement. Bare Pt(111) regions are yellow, BaTiO3 islands are light blue and the OQC is dark blue.
Movies corresponding to the shown images are available in the Supporting Information. (a-f) Image size 3.5 × 3.5μm2.
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Figure 7 Temporal evolution of the OQC dewetting process: The
area of bare Pt(111) that was covered by the OQC before was evalu-
ated from the LEEM data inside the dashed rectangle of Fig. 6(f).

influenced by both, temperature and O2 partial pressure.
This is in line with the interpretation that bare Pt cat-
alyzes the dissociation of molecular oxygen, which leads
to an oxidation of the OQC starting from the edges. The
result of the oxidation is stoichiometric BaTiO3, which lo-
cally transforms into 3D islands.

The high-temperature wetting of a metal surface un-
der reducing conditions and dewetting in an oxidizing
environment as observed here for ultrathin BaTiO3, is
well-known for a number of binary oxides in hetero-
geneous catalysis and is related there to the so-called
“strong metal-support interaction” (SMSI) [16]. SMSI
refers to changes in the chemisorption properties, and
thus the catalytic activity of a given system, upon a mor-
phological transformation, typically the encapsulation of
a metal nanoparticle by the oxide support. Originally dis-
covered for group VIII noble metal nanoparticles on TiO2

support [17] the SMSI effect has been found for a num-
ber of binary transition metal oxides [18–20] and more
recently also in ternary oxide systems [21, 22]. The migra-
tion of a reduced oxide thin film onto the metal surface,
often called the SMSI state, has also been observed for
low coverages of transition metal oxides on a metal sup-
port [23]. This configuration is commonly referred to as
an inverse model catalyst [24], which resembles the sit-
uation of ultrathin BaTiO3 on Pt(111) as described here.
The rich phase diagram of complex monolayer structures
of BaTiOx on Pt(111) [2, 9, 25] is an interesting analog
to the observations for ultrathin TiOx on Pt(111) [26–29],
which emphasizes that it might be worth investigating
the catalytic properties of the chemically yet unexplored
BaTiOx/Pt(111) system.

4 Conclusion

The first mesoscale characterization of an OQC under
growth conditions is presented, covering length scales
from 50 nm to 50 μm. We demonstrate the reversible
isothermal transformation between a two-dimensional
aperiodic quasicrystalline film and a three-dimensional
crystalline island structure. Controlled by the oxygen
partial pressure, the BaTiO3-derived OQC decays at tem-
peratures above 900 K into BaTiO3 islands and bare
Pt(111) in-between. Oxygen dissociation on bare Pt
patches is identified as the rate-limiting step for this
dewetting process. Starting from defect sites of the OQC
at step edges, the dewetting proceeds in a dendritic fash-
ion with an exponential time dependence. The reverse
transformation, the formation of long-range aperiodic
order, has been shown to proceed via an amorphous two-
dimensional precursor layer. The OQC has been found
to be the equilibrium structure of the 2D layer that is
formed at temperatures above 1170 K. In situ μLEED re-
veals the stability of the OQC structure in the entire tem-
perature range down to room temperature. Furthermore,
the in situ LEEM studies reveal that the large BaTiO3(111)
islands act as a materials reservoir only and are not in-
volved in the OQC formation process. This paves the way
to the fabrication of perfect OQC monolayers.
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The atomically resolved real-space structure of a long-range-ordered dodeca-

gonal quasicrystal is determined based on scanning tunnelling microscopy. For

the BaTiO3-derived oxide quasicrystal which spontaneously forms on a Pt(111)

surface, 8100 atomic positions have been determined and are compared with an

ideal Niizeki–Gähler tiling. Although the Niizeki–Gähler tiling has a complex

three-element structure, the abundance of the triangle, square and rhomb tiling

elements in the experimental data closely resembles the ideal frequencies.

Similarly, the frequencies of all possible next-neighbour tiling combinations are,

within the experimental uncertainty, identical to the ideal tiling. The angular and

orientational distributions of all individual tiling elements show the character-

istics of the dodecagonal quasicrystal. In contrast, the analysis of the orientation

of characteristic and more complex tiling combinations indicates the partial

decomposition of the quasicrystal into small patches with locally reduced

symmetry. These, however, preserve the long-range quasicrystal coherence. The

symmetry reduction from dodecagonal to sixfold is assigned to local interaction

with the threefold substrate. It leads to atomic flips which preserve the number

of quasicrystal tiling elements.

1. Introduction

A real-space analysis of quasicrystal (QC) tilings is in general

a very difficult task. For icosahedral QCs, that are aperiodic in

all three dimensions, averaging methods like high-resolution

transmission electron microscopy (HRTEM) cannot be

applied. Instead, the information on the QC tiling has typically

been obtained from atomically resolved scanning tunnelling

microscopy (STM) measurements (Cai et al., 2002; Papado-

polos et al., 2008; McGrath et al., 2010). However, systematic

statistical studies of icosahedral tilings based on atomic vertex

positions have not been reported so far. Dodecagonal QCs

exhibit aperiodic order within the dodecagonal plane, but

periodic order in the perpendicular direction. This reduced

complexity allows the averaging along atomic rows perpen-

dicular to the dodecagonal plane which has led to dodecagonal

structure determination in intermetallic alloy QCs (Ishimasa et

al., 1985, 2015; Chen et al., 1988; Krumeich et al., 1998; Iwami

& Ishimasa, 2015). For an Mn–Cr–Ni–Si alloy, Ishimasa et al.

recently pushed the limit of QC tiling analysis to the 10 nm

range using HRTEM (Ishimasa et al., 2015). In their work QC

domains of roughly 2000 vertices have been analysed in

physical and phason space. Besides intermetallic systems,

dodecagonal structures are also observed in soft matter (Zeng

et al., 2004; Hayashida et al., 2007; Talapin et al., 2009; Steurer,

2012; Chanpuriya et al., 2016; Fischer et al., 2011; Iacovella et

al., 2011; Engel & Trebin, 2007; Dotera et al., 2014) as well as in
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ultrathin 2D adlayers on ideal metal surfaces (Förster et al.,

2013; Urgel et al., 2016; Paßens et al., 2017).

Here we present a large-area real-space analysis for the

2013-discovered oxide quasicrystal (OQC), which is derived

from an ultrathin BaTiO3 layer on a single-crystal Pt(111)

substrate (Förster et al., 2013). Its atomic structure is imaged

directly by means of scanning tunnelling microscopy (STM).

This technique is used for the first time to analyse a QC on an

atom-by-atom basis and to address local defects as well as

structural coherence on a 50 nm length scale. 8100 atomic

positions within a dodecagonal OQC are analysed and

compared with high-resolution electron diffraction from the

same structure.

2. The dodecagonal Niizeki–Gähler tiling

2D OQCs as derived from BaTiO3 and SrTiO3 on the Pt(111)

surface are constructed from three tiling elements of common

edge length, namely equilateral triangles, squares and rhombs

inclining 30� and 150� angles. Using these elements an ideal

dodecagonal tiling can be constructed as introduced inde-

pendently by Niizeki & Mitani (1987) and Gähler (1988). We

will refer to this tiling as Niizeki–Gähler tiling (NGT). The

NGT exhibits a characteristic higher-order building block,

which is a dodecagon, that consists of 12 triangles, five squares

and two rhombs as drawn in white in Fig. 1.

The NGT can be generated by recursion (Liao et al., 2013)

starting from one of the elementary tiling elements or, as

shown in Fig. 1, from the characteristic dodecagon. In a single

deflation step, each triangle is replaced by seven triangles and

three squares of smaller length. Each square is replaced by 16

triangles, five squares and four rhombs, whereas each rhomb is

replaced by eight triangles, two squares and three rhombs.

These substitutions give rise to the blue tiling in the upper

right of Fig. 1. According to the recursion rule, the symmetry

of squares and rhombs is reduced. The squares have only

mirror symmetry due to their decoration with rhombs in the

next generation of the tiling. This reduced symmetry is

emphasized by the shaded grey and blue areas in Fig. 1. The

presence of squares inside the rhombs upon recursion likewise

lowers the symmetry of the rhombs to C1.

The substitution can be expressed mathematically using a

deflation matrix T:

T ¼
7 16 8

3 5 2

0 4 3

0
@

1
A: ð1Þ

In this representation of T the rows of the matrix are assigned

to the number of triangle, square and rhomb tiles, respectively,

and thus every vector operation on T depends on this repre-

sentation. The eigensystem solution of T reveals two impor-

tant properties of the NGT. Firstly, one can derive the scaling

factor of self-similarity in the NGT of (2þ 31=2) from the

square root of the eigenvalue. Secondly, the corresponding

eigenvector of the deflation matrix T

ð1þ 31=2Þ; 1; ð1þ 31=2Þ�1
� � ’ 2:73; 1; 0:37ð Þ ð2Þ

represents the tiling element ratio in the NGT: the numbers of

triangles relative to the numbers of squares and of rhombs. For

a finite tiling from any start configuration, the number of tiling

elements will converge to these values upon multiple deflation

iterations. By deflating the white dodecagon in Fig. 1 twice,

one derives a tiling consisting of 2708 vertices, which contains

2640 triangles (gold), 953 squares (black) and 338 rhombs

(red). The corresponding tiling frequency of 2.75 :1 :0.38

already closely resembles the ideal value.

3. Experimental

Ultrathin BaTiO3 films were grown on Pt(111) by radio-

frequency-assisted magnetron sputter deposition as reported

elsewhere (Förster & Widdra, 2010). The OQC develops upon

annealing the BaTiO3 films at temperatures above 1150 K in

ultrahigh vacuum (UHV) (Förster et al., 2013). The long-range

order has been confirmed by low-energy electron diffraction.

For low-temperature STM measurements the sample has been

transferred into a home-built STM chamber using an UHV

suitcase. The data have been recorded at 77 K.

For conducting the statistical analysis of the length and

angular distributions, the STM images have been corrected for

piezo-scanner creep and thermal drift in the scanning

tunnelling microscope. The background-subtracted data have

been corrected by using a plugin to the opensource software

ImageJ (Schneider et al., 2012) developed by Michael Schmid

(TU Vienna). This plugin applies higher-order non-linear

corrections to remove the creep-induced distortions from the

STM data by maximizing the intensity of selected spots in the

Fourier transform of the image. Subsequently, linear correc-

tions have been applied using Gwyddion (Nečas & Klapetek,

2012). The final STM image has been scaled to meet an

average next-neighbour distance of 6.85 Å. This length has
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Figure 1
Niizeki–Gähler tiling on different length scales as generated from
recursion, emphasizing its self-similarity. The white lines represent a first-
generation tiling. In the upper right part the substitution rule for the three
elements is given. The symmetry of rhombs and squares is reduced as
indicated by the shaded areas. The blue lines represent the tiling deflated
once, which scales with ð2þ 31=2Þ�1. The smallest scale tiling, indicated by
black squares, golden triangles and red rhombs, results from a second
deflation.
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been previously evaluated from low-energy electron diffrac-

tion (Förster et al., 2013). The further analysis was done with

the help of the image and mesh processing capabilities of

Mathematica (Wolfram Research).

4. Statistical analysis

Fig. 2(a) shows an atomically resolved STM image of the

BaTiO3-derived OQC. Two terraces are present in this region

separated by a monoatomic step [white line in the lower left

part of Fig. 2(a)]. The contrast has been adjusted to make the

detailed atomic structure of each terrace visible. A purely

background-subtracted version of this image is available in the

supporting information. The bright protrusions in the STM

image arise from the Ti grid of the OQC as previously

demonstrated for the sigma phase approximant (Förster et al.,

2016).

The few large white features on the upper terrace are

adsorbates that might decorate defects. For all Ti atoms, the

atomic coordinates have been determined by fitting the

protrusion with 2D Gaussian profiles. From these coordinates

the Fourier transform (FT) has been calculated as depicted in

Fig. 2(b). The FT shows a pronounced long-range order in the

OQC tiling due to the presence of a large number of high-

order reflections. Based on the atomic positions, the OQC

tiling is extracted as shown in Fig. 2(c). The structure is

determined by triangles, squares and rhombs, but also a small

number of shield elements can be recognized [grey in Fig.

2(c)]. The latter element results from one missing Ti atom in

the structure, which would otherwise be filled by two triangles,

one square and one rhomb.

The tiling elements in Fig. 2(c) sum up to 7773 triangles,

2806 squares and 981 rhombs. These numbers correspond to a

ratio of 2.77 :1 :0.35, which is close to that of the ideal NGT. If

one additionally takes the 57 shield defects into account,

which equal 114 triangles, 57 squares and 57 rhombs, the tiling

element ratio will change to 2.75 :1 :0.36. This even more

closely approaches the NGT ratio of 2.73 :1 :0.37.

Besides counting the tiling elements, an analysis of the

angular distribution of the Ti neighbours around each vertex

has been conducted. This distribution is plotted in Fig. 3.

It gives a statistical measure of the interior angles of

triangles, squares and rhombs. The angular distribution of the

interior angles for triangles is well described by a Gaussian

centred at 60.1� with a full width at half-maximum (FWHM) of

8.3�. For squares, the distribution is asymmetrically broadened

to higher angles. From fitting with a Gaussian, the maximum is

found at 89.2� and the FWHM is 9.4�. The interior angles of

the rhombs strongly deviate from their expected values of 30�

and 150�. Instead, two Gaussians can be fitted at 32.7� and

147.3�. Their widths have been determined to 5.2� and 11.5�,
respectively. The angular variations as expressed by the

broadening of all distributions reflect local distortions of all

elements. In the case of triangles and squares, the distortions

are balanced. However, the shift of the maximum in the

angular distribution of rhombs reflects a systematic deforma-

tion. The shift by 2.7� corresponds to a change in the aspect

ratio of the diagonals of 9% when assuming constant edge

lengths.

The distributions of side lengths which are shown in Fig.

4(a) for three combinations of neighbouring tiling elements

also reveal small deviations from the ideal tiling.

From fitting the histograms with Gaussian distributions,

average side lengths of 6.95, 6.72 and 6.79 Å are determined

for the combination of triangles with squares, triangles and

rhombs, respectively. With an FWHM of 0.95 Å these distri-

butions are again quite broad. The

average triangle–square side length

is slightly longer than the others.

However, its distribution also contains a

few short distances around 5.7 Å, which

are not covered by the Gaussian. In

total, these variations are well within

the scattering of the data.

Neighbouring tiling elements in an

ideal NGT contain only a negligible

number of rhomb–rhomb, rhomb–

square or square–square contacts.

The only relevant combinations are

triangle–square, triangle–rhomb and

triangle–triangle, where the first of

these has the highest abundance as

indicated in Fig. 4(b) as a grey bar

chart. The experimentally determined

frequencies for the OQC are marked by

crosses for all six tiling combinations.

The experimental values are in perfect

agreement with those of an ideal

NGT. This includes the correct

relative frequency of the triangle–
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Figure 2
(a) STM measurement of BaTiO3-derived OQC on Pt(111) showing the sublattice of the Ti atoms.
The region marked in black is discussed in more detail in Fig. 8. (b) Fourier transform of the atomic
positions extracted from (a). (c) The OQC tiling as extracted from the atomic coordinates showing
triangles (gold), squares (black), rhombs (red) and shields (grey). (a) 52 � 67 nm, 15 pm, �1 V.
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square, triangle–triangle and triangle–rhomb edges as well as

the absence of rhomb–rhomb, rhomb–square and square–

square edges.

Besides the tiling statistics, the rotational alignment of the

different elements with respect to the h1�110i Pt(111) substrate
directions has been analysed in detail. Figs. 5, 6 and 7 show

the orientation of squares, rhombs and the characteristic

dodecagons, respectively. In all cases the results taken from

the STM image are compared with the arrangement of these

units in an ideal NGT.

The detailed analysis for the squares is given in Fig. 5(a) in

which their orientational distribution and the variations in the

length of their diagonals are plotted. Within each type of

square, a spreading of the orientation and of the lengths is

observed, which might emphasize distortions within the tiling.

However, the distribution reveals no correlation between the

fluctuations in length and bond direction. From diffraction, the

orientation of the OQC with respect to the underlying

substrate is known (Förster et al., 2013). It turns out that the

diagonals of the squares are rotated by 15� with respect to the

atomic rows of Pt(111) along the h1�110i directions. Corre-

spondingly, each square is oriented with one edge along this

high-symmetry direction.
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Figure 3
Distribution of interior angles in the triangles, squares and rhombs as
derived from the drift-corrected STM data of the OQC tiling in Fig. 2.

Figure 4
(a) Side length distribution of the OQC tiling elements as derived from
Fig. 2. The histograms show the lengths of edges shared between adjacent
triangles, between triangles and squares, and between triangles and
rhombs in classes of 0.1 Å. The representation in classes causes an off-
centring of blue and green bars. (b) Number of neighbouring tiling
combinations: crosses and absolute numbers mark the experimental
values, whereas the grey bar chart indicates the ideal NGT values.

Figure 5
(a) The distribution of squares from Fig. 2. The length of the diagonals is
determined and their rotational distribution relative to the ½1�110� substrate
direction is given in classes of 30�. (b) Superposition of differently
oriented squares to a cut of Fig. 2(a) for comparison with (c) the ideal
NGT.
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Fig. 5(a) reveals a 10% variation in the frequency of

differently oriented squares. In the ideal NGT the orientation

of squares is homogeneously distributed as shown in Fig. 5(c)

with the same frequency in all three rotations. In contrast, the

OQC data in Fig. 5(b) show an arrangement where locally one

orientation is suppressed. In the ideal NGT and in the

measured data, no square shares a corner with a second one of

the same orientation. In the ideal NGT a square is never

connected to more than two squares of common orientations,

and up to four neighbours of identical orientation are found in

the real OQC tiling.

The rhombs occur in six different orientations every 30�.
Their distribution has been determined from their long axis

which is shown as raw data in Fig. 6(a). The variations of

lengths and bond angles are similar to the case of squares

discussed before.

Note that the frequency of the six different orientations as

given by the numbers in Fig. 6(a) reveals deviations up to 30%

from the mean value. By comparing the local orientation of

rhombs within the real OQC data in Fig. 6(b) with that of the

ideal NGT (Fig. 6c), three major differences can be recog-

nized. Firstly, in the OQC isolated rhombs are present, which

is not the case in the ideal NGT. Secondly, the rhombs in the

OQC tiling tend to arrange in lines with two edges parallel to

the h1�110i directions. Along these lines their long diagonals are

alternately oriented in �150�. In the ideal NGT, those chains

do not occur; instead the rhombs tend to form circles or occur

in isolated pairs. Thirdly, the distribution of rhombs within the

ideal NGT is equal in all directions for symmetry reasons.

Finally, the orientation of the characteristic dodecagons of

the NGT tiling has been evaluated. We define the orientation

of the dodecagon based on its mirror symmetry axis with a

direction given as shown schematically in Fig. 7(a). The

symmetry of the dodecagon allows 12 orientations.

The histogram of Fig. 7(b) shows the orientational distri-

bution of dodecagons in the OQC and reveals clearly a

preference for six out of the 12 directions. Almost all

dodecagons are found under 30� rotations against the h1�110i
substrate directions. Two orientations at 30� and 210� relative
to the ½1�110� direction occur only half as often in the OQC tiling

of Fig. 2(a) as compared with 90�, 120�, 270� and 330�, which
emphasizes a correlation of dodecagons with opposite orien-

tations. This becomes more obvious when superimposing the

dodecagons to the STM data as shown in Fig. 7(c). The lines

that have been recognized in the distribution of rhombs are a

consequence of an overlapping of adjacent dodecagons of

opposite orientations. This is in strong contrast to the cluster
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Figure 6
(a) Raw data of the rotational distribution of rhombs from Fig. 2. The
frequency of rhomb orientations taken from their long axes in classes of
30� relative to the ½1�110� direction of Pt(111) is given. (b) Superposition of
differently oriented rhombs to a cut of Fig. 2(a) for comparison with (c)
the ideal NGT.

Figure 7
(a) Definition of the orientation in the characteristic dodecagon of
the NGT. (b) Frequency of dodecagon orientations in the OQC in classes
of 30� relative to the ½1�110� direction of Pt(111). (c) Superposition of
differently oriented dodecagons to the measured STM data for
comparison with (d) the ideal NGT.
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distribution in the ideal NGT, which must again be equally

balanced along every 30� shown in Fig. 7(d).

5. Discussion

In the previous section we have presented a detailed statistical

analysis for a large area of the dodecagonal BaTiO3-derived

OQC on Pt(111). The structure has only a very small number

of defects and consists mainly of triangle, square and rhomb

configurations. Their frequency and rotational orientation are

very close to those of the NGT. In addition, the frequencies of

the six possible nearest-neighbour configurations, as domi-

nated by triangle–triangle, triangle–square and triangle–

rhomb configurations, match perfectly those of the NGT.

However, a number of deviations from the ideal NGT are

also reported here. Variations of the average side lengths of

the three tiling elements by roughly �2% around the value of

6.85 Å have been observed. The average spreading of these

side lengths is in the order of �0.5 Å, which is quite

substantial. From evaluating the angles between adjacent

edges a stretching along the short diagonal of the rhombs by

9% is expected. These deviations from an ideal geometry most

likely relate to an adaptation to preferential adsorption sites

on the atomic level. These are hard to determine precisely,

since only the Ti grid of the BaTiO3-derived 2D structure is

imaged in STM. The information about the positions of Ba

and O atoms is still lacking.

In addition, a clear sixfold signature is found in the rota-

tional distribution of dodecagons in the OQC tiling. This

symmetry reduction is accompanied by the formation of rows

of dodecagons in opposite orientations as seen in Fig. 7(c). As

a consequence, the circular arrangements of rhombs within the

NGT are transformed into a row-like structure. The detailed

analysis of the local OQC tiling along these rows identifies

individual unit cells of a giant approximant structure that was

recently reported for the SrTiO3–Pt system (Schenk et al.,

2017). Fig. 8(a) shows a close-up of the STM image of Fig. 2(a).

In this area three approximant unit cells are marked by black

lines. Their short unit-cell vector is aligned parallel to the ½1�110�
direction. Additionally, the 36 tiling elements within the

approximant unit cell are indicated. Interestingly, the unit cell

includes one of the characteristic dodecagons discussed in

Fig. 1. Whereas the unit cell is a motif of the ideal NGT, the

periodic repetition is not. Therefore, a larger periodic repeti-

tion of this unit cell would correspond to an approximant

domain embedded in the OQC. In the area given in Fig. 8(a),

this motif is repeated a few times along the short unit-cell

vector, which produces the row-like structure of the rhombs

and oppositely oriented dodecagons. Therefore, it is important

to compare the tiling statistics for the ideal NGT, the ideal

approximant structure and the experimentally observed

structure. The triangle :square :rhomb ratios for the NGT are

2.73 :1 :0.37, whereas the approximant ratios are 2.66 :1 :0.33.

In the approximant are fewer triangles and fewer rhombs in

comparison with the NGT. The experimentally observed ratios

are 2.75 :1 :0.36 and are very close to those of the NGT. In fact,

the small deviations cannot be explained by approximant

domains within the NGT, since the frequency of triangles is

slightly higher in the experiment as compared with the NGT.

Note that the triangle frequency is lower in the approximant.

Therefore, we conclude that the approximant patches are in

the limit of vanishing domain size. A second proof of the very

local nature of the symmetry reduction to a sixfold structure

comes from the comparison of the FT of the atomic grid as

determined in the STM image and the global diffraction

pattern obtained by spot-profile analysis of low-energy elec-

tron diffraction (SPALEED) as shown in Fig. 8(b). Whereas

the FT has been calculated from 3500 nm2, the diffraction data

are collected from an area of 5 mm � 5 mm. The major

difference between both patterns is the intensities of the

h1110i higher-order spots, marked by red circles in Fig. 8(b).

Their intensity distribution implies a local symmetry reduction

to sixfold in the FT of this STM image. However, the real

diffraction data in Fig. 8(b) show clearly the long-range

coherence for a dodecagonal quasicrystal.

On the one hand, the giant approximant structure is very

locally present in different orientations. On the other hand,

the long-range dodecagonal order and coherence are globally

maintained despite the observed local fluctuations. One

scenario which can combine both aspects arises from an
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Figure 8
(a) Close-up STM image of the BaTiO3-derived OQC tiling taken within
the black square of Fig. 2(a). Locally, patches of an approximant unit cell
can be identified, which consists of 36 tiling elements. (b) SPALEED
image of the OQC in comparison with the FT from Fig. 2(b).
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initially very well developed QC at growth temperatures. At

these higher temperatures, the QC can be additionally stabi-

lized by the enhanced QC entropy. Upon cooling, the inter-

action with the substrate favours specific adsorption sites.

The QC structure transforms locally into approximant-like

geometries if these structures match the substrate lattice.

However, these changes can occur only without significant

mass transport, e.g. by local site changes. In fact, such local

changes of atomic positions in a QC that leave the number of

tiling elements unchanged, as we observe here, are known as

phason flips.

6. Conclusion

An in-depth statistical analysis of the dodecagonal tiling of the

BaTiO3-derived oxide quasicrystal on the Pt(111) substrate is

presented. The tiling ratio which is determined from almost

11 500 elements created from 8100 vertex positions unam-

biguously identifies the ideal NGT formed from equilateral

triangles, squares and rhombs as the host structure of the

BaTiO3-derived OQC. For different elements of the OQC

tiling strong distortions are found, both in their interior angles

and their edge lengths, which most likely occur due to local

preferences to specific adsorption sites on an atomic scale. The

rotational distribution of squares, rhombs, and the character-

istic dodecagons of the NGT reveal a clear preference for an

alignment of edges parallel to the h1�110i directions of the

hexagonal substrate. This is a consequence of individual unit

cells of an approximant structure. These approximant patches

are locally reducing the symmetry in the 2D layer. Despite

these local features, the dodecagonal symmetry remains on

global scales as confirmed by the tiling element ratio and by

diffraction.
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Perfect Monolayers of the BaTiO3-Derived 2D Oxide
Quasicrystals Investigated by Scanning Tunneling
Microscopy and Noncontact Atomic Force Microscopy

Eva Maria Zollner, Sebastian Schenk, Martin Setvin, and Stefan Förster*

The atomic structure of the BaTiO3-derived 2D oxide quasicrystals (OQCs) is

investigated using scanning tunneling microscopy (STM) and noncontact atomic

force microscopy (nc-AFM). It is demonstrated that these extraordinary films can

easily be prepared as single-phase monolayers on a Pt(111) support. From

analyzing almost 20 000 atomic vertices, an extended statistical dataset of the

OQC tiling is collected. It manifests that the OQC obeys the statistics of the

Niizeki–Gähler tiling, which is a dodecagonal triangle–square–rhomb model

system. The atomic structure shown by nc-AFM is identical to the contrast

obtained in STM images. The results are discussed with respect to the existing

structural models.

1. Introduction

When approaching the 2D limit, oxides are known to exhibit
strong variations in their structures and properties compared
with the respective bulk materials.[1] One of most peculiar exam-
ples is the 2D oxide quasicrystals (OQCs) formed from ternary
oxides on periodic metal substrates which have been reviewed in
this issue by Förster et al.[2–4] Those structures are developed at
high temperatures in reducing environment in atomically thin
networks on metal supports.[5] Examples for periodic or aperiodic
structures in such 2D layers are found in many systems, e.g.,
SrTiO3=Ptð111Þ, BaTiO3=Ptð111Þ, and BaTiO3=Ruð0001Þ.

[2,3,6–8]

The preparation of OQCs in extended monolayers is challenging,
as an exact amount of material needs to be deposited on the

substrate in the correct stoichiometry.
Previous reports suffered from this diffi-
culty, and OQCs were found in coexistence
with periodic islands formed from excess
material. This limited the applications of
area-averaging analysis methods and
required complex data analysis.[9] Here,
we demonstrate how to succeed in the
preparation of perfect monolayers of this
new kind material for the case of
BaTiO3=Ptð111Þ. These OQCs films extend
across the entire surface, and no material is
left to form periodic islands.

We make use of these perfect monolayer
templates for structural investigations
using a combined scanning tunneling

microscopy (STM)/noncontact atomic force microscopy
(nc-AFM). At the atomic level, the structure of the Ti subgrid
had previously been resolved by STM.[2,3] An in-depth analysis
of the Ti positions identified the OQC as a disordered
Niizeki–Gähler tiling (NGT).[10–12] In STM, the Ba and O
grids are not accessible, due an energetic position
of Ba- and O-related bands far from the Fermi level. However,
from a combination of STM, surface X-ray diffraction (SXRD)
and density functional theory (DFT) calculations performed
for a related periodic approximant, a decoration of the triangle
and square tiling elements with all three atomic species has been
proposed.[6,7] Based on this model, all Ti atoms are threefold
coordinated by O atoms. Furthermore, the sublattice of Ba
and some of the O ions should buckle outward of the surface.[6,7]

Therefore, nc-AFM is supposed to be ideally suited for imaging
Ba and O ions. However, the constant-height nc-AFM measure-
ments presented here using either metallic or CO functionalized
tips show the exactly same contrast as seen in the simulta-
neously recorded tunneling current images. This implies that
the Ti atoms buckle outward from the surface and AFM does
not allow to determine the decoration of the dodecagonal tiling
by Ba and O.

2. OQC Monolayers on Pt(111)

Perfect monolayers of the BaTiO3-derived OQCs are fabricated by
subsequent deposition of 2.0� 0.1 Å of BaO and 2.0� 0.1 Å of
TiOx in an oxygen atmosphere of 10�6mbar to the Pt(111) sub-
strate. The deposited material is fully oxidized by annealing in
10�5mbar O2 for 20min at 920 K. OQC monolayers are formed
by a single 5min ultrahigh vacuum (UHV) flash of the as-prepared
samples at 1100 K. Figure 1a–d shows a series of low-energy
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electron diffraction (LEED) images of the OQC taken at different
electron kinetic energies right after this single heating step.

In addition to the Pt(111) substrate spots (marked with hexa-
gons in Figure 1d), all LEED spots are related to the dodecagonal
OQC. In the LEED pattern, OQC spots of different origin can
be distinguished. The dominating contribution are spots of
the dodecagonal structure originating from the first Brillouin
zone (BZ). A scheme of such spots is shown in Figure 1e.
This pattern represents a 2D projection of a 4D hyperhexagonal
lattice, which is the reason for the description with four unit

vectors (black arrows in Figure 1e).[13] The first-order spots are
typically very weak and only observed at energies below 10 eV
(not shown here). The most intense feature is the ring of
12 spots corresponding to the second-order of diffraction (red
in Figure 1e). For guidance, this order of diffraction is marked
in the measured LEED data in red. At larger reciprocal distances,
the rings of third- and fourth-order spots appear with 15� rotation
against the second-order ring. At the highest electron energy of
66 eV in Figure 1d, additional pairs of fifth-order reflections
are observed at every 30�. Theoretically, the reciprocal space of

(a) (b)

(c) (d)

(e) (f)

Figure 1. a–d) LEED pattern of the dodecagonal OQC derived from BaTiO3 on Pt(111) at different kinetic energies. e) The measured data are a super-
position of the dodecagonal pattern originating from the first BZ and f ) a set of backfolded spots originating from the six neighboring BZs of Pt(111).
The backfolded spots along the ½112̄� direction are marked with blue circles in parts (a)–(c).
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a OQC consists of an infinitely dense mesh of points, as every
point in the 2D space can be approached by the superposition
of integer numbers of the four unit vectors. However, for the
OQC, only a small number of reflections of nonzero intensity
are observed.

The second contribution to the LEED pattern originates from
multiple scattering events, which occur at these low electron
energies. Electrons that are subsequently scattered at the OQC
and the Pt(111) substrate produce additional spots originating
from neighboring BZs of the Pt(111) substrate.[2] This so-called
backfolding is schematically shown in Figure 1f. All backfolded
spots that have been observed experimentally are drawn here.
Each of the neighboring BZs contributes with two second-order
reflections (red in Figure 1f ), one third-order spot and five spots
of the fourth order of diffraction (blue in Figure 1f ). In the exper-
imental data, the backfolded spots are exemplary marked along
the ½112̄� direction in Figure 1a–c. The superposition of the two
contributions shown in Figure 1e,f reduces the symmetry of the
observed LEED pattern. The presented OQC pattern extends over
the entire sample surface demonstrating an OQC coating of the
surface on millimeter scales. Because no additional phase is seen
in LEED, the deposited material was completely consumed to
form the OQC monolayer.

For atomic-scale characterization using STM and nc-AFM, the
sample needed to be transferred through air. To remove adsor-
bates after re-entering the UHV chamber, the sample has been
annealed in 10�6mbar O2 for 10min at 920 K. Flashing the sam-
ple in UHV afterward to 1100 K for 5min recovers the OQC
structure. Figure 2a shows the homogeneity of the surface in
the presence of the OQC layer. On the scale of 200� 200 nm2

flat terraces separated by monoatomic steps are seen. These sub-
strate terraces are completely covered with the OQC layer. Due to
its alignment along the high-symmetry substrate directions,
the OQC grows as a single-domain overlayer. Accordingly, no
domain boundaries are formed on the terraces. The image
has been recorded at a resolution of 1500� 1500 points, which
allows to atomically resolve the OQC structure in the entire area.
The Fourier transform of this image is shown in Figure 2b.
Twelve intense spots are seen, which correspond to the sec-
ond-order spots seen in LEED. In addition, higher-order spots
at larger and smaller reciprocal distances are resolved. All details
of the OQC tiling can be derived from smaller-scale STM images.
One example is shown in Figure 2c, which maps a surface region
of 40� 40 nm2. In this image, one recognizes the construction
principle of the dodecagonal tiling, which is a combination of
equilateral triangles, squares, and rhombs. Figure 2c is cut
out from a larger dataset and contains about 4000 atomic vertices
out of a total number of 19 840. From this large dataset, all atomic
positions have been extracted, and a detailed statistical analysis of
the atomic tiling has been performed as recently introduced by
Schenk et al.[12] There, it has been shown that the OQC tiling is a
first experimentally observed realization of the ideal NGT, which
can be constructed by the cut and project method or by recur-
sion.[10,11,14] The benchmark parameters for this assignment
are the total tiling element frequencies and the frequencies
of shared edges between adjacent tiles. Schenk et al. conducted
this analysis for a system of 8100 atomic vertices and report
perfect match between the OQC statistics and that of the ideal
NGT. The dataset that is analyzed here is almost a factor of

(d)

(c)

(a) (b)

Figure 2. STM data of a perfect monolayer of the BaTiO3-derived OQC on
Pt(111) measured at a–c) 4.8 K and d) at room temperature. a) High-
resolution large-scale image showing a homogeneous surface with
monoatomic steps covered by the OQC. b) Fourier transform of part
(a) on logarithmic scale. Atomic resolution of the OQC structure at
c) 4.8 K and d) at room temperature. a) 200� 200 nm2, 30 pA,
0.5 V; c) 40� 40 nm2, 25 pA, 1.0 V; and d) 40� 40 nm2, 100 pA,
1.0 V.
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2.5 larger. In total, 19 840 atomic vertices form 19 309 triangles,
7006 squares, and 2634 rhombs, which translates into a triangle:
square:rhomb ratio of 2.76:1:0.38. The ideal tiling element ratio
of the NGT is 2.73:1:0.37. Only 65 squares are missing in the
real system to meet the ideal value, which is less than 1%.
The very good match confirms the quasicrystalline nature of
the observed tiling. An even stronger benchmark parameter to
compare the OQC tiling with the NGT is the frequency of

shared edges between adjacent tiles, because it reflects the
way how the tessellation is created from the different tiles.
It will strongly differ from a tiling determined by a recursion rule
such as the NGT to, e.g., a random tiling. Figure 3 shows the
comparison of these frequencies for the OQC dataset with those
of the NGT.

The agreement is again excellent. Only a minor number of
defects is found in the tiling, which are edges shared between
two adjacent squares, two rhombs, or a square and a rhomb.
Those tiles should not meet in the NGT. However, the total
number of such defects is below 0.3%, which means it is negli-
gible. A profound understanding of the observed slight devia-
tions from the ideal tiling configurations and the differences
between the OQC preparations analyzed here and published
by Schenk et al. would require a proper model for the decoration
of tiles with all three atomic species. This is still lacking, which
motivated additional nc-AFM measurements as discussed in
the following paragraphs.

For the determination of these structural details as derived
earlier, the STM measurements do not necessarily need to be
performed at liquid helium temperatures. The large interatomic
spacing of the Ti atoms of 6.85 Å also allows resolving the
structure at room temperature using standard equipment, as
shown in Figure 2d. From these measurements, all statistical
information, as obtained from the low temperature dataset, could

(a) (b)

(c) (d)

Figure 4. Simultaneously recorded constant-height STM (left column) and nc-AFM images (right column) of the OQC using a metallic tip.
One of the characteristic dodecagons of the OQC is emphasized for guidance. 7� 7 nm2, a,b) U¼�0.03 V, A¼ 120 pm, c,d) U¼�0.01 V,
A¼ 60 pm. The tip–sample distance in parts (c) and (d) is 1 Å which is smaller than in parts (a) and (b).

Figure 3. Comparison of the frequencies of shared edges between
adjacent tiles in the OQC derived from analyzing 19 840 atomic vertices
(red crosses) and the ideal NGT (bars).
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be extracted in a similar fashion with equal precision. The only
noticeable difference between this measurement compared with
Figure 2c is the slightly increased number of larger dark holes.
At these positions, one or two Ti atoms are missing. Such defects
are most likely related to preparational issues, e.g., small devia-
tions in the composition, rather than to the measurement
temperature.

3. ncAFM Measurements of the OQC Tiling

As the OQC layers do not have an established structural model,
nc-AFM measurements have been performed on the aforemen-
tioned perfect OQCmonolayers with the aim to resolve the cation
and anion sublattices. For ionic lattices, AFM can typically show
attractive forces above cations and repulsive forces above anions,
assuming that the tip apex has a negative electric charge.[15–18]

Positively terminated tips show an inverted contrast.
The nc-AFM measurements presented here have been per-

formed with a variety of tip functionalizations, but the obtained
contrast appeared very robust and independent of the tip.
Figure 4 shows typical results obtained with metallic tips.
Here, the tip was functionalized by applying voltage pulses above
a Cu (001) surface. The AFM images reveal a strong attraction
above the atoms that have been identified as Ti by STM. To clearly
recognize this, one of the characteristic motifs of the NGT, a
dodecagon build from 12 triangles, 5 squares, and 2 rhombs is
marked by white lines in the STM image of Figure 4a. At the very
same position, the AFM image reveals a dark contrast indicating
the attractive tip-sample interaction. Surprisingly, no additional
features appear in the frequency shift image of Figure 4b. This
observation holds even upon approaching closer to the surface
and entering the repulsive regime as shown in Figure 4c,d.
The only change in the STM and AFM image contrast is the appar-
ent width of the Ti atoms.

Another frequently used tip functionalization is a CO-tip.[19]

CO was dosed on the surface at T � 60K, and the molecule
was picked by applying voltage pulses. The tip functionalization
was verified by imaging the adsorbed CO molecules. In the AFM
image of Figure 5b, the adsorbed CO molecules appear as bright
spots due to the repulsive CO–CO interaction.[20] The OQC sur-
face imaged by the CO tip is shown in Figure 5c–h. The sequence
of images shows the same spot of the sample at low and medium
attractive forces and in the repulsive regime. In comparison with
the metallic tip, the maximum attractive forces between the CO
tip and the OQC template are somewhat smaller. However, the
overall appearance of the OQC tiling remains unchanged. Even
in the largest voids of the Ti grid, which are the centers of the
squares with a nominal width of 6.85� 6.85 nm2, no additional
features can be identified.

The identical AFM contrast has also been achieved when func-
tionalizing the tip directly at the OQC layer. Such behavior is
unusual for ionic surfaces; there, it is typically possible to invert
the imaging contrast.[16,18,21] Also, the magnitude of the frequency
shifts obtained on the OQC is significantly higher than typically
measured on ionic surfaces. Such robust attractive forces are
characteristic for surfaces that form covalent bonds, such as
the prototypical silicon surfaces.[22–24] The domination of the
OQC AFM contrast by the Ti atoms independent of the tip

configuration suggests an significant outward buckling of the
Ti site. Alternatively, it could result from the reduction of the
film. In the OQC, the Ti 3d orbitals are singly occupied,
as recently shown by valence band photoemission.[9] This could
be the origin of a strongly enhanced reactivity at the Ti sites as
seen in AFM.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5. Simultaneously recorded constant-height STM (left column) and
nc-AFM images (right column) of the OQC using a CO-terminated tip.
One of the characteristic dodecagons of the OQC is emphasized for
guidance in parts (c)–(h). a,b) 10� 10 nm2, U¼þ0.04 V, A¼ 60 pm.
The bright spots in the AFM image correspond to the adsorbed CO
molecules. c–h) 7� 7 nm2, U¼þ0.002 V, A¼ 50 pm. The tip-sample
distance with respect to parts (a) and (b) is c,d) ΔZ¼þ100 pm, e,f )
ΔZ¼þ190 pm, and g,h) ΔZ¼þ350 pm.
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4. Conclusion

We report on STM and nc-AFM investigations of the BaTiO3-
derived OQC. The AFM data show the identical atomic pattern
derived from simultaneously recorded STM images. Previous
studies identified these sites as the Ti subgrid of the OQC.
The Ti atoms are very dominant in the interaction with AFM tips
of different terminations. No other atoms have been detected in
the AFM images, even at very close tip–sample distances corre-
sponding to a strongly repulsive interaction. Consequently, the
AFM data do not provide a clear lead for solving the OQC struc-
ture. However, the high structural quality of single-phase OQC
monolayers that is demonstrated here allows for performing sur-
face X-ray standing waves experiments to access the positions of
Ba and O atoms in this 2D ternary compound.

5. Experimental Section

Monolayer coverages of BaTiO3 were prepared on Pt(111) substrates
by MBE. BaO and Ti were evaporated in an atmosphere of 10�6mbar of
O2 out of an three-pocket electron beam evaporator (EFM3, Omicron).
The Ti was supplied from a metal rod and BaO from heating a stoichio-
metric BaTiO3 ceramic fixed in an Ta crucible. The deposition rate of each
source was routinely calibrated using a quartz-crystal micro balance.
After subsequent deposition of a given amount of BaO and TiOx, the
ultrathin oxide film was fully oxidized in 10�5mbar O2 at 920 K for
20 min. The OQC template was prepared by annealing the ultrathin
BaTiO3 film for 5 min at 1100 K in UHV.

The combined STM/AFM experiments were performed at T ¼ 4.8 K
in an UHV chamber (base pressure <2� 10�11mbar) equipped with
a commercial Omicron q-Plus LT head and a custom-design cryogenic
preamplifier.[25] Tuning-fork-based AFM sensors with a separate wire
for the tunneling current[26] were used; f0¼ 31 kHZ, Q� 20 000.
Electrochemically etched W tips were glued on the tuning fork and
cleaned in situ by field emission and self-sputtering in 10�6mbar AR.[27]
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Quasicrystals and their Approximants in 2D Ternary
Oxides

Stefan Förster,* Sebastian Schenk, Eva Maria Zollner, Oliver Krahn,
Cheng-Tien Chiang, Florian O. Schumann, Alireza Bayat, Karl-Michael Schindler,
Martin Trautmann, René Hammer, Klaus Meinel, Waheed A. Adeagbo,
Wolfram Hergert, Jan Ingo Flege, Jens Falta, Martin Ellguth, Christian Tusche,
Marc DeBoissieu, Matthias Muntwiler, Thomas Greber, and Wolf Widdra

2D oxide quasicrystals (OQCs) are recently discovered aperiodic, but well-

ordered oxide interfaces. In this topical review, an introduction to these new thin-

film systems is given. The concept of quasicrystals and their approximants is

explained for BaTiO3� and SrTiO3�derived OQCs and related periodic struc-

tures in these 2D oxides. In situ microscopy unravels the high-temperature

formation process of OQCs on Pt(111). The dodecagonal structure is discussed

regarding tiling statistics and tiling decoration based on the results of atomically

resolved scanning tunneling microscopy and various diffraction techniques. In

addition, angle-resolved ultraviolet photoemission spectroscopy and X-ray

photoelectron spectroscopy results prove a metallic character of the 2D oxide.

1. Introduction

2D oxide quasicrystals (OQCs) emanate from research dedi-
cated to functional oxide interfaces. Oxide thin films are known
to exhibit a wide range of functionalities. When the film

thickness is reduced, the impact of the
interfacial layer on the film properties
increases and additional functionalities
can arise, which extend the materials prop-
erties with respect to the bulk counterparts.
Famous examples are the voltage-driven
magnetization switching in multifer-
roics[1–3] and the formation of a 2D electron
gas at the LaAlO3=SrTiO3 interface.[4,5]

In addition to these functionalities, the
observation of a 2D OQC added long-
range aperiodic order to perovskite-derived
oxide interfaces—two years after the Nobel
prize in chemistry was awarded to Dan
Shechtman for the discovery of quasicrys-

tals in metal alloy systems.[6] OQCs form spontaneously from
perovskite oxide thin films on a metal substrate with sixfold
symmetry.[6,7] These interfaces between a periodic substrate
and the aperiodic thin film add a new facet to the known forms
of interface epitaxy.
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Quasicrystals are materials without the translational symme-
try known to periodic crystals, but with a long-range order and a
well-defined rotational symmetry visible in diffraction. Often
they exhibit an 8-, 10-, or 12-fold rotational symmetry, which
is incompatible with translational symmetry.[8–11] Therefore, fun-
damental concepts in solid-state physics, e.g., the description of
electrons by delocalized Bloch states or the concept of extended
phonons do not apply for quasicrystals. This makes this class of
materials highly interesting also from a fundamental science
point-of-view.

Figure 1a shows the first electron diffraction data of an aperi-
odic oxide structure. The low-energy electron diffraction (LEED)
pattern of the OQC clearly shows a 12-fold symmetric pattern.
On the atomic scale, this unique structure is built from motifs
of equilateral triangles, squares and rhombs, that arrange in
characteristic dodecagons, as seen in the scanning tunneling
microscopy (STM) image of Figure 1b.[6]We enroll the formation
process of the quasicrystalline layers, which follows a self-
limiting encapsulation process of the metal surface by the oxide
monolayer known as the strong metal support interaction
(SMSI) effect of binary oxides on metals.[12–18] Atomically
resolved STM images allow for a detailed understanding of
the real space tiling of OQCs. It will be demonstrated how a
statistical analysis of the real space tiling can be used to identify
the Niizeki–Gähler tiling (NGT) as the idealized model system
which describes the structure.[19–21] Recursion rules for the
NGT are discussed and it is described how the self-similarity,
which follows directly from recursion, is altered in the as grown
OQC due to phason flips.[21,22] In addition to the real space struc-
ture, insights into various diffraction experiments are given.
With respect to the electronic structure, we present evidence
for unpaired electron spins at the vertices of the dodecagonal
tiling as derived from angle-resolved photoemission.[23] Today
OQCs can be prepared as perfect monolayer extending over
the entire substrate surface and have been successfully tested
as template for adsorption experiments.[24,25]

In the field of quasicrystals, a variety of approximant struc-
tures are frequently found. These are long-range periodic struc-
tures in which the tiling elements or even larger patches of the
quasicrystal tiling are cut and form the repeating unit cell. For
the ternary oxide monolayers, a variety of approximants to the

dodecagonal NGT have been reported.[7,26–31] With increasing
size of the unit cell of the approximant, the structures resemble
the OQC more closely. Approximants are of special interest due
to their periodic nature, as the Bloch theorem applies here and all
standard methods of solid-state physics can be used. Especially,
surface X-ray diffraction (SXRD) investigations have proven to be
most valuable for establishing a complete structural model for
OQCs, that goes beyond investigations of the Ti sublattice seen
in STM images.[28–30]

2. Preparation and Stability

For the preparation of OQCs, less than 1 nm of a given ternary
oxide needs to be deposited on the Pt(111). By annealing the
oxide layer at temperatures above 900 K, the material rearranges
at the surface, which ultimately can lead to the OQC formation.
This structural transformation process has been studied in
great detail for the prototypical OQC system of BaTiO3 on
Pt(111).[12,32,33] For temperatures around 900 K, a long-range
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Figure 1. a) Dodecagonal low-energy electron diffraction pattern of the

2013 discovered oxide quasicrystal derived from BaTiO3 on Pt(111) and

b) scanning tunneling microscopy image with the characteristic building

blocks marked for the dodecagonal OQC (4� 4 nm2). Adapted with per-

mission.[6] Copyright 2013, Springer Nature.
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ordered BaTiO3(111) structure develops. Upon annealing to
higher temperatures under oxidative conditions, BaTiO3 tends
to reduce the interfacial contact to Pt, which results in the growth
of 3D islands. In surplus of oxygen, all BaTiO3 segregates in the
islands with bare Pt(111) between the islands. Recently, it has
been found that depending on the islands’ thickness, a hexagonal
BaTiO3 structure can be stabilized in the islands, rather than a
simple perovskite stacking along the (111) directions.[34] This
structure is the high-temperature phase of bulk BaTiO3.

[35]

Under reducing conditions, the annealing of a periodic or
amorphous BaTiO3 layer leads to islands formation as well.
However, in this case, the Pt(111) substrate will be covered by
an ultrathin BaTiO3�x wetting layer. Figure 2 shows a series
of in situ low-energy electron microscopy (LEEM) images of this
wetting process for an area of 1.4� 1.4 μm2. The bright area in
the top left image corresponds to bare Pt(111); the gray contrast
resembles BaTiO3(111) islands. The faint wavy horizontal lines
are the substrate step edges. The wetting layer starts to form
locally at the rim of the BaTiO3(111) islands at 1020 K and
appears with darker contrast in the LEEM images of Figure 2.
Due to the enhanced mobility at the substrate step edges, a
growth front of the wetting layer starts there, which connects
the local patches to a homogeneous layer with time. At
1020 K, this wetting layer is amorphous. It fully covers the
Pt(111) substrate as confirmed by the suppression of the surface
core-level shift of Pt in photoemission experiments using syn-
chrotron radiation.[12] Upon temperature increase, a series of

long-range ordered structures is formed in the wetting layer.
The OQC is typically found for temperatures ranging from
1070 to 1170 K.[6,12,24,28] At higher temperatures, the film rear-
ranges into a small unit cell periodic approximant structure,
which will be discussed in detail in Section 6.

This wetting process can be reversed by reoxidation as shown
in the lower sequence of LEEM images in Figure 2. The OQC
layer itself is stable against dosing 10�6mbar of molecular oxy-
gen at 900 K. However, with time the bright contrast of the
Pt(111) substrate becomes visible and the wetting layer trans-
forms into tiny BaTiO3 islands (bottom left). Due to the initiation
at the step edges and the auto-catalytic character, the dewetting is
attributed to a reoxidation of the wetting layer using atomic oxy-
gen, that results from a dissociation at Pt sites.[12] The wetting
and dewetting cycle shown in Figure 2 is completed by annealing
to higher temperatures in O2. This reduces the island density due
to Ostwald ripening and coalescence. This cycling is fully revers-
ible. For the case of BaTiO3 on Pt(111), even upon multiple
cycling, no Ba or Ti is lost by re-evaporation from the surface
or diffusion into the Pt bulk.

For the preparation of OQC films, no special deposition tech-
nique is needed. Surface roughening as a consequence of sputter
deposition or pulsed-laser deposition will not hinder the OQC
formation, as surface defects will be healed out during the
high-temperature treatment involved in the OQC formation pro-
cess. However, the highest level of precision in the preparation of
OQC monolayers has been reached using molecular beam

Figure 2. In situ LEEM observation of the wetting and dewetting process of a monolayer of BaTiO3 on Pt(111). At 1020 K, small hexagonal BaTiO3(111)

islands on bare Pt (top left) are transformed into a complete wetting layer encapsulating the metal surface (top right) under reducing conditions. This

proceeds by a spreading of the material from the 3D islands across the Pt substrate in a 2D layer, which continuously grows with time to full coverage. At

100 K higher UHV annealing temperature, this wetting layer develops into the homogeneous dodecagonal OQC (bottom right). For high oxygen chemical

potentials, the OQC decays into smallest BaTiO3 islands (bottom left). This process starts from the substrate step edges and destroys the wetting layer in

a dendritic fashion. At 150 K higher temperatures, the small islands grow by coalescence and ripening, which closes the redox-cycle. A movie of this

transition is available in the Supporting Information.
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epitaxy (MBE).[24] By calibrating independent Ba and Ti sources
using a quarz-crystal micro balance (QMB), the right composi-
tion and coverage can be guaranteed. As demonstrated in this
issue by Zollner et al., perfect monolayers can be grown that
extend over the entire surface, which have been already success-
fully tested as templates for molecular adsorption.[24,25]

When depositing more than the required monolayer BaTiO3

equivalent or having an off-stoichiometric metal composition, a
phase separation occurs at the substrate surface. In coexistence to
the OQC, the excess material will form additional islands of
perovskite-related structures. For the BaTiO3/Pt system, it turned
out that the OQC will be formed for higher coverages even if the
overall metal composition varies by �15% around the stoichio-
metric value. This implies that the OQC stoichiometry is fixed
and the islands can act as a materials reservoir that compensates
deviations from the optimal composition. This formation of 2D
wetting layers of reduced ternary oxides in coexistence with 3D
islands is not unique for BaTiO3 on Pt(111). It has also been
reported recently for SrTiO3 on Pt(111) as well as BaTiO3 on
Ru(0001) and emphasizes a rather universal scheme for ternary
oxides on metals.[7,31]

3. Electronic Structure

According to the preparation conditions for the wetting and dew-
etting cycle introduced earlier, the OQC should have a reduced
character. This is confirmed by the Ti-2p core-level binding ener-
gies. Figure 3 shows two X-ray photoelectron spectroscopy (XPS)
spectra of the Ti-2p region for a 1 nm thin BaTiO3 film on Pt(111)
after 3D island formation and rewetting. The two spectra have
been recorded with synchrotron radiation at photon energies
of 670 and 1000 eV, respectively.[36] The spectra are normalized
to the low binding energy background and offset for clarity. At
the given film thickness, a coexistence of BaTiO3 islands with a
periodic structure and the OQC is observed upon ultrahigh vac-
uum (UHV) annealing, as confirmed by LEED (not shown). In
these two structures, the titanium atoms are chemically different
as evidenced by XPS, which shows a superposition of two Ti-2p
doublets. For the higher binding energy component, the Ti-2p3/2
peak is centered at 459.0 eV. For the lower binding energy com-
ponent, this peak is observed at 456.3 eV. The doublet at 459.0 eV

is assigned to the BaTiO3 islands, as its binding energy is in per-
fect agreement with that of Ti4þ in bulk BaTiO3.

[37] The intensity
decrease in this component upon reducing the photon energy as
observed in Figure 3 furthermore confirms that this signal
relates to 3D islands. The large downshift in energy of 2.7 eV
for the second component, which corresponds to Ti atoms in
the OQC, clearly indicates a reduction of this 2D layer.
However, this shift is much larger than typically observed for
reduced BaTiO3 or TiO2. There the introduction of oxygen vacan-
cies causes the formation of a Ti3þ component, which is shifted
by maximal 2 eV.[37–39] A shift that is comparably large as for the
OQC has been reported for Ti ions in 2D binary oxides on metal
surfaces.[40–43] The energetic position might also reflect a distinct
variation in the binding geometry rather than a formal oxidation
state. As a consequence of the reduction, Ti-3d states that are
located at the Fermi level are filled, which induces a metallic
character to the OQC layer. A first hint toward this direction
comes from a peak asymmetry of the OQC component, which
can be well described using a Doniach–Sunjic line shape.[44]

The direct evidence of the metallic character of the OQC comes
from angle-resolved photoemission using momentum micros-
copy.[23] Figure 4 shows 2D momentum maps of the bare and
the OQC covered Pt(111) substrate, recorded at the Fermi energy
and at 0.5 eV binding energy. In the presence of OQC, the signa-
ture of the Pt bulk bands remains clearly visible, although these
features are damped by the 2D overlayer. In addition, the OQC
induces a strong enhancement of the photoelectron intensity
around the Γ̄ point at the Fermi level. Its energetic and momen-
tum position nicely matches that of occupied Ti-3d states in
oxygen-deficient BaTiO3 films forming 2D electron gases.[45]

With increasing binding energy the intensity distribution
becomes narrower indicating an Eð~kÞ dispersion of the Ti-3d states

Figure 3. XPS data for the Ti-2p core level region for the OQC in presence

of BaTiO3(111) islands. Due to the increased surface sensitivity at 670 eV

photon energy, the photoelectron intensity of the 3D islands is reduced.

Figure 4. Comparison of the 2D momentum maps of the BaTiO3-derived

OQC on Pt(111) and of the bare Pt(111) substrate at the Fermi energy and

0.5 eV below. Color scale in 104 CCD counts.
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of the OQC. Regarding the filling of the Ti-3d states, the Fermi
wave vector has been estimated. From the full-width-at-half-
maximum of the momentum distribution along the ky direction,
a lower bound of the Fermi wave vector of 0.4Å�1 could be esti-
mated. This value is consistent with the 0.6 Å�1 of a 3d1 configu-
ration for each Ti atomwithin the OQC structure and in agreement
with the reduction seen by XPS.[23] The assignment of an unpaired
electron spin on each Ti site is an exciting finding, which paves the
way into future studies of the magnetic ordering in the OQC layer.

4. Real Space Structure

The real space structure of the OQC has been determined from
atomically resolved STM images. Figure 5 shows an example on

the scale of 10� 10 nm2. The OQC appears as bright protrusions
with an interatomic spacing of 6.85Å. This imaging contrast is
robust upon bias voltage variations away from the Fermi level
and does not depend on bias polarity within a range from
�1.0 to 1.0 V.[6] These tunneling characteristics can be explained
by tunneling out or into the Ti 3d states, which is in line with the
photoemission results. A detailed inspection of the atomically
resolved features in the STM image reveals three different tiling
elements within the OQC: equilateral triangles, squares, and
rhombs inclining 30� and 150∘ angles. The vertices of these tiling
elements are decorated by Ti. These three tiling elements are fre-
quently found in groups of twelve triangles, five squares, and two
rhombs that arrange in a characteristic dodecagon as emphasized
in color in Figure 5. The 2D layer builds up from overlapping
dodecagons.

A mathematical description of a 2D dodecagonal quasicrystal
with these building blocks has been reported by Niizeki, Mitani,
and Gähler in the late 1980s, why we denote this structure as the
NGT.[19,20] This tiling can be generated by the cut-and-project
method from a 4D periodic lattice, which is the general scheme
to rationalize quasicrystals.[46–48] Alternatively, it can also be
generated by recursion.[22] The recursion rule is shown in
Figure 6a. In each deflation step, a triangle is substituted by
seven triangles and three squares of smaller length. Each square
is replaced by 16 triangles, five squares, and four rhombs.
The rhombs are replaced by eight triangles, two squares, and
three rhombs. The shaded areas in the rhombs and the
squares indicate, that a given orientation of these tiles needs
to be respected, which reduces their symmetry.[21,22]

Mathematically, this substitution rule can be formulated by a
deflation matrix T

T ¼

0

@

7 16 8
3 5 2
0 4 3

1

A. (1)

The rows of T are assigned to the number of triangle, square,
and rhomb tiles in each replacement, respectively. The
Eigensystem solution of T reveals two important properties of

(a) (b)

Figure 6. Substitution rules for the dodecagonal NGT: a) First recursion step.[22] b) Second recursion step for the square element: By multiple iterations,

the recursion generates self-similar tilings that scale with ð2þ
ffiffiffi

3
p

Þ. The higher-hierarchical tiling connects the centers of dodecagons formed in the lower

generation instance (black circles).

Figure 5. Atomically resolved STM image of the BaTiO3-derived OQC on

Pt(111). The structure forms from three different tiling elements that build

a characteristic dodecagon. The 2D tiling is created from overlapping

dodecagons. The coloring has been added to emphasize the building

blocks. 10� 10 nm2, 30 pA, �0.15 V.
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the NGT: The square root of the eigenvalue gives the scaling fac-
tor of self-similarity in the NGT of (2þ

ffiffiffi

3
p

). Furthermore, the
corresponding Eigenvector of the deflation matrix T

ðð1þ
ffiffiffi

3
p

Þ, 1, ð1þ
ffiffiffi

3
p

Þ�1Þ � ð2.73, 1, 0.37Þ (2)

represents the tiling element ratio in the NGT: the numbers of
triangles relative to the numbers of squares and of rhombs. This
ratio can be used to derive other entities that can be used for a
statistical analysis of the NGT, e.g., the frequency of shared edges
between the different tiles.

Figure 6b shows that the subsequent application of the recur-
sion rule not only increases the size of the grown patch according
to the scaling factor but also results in a self-similarity of the
tiling. In the third-generation tiling shown in Figure 6b on the
right, the subsequent application of the recursion rule has led to
the formation of characteristic dodecagons of the NGT. By con-
necting the centers of these dodecagons, a triangle-square-rhomb
tiling is formed on next-larger scale as emphasized in black in
Figure 6b.

Recently, a systematic statistical analysis of the BaTiO3-
derived OQC tiling has been conducted for a system of 8100
vertex positions as determined from an atomically resolved
large-scale STM image.[21] In this issue, Zollner et al. repeat this
analysis for an even larger dataset of almost 20 000 vertices.[24]

The comparison of both systems to the statistics of the ideal
NGT regarding tiling element ratio and frequency of shared
edges clearly reveals that the OQC is the first realization of this
ideal dodecagonal model system. To the best of our knowledge,
these are the largest real space datasets of any quasicrystal
analyzed so far.

First of all, an almost perfect match of the OQC tiling element
ratios of 2.75:1:0.36 (8100 vertices) and 2.75:1:0.38 (20 000 vertices)
to that of the ideal NGT of 2.73:1:0.37 has been found. Evenmore
intriguing is the superior agreement in the frequency of shared
edges. Figure 7 summarizes the values obtained for the three
systems. In the NGT, only triangle-square, triangle-triangle,
and triangle-rhomb edges occur. Their relative frequencies agree
perfectly with those of the experimentally determined ones for
the real OQC. Due to defects that are intrinsically present in real
systems, also rhomb-rhomb, rhomb-square, and square-square

edges occur. However, they amount to 12 out of 18 631 edges
(8100 vertices) and 128 out of 47 659 (20 000 vertices) in total,
which is a remarkably low number of defects and underlines
the perfectness of quasicrystalline order here.[21,24]

Deviations of the OQC statistics from the NGT have been
reported with respect to the rotation of rhombs and dodeca-
gons.[21] The combination of both facts, namely, variations in
the rotation of building blocks and an ideal edge frequency,
points toward a significant amount of phason flips in the tiling.
Phasons flips are changes of vertex positions in real space
between well-determined positions as a consequence of excita-
tions in the higher-dimensional hyperspace.[49–51] This small
displacement of a vertex results in exchanged positions of the
surrounding tiles. Please note that the edge-sharing frequencies
of the NGT are preserved upon single phason flips. In this way,
the quality of the quasicrystal can be assessed in the presence of
the specific disorder of phason flips.

The presence of phason flips makes the recognition of the
higher-hierarchical tiling in STM images more challenging.
By neglecting the location and the orientation of rhombs and
locating rings of twelve atoms that create a framework of adja-
cent dodecagons, the higher-hierarchical tiling were identified
in Figure 8a. For a better comparison to the ideal NGT, the
selected area in the STM image corresponds to the tiling shown
on the right in Figure 6b. The Ti atomic positions of the OQC

(a)

(b)

Figure 8. a) The higher-hierarchical tiling of the BaTiO3-derived OQC

measured by STM and b) the corresponding tiling scheme. Rings of 12

atoms at the outer ring of the characteristic dodecagons are emphasized

in yellow color in the STM image and as black rings in (b). The apparent

disorder in the orientation of rhombs within these dodecagons is caused

by phason flips. (a) 13� 13 nm2, 25 pA, 1.0 V.

Figure 7. Statistical analysis of the OQC based on STM images:

Frequencies of shared edges between adjacent tiles in the mathematically

defined NGT (bars) and for two extended data sets of different OQC prep-

arations on different Pt(111) crystals (red and blue marker).[21,24]

www.advancedsciencenews.com www.pss-b.com

Phys. Status Solidi B 2020, 257, 1900624 1900624 (6 of 11) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Original publications

96



tiling as extracted from the STM image are shown in Figure 8b.
It clearly indicates strong deviations of the inner structure
of the characteristic dodecagons from the ideal NGT. For only
half of the dodecagons, the two rhombs point toward the center
in agreement with the NGT. For all the others, at least one of the
rhombs has moved toward the rim or even left the dodecagon.
This motion of rhombs is the signature of multiple phason
flips.

5. Diffraction

Oxide quasicrystals were discovered due to the observation
of a twelvefold-symmetric diffraction pattern in LEED, as shown
for the example of the BaTiO3-derived OQC on Pt(111) in
Figure 1 and 9a. This clear dodecagonal pattern, instead of dif-
fraction rings, reports on an epitaxial alignment of the OQC
along the high-symmetry directions of the substrate. The
LEED pattern of the OQC is characterized by twelve sharp
and intense spots at 1.03Å�1 as shown in Figure 9a, which
has been recorded by spot-profile analysis low-energy electron
diffraction (SPALEED). The intense spots correspond to the sec-
ond diffraction order, in correction to the initial report in ref. [6].
Indeed, the first-order spots are only seen at kinetic energies
below 10 eV (not shown here). Two additional rings of twelve
spots are found at larger q vectors under a rotation of 15° with
respect to the first ring. Additionally, close to the first-order spots
of the Pt substrate pairs of spots occur in twelve directions. In
addition to this characteristic dodecagonal pattern, the sixfold
symmetry of the substrate leads to a backfolding of intense
QC spots from neighboring surface Brillouin zones of the hex-
agonal substrate, as has been explained in great detail recently.[24]

The backfolding at the substrate superimposes a sixfold symmet-
ric pattern to the original dodecagonal diffraction of the OQC. An

example for a backfolded spot, which is extraordinary intense at
the given electron kinetic energy, is marked by the black open
circle in Figure 9a.

An alternative approach to the momentum space can be
obtained from FT of atomically resolved STM images as shown
in Figure 9b for a dataset with 20 000 atomic positions. The use
of identical scatterers at these atomic coordinates results in a
reduced background on the FT and unravels the long-range
dodecagonal symmetry of the OQC tiling nicely. In comparison
to the LEED pattern of Figure 9a, many higher diffraction orders
of nonzero intensity are seen in the FT. Keeping in mind that the
FT was calculated from the Ti subgrid only, whereas the LEED
pattern additionally contains the information about the Ba and O
grids; the lower number of observed spots in LEED points toward
systematic extinction of diffraction spots.

The diffraction pattern of the ideal and infinitely extended
NGT is shown in Figure 9c. It has been derived by Fourier trans-
forming the acceptance domain of the NGT in internal
space.[20,52] Positions and intensities of the diffraction peaks of
the NGT in Figure 9c agree reasonably with the FT in
Figure 9b. Surprisingly, the relative intensities of the three inner
rings of 12 spots seen in LEED are also in good agreement with
those of the NGT tiling. From the additional atomic decoration of
the NGT by Ba and O, larger intensity differences are expected as
compared with the pure Ti grid.

One way to possibly access the tiling decoration is the use
of SXRD. There, due to the small scattering cross-section of
the X-rays, only single scattering needs to be considered.
Consequently, the measured intensities can be directly compared
with model calculations. A reciprocal space map of the BaTiO3-
derived OQC on Pt(111) measured by SXRD is shown in
Figure 10. The small full-width-at-half-maximum of the OQC
in the order of 0.03Å�1 reports of the high quality of the

(a) (b) (c)

Figure 9. a) Low-energy electron diffraction of the BaTiO3-derived OQC on Pt(111) (SPA-LEED at 66 eV). b) FT of an atomically resolved STM image with

almost 20 000 Ti atoms. c) Calculated diffraction pattern of the ideal NGT. The second-order diffraction is marked in red for comparison. The black open

circle in (a) emphasizes a backfolded spot originating from the next Brillouin zone of the Pt(111) substrate.
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dodecagonal layer. The establishment of a complete structural
model of the OQC is one of the current topics of research on
this system. Note that the theoretical model reported by
Cockayne et al. is able to predict a dodecagonal Ba–Ti–O struc-
ture with a Ba0.37Ti1O1.55 stoichiometry where the NGT is
formed by the Ba atoms.[27] Experimentally, we find a stoichiom-
etry close to Ba1Ti1O3�x and observe a NGT in STM, which is
formed by Ti atoms.

6. Approximants

A common scheme to all quasicrystal systems is their formation
within a small temperature window in the multidimensional
composition phase diagram. Upon deviations from the optimal
formation conditions of quasicrystals, periodic structures are
typically formed that are created from the same building blocks

as the related quasicrystal. They often have unit cells that are
smaller or larger patches of the parent aperiodic structure
and are called approximants. Also for OQCs, such approxim-
ants have been reported as shown in Figure 11.[7,26,28,29,31]

Within the ideal NGT shown in Figure 11a, two clusters are
highlighted. By translating these clusters along two unit vectors
in the plane, periodic tilings arise as shown in Figure 11b,c. The
larger the cluster is, i.e., its unit cell, the closer it resembles the
aperiodic structure.

The small unit cell approximant shown in Figure 11b was
observed for the BaTiO3/Pt system.[28,29] This triangle-square
tiling is called σ-phase approximant or snub-square tiling and
contains a combination of six tiles as found in the OQC. It
is also known as 32.4.3.4 Archimedean tiling[53] and was
described for the first time 400 years ago by Johannes
Kepler.[54] On the Pt(111) substrate, it forms a commensurate
superstructure under 8° rotation out of the substrate high-
symmetry directions. By a combination of STM, LEED,
SXRD, and calculations by means of density functional theory
(DFT), its structure has been determined as also presented in
this issue by Meyerheim et al.[28,30] The same superstructure
has been observed recently for BaTiO3 on Ru(0001), as reported
in this issue by Zollner et al.[31] This indicates the broader
concept of OQC and approximants in the field of perovskites
on metal substrates.

The large unit cell approximant shown in Figure 11c has been
discovered in the SrTiO3/Pt(111) system.[7] Its unit cell includes
all motifs that are essential for the description of the OQC tiling.
In addition to the three basic building blocks, even the charac-
teristic dodecagon is part of the unit cell. In total it contains
36 tiles and 24 Ti atoms. Anticipating the similar stoichiometry
as reported for the σ-phase approximant of Ba:Ti:O¼ 1∶1∶2.5,
the large unit cell approximant contains 108 atoms in the unit
cell.[28,29] Similar to the σ-phase approximant, this large unit cell
approximant is in registry with the substrate. It forms a
�

9 0
9 16

�

superstructure with respect to Pt(111). Due to the

symmetry mismatch, six domains of the approximant contribute
to the LEED pattern, which is shown in Figure 12. At the position
corresponding to the second-order diffraction of the OQC, which
is marked by the red circle in Figure 12, the approximant and the
OQC pattern are identical. However, a clear sixfold symmetry
is seen at the positions of the third- and fourth-order OQC dif-
fraction spots marked by the blue circles. The different domains
contribute to common spots every 60∘ along these circles,
whereas their diffraction spots are located at slightly different
positions with 30° rotations in between. As a consequence,
the diffraction intensities are smeared out in the reciprocal space.
An additional difference to the diffraction pattern of the OQC is
the much higher number of intense diffraction spots. This could
be related to the substrate registry that slightly distorts the unit
cell.[7] As a consequence, small deviations in lengths and angles
of the tiling elements occur that might lift the prerequisites
for destructive interference, which increases the number of
observed spots.

Within the tiling of the BaTiO3-derived OQC on Pt(111),
a small number of repeating units of the large unit cell

Figure 10. Reciprocal space map of the BaTiO3-derived OQC on Pt(111)

measured by SXRD. The circles emphasize the diffraction spots of the

OQC. The second-order diffraction spots are marked in red. The three

Bragg peaks ½1̄ 1̄ 00�, ½2̄ 1̄ 01�, and ½2332� are shown on a 20� enlarged

scale in the insets from top to bottom, respectively.
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approximant are locally present in multiple orientations.[21] At
the current level of understanding, these units help to stabilize
the epitaxial alignment of the OQC on the Pt(111) substrate.

In adddition to the two examples of approximants discussed
earlier in detail, a variety of additional approximant structures is
known to exist in the various combinations of ternary oxide
monolayers on metal surfaces.[26,31] These experimental find-
ings stimulated calculations that try to find a unique decoration
scheme for the tiling elements to explain all observed struc-
tures.[27] Whereas this model gives interesting insights into
formation of possible dodecagonal oxide structures, it fails to
predict the experimentally determined 1:1 stoichiometry for
Ba and Ti in the OQC and the σ-phase approximant.[28]

Nevertheless, the approach to explain all observed structures
by one unique decoration seems to be the key to reach a

complete understanding of the binding concept for 2D ternary
oxide monolayers.

7. Conclusion and Outlook

As we discuss in this review, the field of aperiodic oxide mono-
layers that are formed from ternary perovskites has developed
into a broad research area. All aspects and peculiarities of qua-
sicrystals can be studied here in a textbook-like fashion for a 2D
system. Especially, the combination of different diffraction tech-
niques with real-space imaging by STM allows new insights as all
atomic coordinates within a real quasicrystalline tiling are acces-
sible and deliver via Fourier transform (FT) a microscopic picture
of diffraction.

(a)

(b) (c)

Figure 11. Illustration of the concept of the relationship of quasicrystals and their approximants. The building blocks of the OQC tiling highlighted

in (a) are forming periodic structures of different unit cell dimensions (b, c). The unit vectors of the periodic structures are indicated by

arrows.
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The presence of well-defined quasicrystalline structures adds
another degree of freedom to perovskite oxide interfaces beyond
the formation of 2D electron gases, new forms of topology, and
new ferroic coupling mechanisms.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Two-Dimensional Wetting Layer Structures of Reduced
Ternary Oxides on Ru(0001) and Pt(111)

Eva Maria Zollner, Fabian Schuster, Klaus Meinel, Philine Stötzner, Sebastian Schenk,
Bettina Allner, Stefan Förster,* and Wolf Widdra

1. Introduction

The discovery of a 2D quasicrystalline structure derived from
BaTiO3 on the Pt(111) surface opened a new chapter in the het-
eroepitaxy at interfaces.[1] This system is the first example for a
spontaneous formation of a dodecagonal symmetry on a sixfold
substrate on the atomic level.

The opposite, the formation of periodic structures on quasi-
crystal surfaces, is known from the beginning of quasicrystal
research: periodic overlayers emerged at the surfaces of bulk-
quasicrystals upon slightly altering the sample composition at
the surface.[2–4] They have also been formed in many investiga-
tions of solid films deposited on quasicrystal surfaces.[5–7]

The epitaxial alignment of an overlayer
to the substrates has many ingredients. It
results from an interplay of interactions
within the overlayer and between the over-
layer and the substrate. They are linked to
the chemical nature of the constituents, the
symmetry, or the misfit between the two
systems and can induce significant strain
in the overlayer.[8] Different types of crys-
tal–crystal epitaxy are classified according
to their superstructure matrix coefficients.
Integer coefficients report on a commensu-
rate alignment, fractional coefficients
describe higher-order-commensurate struc-
tures, and irrational coefficients are the sig-
nature of incommensurate structures.
Additional types can be distinguished in

reciprocal space, e.g., the point-on-line symmetry for which sub-
strate and superstructure spots coincide along a line.[9] The basics
theory to describe epitaxy in periodic systems is the coincidence-
site-lattice (CSL) theory.[10–12] This theory has been expanded to
interfaces of periodic structures with quasicrystals in the formu-
lation of the coincidence reciprocal lattice planes (CRLP)
theory.[13] The observation of a coincidence of reciprocal lattice
points of a periodic overlayer on a bulk quasicrystal is an even
stronger criterion for stabilizing an epitaxial quasicrystal–crystal
interface.[14]

The peculiar long-range order of oxide quasicrystals (OQCs)
develops in a wetting layer of reduced BaTiO3 or SrTiO3 that
forms upon annealing in ultrahigh vacuum on the Pt(111)
surface.[1,15–17] A comprehensive introduction into different
aspects ranging from a statistical tiling analysis to electronic
properties is given by Förster et al. in this issue.[18] For higher
preparation temperatures, a transition of the wetting layer toward
a periodic approximant structure is observed for BaTiO3/
Pt(111).[19] This approximant forms a σ-phase tiling with four
triangles and two squares in the unit cell. It is described by a�
27=5 2
3=4 5

�
superstructure matrix corresponding to a 8�

rotation.[19–21] Its higher-order commensurate cell described

by
�
27 10
3 20

�
contains a patch of 4� 5 primitive unit cells.

In the closely related system of SrTiO3/Pt(111), small patches
of the OQC develop embedded in extended domains of a larger
unit cell approximant.[15] This approximant contains 36 tiles of
the OQC in its unit cell and forms a commensurate lattice

described by a
�

9 0
16 9

�
matrix.
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Long-range ordered structures of reduced oxide films with monolayer thickness
derived from BaTiO3 and SrTiO3 on Ru(0001) and Pt(111) are investigated by
scanning tunneling microscopy (STM) and low-energy electron diffraction
(LEED). Upon ultrahigh vacuum annealing at 1100 K, a hexagonal phase is
observed for BaTiO3 on Ru(0001), which forms similarly from SrTiO3 on Pt(111).
At higher temperatures, a triangle–square tiling called σ-phase develops in the
BaTiO3/Ru(0001) system, with a unit cell rotation of 15� against the Ru(0001)
substrate. Furthermore, it is shown that this 15� rotated σ-phase also forms in
the BaTiO3/Pt(111) system in addition to the already known 8� rotated σ-phase.
The results emphasize a strong flexibility in the structural parameters of the
reduced oxide wetting layers in response to the substrate interaction strength.
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Here, we report on 2D wetting layer structures formed from
BaTiO3 on Ru(0001), which we also found in SrTiO3/Pt(111) and
BaTiO3/Pt(111). Upon annealing an initially 0.4 nm thin BaTiO3
layer on Ru(0001) to 1100 K, we observe the formation of a long-
range ordered wetting layer structure. Its nature is different as
compared with the aforementioned OQC and its approximants,
as the interatomic distance of the Ti ions in the layer is a factor of
two smaller. This structure also forms in slightly Ti-enriched
layers of SrTiO3 on Pt(111). Upon annealing BaTiO3 on Ru(0001)
at 1250 K, this structure is transformed into the σ-phase. The lat-
ter forms a commensurate lattice on Ru(0001) and is rotated by
15� against the Ru(0001) substrate. As reported here, this orien-
tation can also occur for BaTiO3/Pt(111), in addition to the
already known 8� rotation of the σ-phase in this system.[19]

2. Results

For fabricating 2D layers of BaTiO3 on Ru(0001), 0.4 nm of
BaTiO3 have been deposited by molecular beam epitaxy
(MBE) at room temperature (RT). The as-deposited BaTiO3
has been fully oxidized by annealing to 900 K in 10�5 mbar O2.
Upon subsequent annealing in ultrahigh vacuum (UHV) at
1100 K, a long-range ordered superstructure is formed. In
large-scale scanning tunneling microscopy (STM) images, the
surface exhibits extended terraces separated by monoatomic
steps. On smaller scale, a superstructure is observed that entirely
covers the Ru(0001) terraces. Figure 1a shows this structure in
atomic resolution on a scale of 25� 12.5 nm2. Up to four atoms
are grouped together at the surface. On the first glance, their
arrangement seems random. However, the Fourier transform
(FT) of the image shown as inset in Figure 1a reveals a long-range
hexagonal order. In the close-up image in Figure 1b, the hexago-
nal unit cell is shown. It consists of individual atoms that are the
center atoms of a windmill-like building block. Six rhombs of
four atoms are arranged around these centers. This structure
arises as shown in Figure 1c from a small-scale hexagonal lattice.
By displacing the atoms to groups of four around a central atom,

a
�
4 1
3 4

�
superstructure is created. According to the matrix, the

superstructure lattice is enlarged by a factor of
ffiffiffiffiffi
13

p � ð�3.6Þ
and rotated by 12.1�. In the FT of the STM image of
Figure 1a, both lattices can be recognized. In addition to the
superstructure lattice marked by the red circles, the primitive
hexagonal mesh gives rise to the high intensities of the outer
spots marked by the blue circles.

This structure exhibits a chirality with respect to the arrange-
ment of rhombs. In Figure 1b,c, a windmill with clockwise rota-
tion is indicated. In addition, windmills with a counter clockwise
rotation have been found on other terraces (not shown here).
However, the rotation remains constant on one terrace and there
are no phase boundaries on a terrace. From previous STM
studies for 2D superstructures of reduced BaTiO3 on Pt(111),
it is known that the Ti sublattice of the ternary oxide is seen
in STM for bias voltages close the Fermi level.[1,19,22] These
tunneling conditions apply here as well. Thus the contrast in
STM is attributed to Ti atoms.

The low-energy electron diffraction (LEED) pattern of the
structure is shown in Figure 1d. It reveals a flower-like diffraction

pattern that consists of groups of 12 equidistant spots around the
substrate lattice spots and the respective ð ffiffiffi

3
p � ffiffiffi

3
p ÞR30∘ posi-

tions. In contrast to the fast Fourier transform (FFT) of the
STM image, the LEED pattern represents a superposition of
all rotational superstructure domains. A simulation of the

LEED pattern determines a
�
5 1
4 5

�
superstructure in the

reduced oxide layer with respect to Ru(0001). This corresponds
to a lattice vector of 1.24 nm. The simulated LEED pattern is
shown in Figure 1e. Two rotational domains of the superstruc-
ture exist at �10.6� with respect to Ru(0001). These two domains
give rise to the circles of 12 spots. In addition to the superstruc-
ture unit cell marked in red, the unit cell of the primitive hexag-
onal structure is marked in blue in the simulated pattern. In this

(d) (e)

(c)(b)

(a)

Figure 1. Hexagonal superstructure in a 2D network derived from BaTiO3

on Ru(0001). The STM images (a,b) reveal a windmill-like pattern on the
atomic scale. The hexagonal order is seen in the FT of the image (inset in
(a)). The superstructure arises from systematic displacements of the atoms
from a primitive hexagonal lattice as shown in (c). The d) measured and
e) calculated LEED patterns show the formation of two rotational domains

of a commensurate
�
5 1
4 5

�
superstructure. The unit cell of the windmill-

like structure is marked red in (b,c,e), that of the primitive hexagonal cell
of the overlayer is marked in blue. a) 25� 12.5 nm2, b) 3.2� 3.2 nm2,
a,b) 170 pA, 1.1 V.
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smallest scale hexagonal lattice of the overlayer, the next-
neighbor Ti distance is 344 pm and this structure is rotated by
�15� with respect to Ru(0001).

Upon annealing in UHV to 1250 K, the material rearranges
in a different periodic structure. The STM image of Figure 2a
reveals a homogeneous dense packing of the atoms at the sur-
face. Minor height variations occur that result in stripe-like
trenches as emphasized by the white lines in Figure 2a. The
FT of (a) shown as an inset unravels a quadratic structure of this
phase. The close-up STM image in Figure 2b reveals the forma-
tion of a five vertex structure on the atomic scale: Each protrusion
is surrounded by five next neighbors at equal distance. The
repeating motif of this structure is an arrangement of four tri-
angles and two squares as marked in black in Figure 2b. The

resulting unit cell containing four Ti atoms is marked in blue.
The stripe-like height modulation seen in the STM of Figure 2a
is linked to the unit cell dimensions. The stripes occur under 45�

and have a spacing corresponding to the unit cell diagonal.
This structure is called σ-phase in the context of periodic approx-
imant structures related to quasicrystals as described by Förster
et al.[18] Previously, a σ-phase structure has been reported in the
BaTiO3/Pt(111) system.[19–21] In a detailed analysis involving
STM, LEED, surface X-ray diffraction (SXRD), and density func-
tional theory calculations, the tiling has been identified as the Ti
sublattice of the 2D reduced BaTiO3 layer. The STM data pre-
sented in Figure 2a,b has been recorded at a high negative bias
voltage of �2.6 V, which shows that the Ti atoms dominated the
STM contrast even far from the Fermi level.

Figure 2c–e show two LEED pattern as well as a simulation of
the measured LEED data of the σ-phase structure derived from
BaTiO3 on Ru(0001). At low kinetic energies (Figure 2c), the pat-
tern of the σ-phase on Ru(0001) is characterized by a 12-fold
arrangement of triangular sets of spots. This apparent 12-fold
symmetry results from a coexistence of three rotational domains
of this structure at the Ru(0001) surface as indicated in Figure 2e.
In the intensity distribution of higher-order spots at 2.0Å�1

(marked by the circle in Figure 2e), a clear reduction of the
12-fold to a 6-fold symmetry is seen. In alternating sequence
every 30� three spots are either almost completely overlapping,
or well-separated from each other. The pattern is simulated with
a commensurate superstructure as it was the case for the hexag-
onal structure discussed previously. The σ-phase unit cell is

described by a
�
4 �1.5
4 5.5

�
superstructure matrix with respect

to Ru(0001). This unit cell is almost quadratic. It has equal unit
vectors with a length of 1.33 nm that incline to an angle of 90.6�.
The unit cell is rotated by �15.3� out of the high symmetry
directions of the substrate. The coincidence cell of the σ-phase

with the Ru(0001) substrate is given by
�
8 �4
7 0

�
. This is a

ð ffiffiffi
2

p � ffiffiffi
2

p ÞR45∘ superstructure with respect to the σ-phase.
The periodicity of systematic height variation of the σ-phase seen
in STM (Figure 2a) is determined by the coincidence cell
unit vector.

The reported sequence of structures is robust upon cycles of
oxygen and UHV annealing. For BaTiO3/Pt(111), it has been
demonstrated that these cycles corresponds to a reversible trans-
formation of the oxide material from fully oxidized periodic
islands to reduced 2D wetting layers.[16] This is also the case
for BaTiO3 on Ru(0001). Upon oxygen annealing, the 2D wetting
layer disappears and 3D oxide islands are formed. During sub-
sequent UHV annealing, the hexagonal superstructure is
observed in the lower temperature regime, and with increasing
temperature, the σ-phase develops. This procedure has been
repeated multiple times without a noticeable change in the
Ba:Ti composition on Ru(0001).

The hexagonal phase also develops in ultrathin reduced
SrTiO3 on Pt(111). There, a monoclinic approximant to the
OQC has been observed for stoichiometric monolayers, which
is characterized by a unit cell formed from 36 tiles out of the
OQC tiling.[15] Upon increasing the Ti content by roughly 15%,
the hexagonal superstructure occurs. Figure 3a shows a

(a)

(b)

(d) (e)

(c)

Figure 2. a,b) STM data of the σ-phase derived from BaTiO3 on Ru(0001).
The FT of (a) shown as an inset emphasizes a quadratic unit cell. The
close-up image (b) reveals a triangle-square tiling. The unit cell is marked
in blue and the characteristic motif of four triangles and two squares in
black. c,d) The measured LEED pattern is characterized by triangular
groups of spots every 30° at various reciprocal lengths. e) The simulated

pattern was calculated using a
�
4 �1.5
4 5.5

�
superstructure matrix. The

pattern results from three domains as indicated in (e). The circle at
2.0 Å�1 in (e) marks a diffraction order with systematic deviations from
12-fold symmetry. a) 19.3� 9.7 nm2, b) 6.6� 6.6 nm2, a,b) 130 pA, –2.6 V.
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spot-profile analysis low-energy electron (SPALEED) diffraction
pattern taken upon UHV annealing to 1100 K. The structure

is described by a
�
5 1
4 5

�
superstructure matrix, which is

identical with the one reported for this structure on Ru(0001).
Due to a 2.6% increased substrate lattice constant when
substituting Ru(0001) by Pt(111), the unit cell dimensions
change by this value. This results in a lattice parameter of
1.27 nm for the superstructure and changes the interatomic
spacing for the primitive hexagonal lattice of neighboring Ti
atoms from 344 to 353 pm.

The σ-phase superstructure reported previously for BaTiO3 on
Ru(0001) is also formed as additional phase in the BaTiO3/
Pt(111) system. Figure 3b shows a LEED pattern recorded upon
annealing a 0.3 nm thin BaTiO3 layer to 1200 K in UHV. In this
particular preparation, the well-established σ-phase on Pt(111)
which is rotated by �8� against the Pt(111) substrate has
formed[19] (marked in red in Figure 3b). However, the LEED pat-
tern shows additional spots, which originate from a �15� rotated
σ-phase as discussed previously for BaTiO3 on Ru(0001). The
spots of both rotations of the σ-phase on Pt(111) are aligned
on circles in the LEED pattern of Figure 3b, indicating a similar
lattice constant. The simulated LEED pattern of both orientations
are shown in Figure 3c,d. The unit cell of this new rotational

variant of the σ-phase on Pt(111) is given by
�
3.8 �1.4
3.8 5.2

�
.

It is rotated 15.1� against the substrate. Its unit vectors have a

common length of 1.29 nm and incline to an angle of 90.2�.
This unit vector length is identical to the short unit cell vector
of the 8� rotated σ-phase.[19] The coincidence cell of the 15�

rotated σ-phase is described by
�
19 �7
19 26

�
and contains a patch

of 5� 5 σ-phase units. The difference in the number of spots
for the different rotations results from a coincidence of the
mirror domain spots. This is illustrated by the solid squares rep-
resenting the different domains in the calculated pattern of
Figure 3c,d.

3. Discussion

Table 1 summarizes the structural parameters of the 2D wetting
layer structures derived above for BaTiO3 on Ru(0001), BaTiO3
on Pt(111), and SrTiO3 on Pt(111).[15,19]

The two superstructures that are formed from BaTiO3 on
Ru(0001) show strong variations in the spacing of Ti atoms.
For the hexagonal phase, a Ti–Ti distance of 344 pm has been
determined. In contrast, upon annealing to higher temperatures,
a twice as large spacing of 688 pm develops. The smaller value is
close to the lattice spacing in pure TiOx monolayer structures on
metal surfaces like Pt,[23–25] Mo,[26,27] Cu,[28] Ni,[29] Au,[30,31] and
Pd.[32] However, two facts clarify that the hexagonal superstruc-
ture is formed indeed by the ternary oxide and not from a binary
TiOx . First, the σ-phase structure is known to form at a 1:1 ratio
of the Ba and Ti.[19] Consequently, from the ability to reversibly

Figure 3. a) SPALEED image recorded for a 2D reduced SrTiO3 layer on Pt(111) at an energy of 86 eV. It shows a similar hexagonal superstructure as seen
in Figure 1d. b) LEED image with a superposition of two different σ-phase orientations derived from BaTiO3 on Pt(111) taken at 25 eV. In red the spots of
the previously reported 8� rotated σ-phase approximant are marked. The spots in blue correspond to a 15.1� rotated σ-phase. c,d) LEED simulation of the
8� and the 15.1� rotated σ phase, respectively. The solid red and blue squares indicate the different domains that contribute in LEED.

Table 1. Structural parameters of periodic superstructures observed for BaTiO3/Ru(0001), BaTiO3/Pt(111), and SrTiO3/Pt(111): the average distance of
neighboring Ti atoms, the superstructure matrices for the coincidence cells, the number of primitive unit cells of the σ-phase per coincidence cell and the
superstructure matrices of the primitive cells with respect to Pt(111)/Ru(0001), and the orientation of Ti pairs with respect to the given substrate.

Hexagonal phase σ-phase

Ti–Ti distance Coincidence cell σ-phase units Ti–Ti orientation Ti–Ti distance [pm]

BaTiO3/Ru(0001) 344 pm
�
8 �4
7 0

�
ð ffiffiffi

2
p � ffiffiffi

2
p ÞR45∘

�
4 �1.5
4 5.5

�
jj to substrate 688

BaTiO3/Pt(111) –
�
19 �7
19 26

�
5� 5

�
3.8 �1.4
3.8 5.2

�
jj to substrate 668

BaTiO3/Pt(111)
[19] –

�
27 10
3 20

�
5� 4

�
27=5 2
3=4 5

�
7∘ versus substrate 673

SrTiO3/Pt(111) 353 pm 36 tiles approximant[15] jj to substrate 672

www.advancedsciencenews.com www.pss-b.com

Phys. Status Solidi B 2020, 1900655 1900655 (4 of 6) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

5.9 Two-Dimensional Wetting Layer Structures of Reduced Ternary Oxides on Ru(0001) and
Pt(111)

105



change between the two structures by oxidation and subsequent
UHV annealing, an equal metal composition must apply to the
hexagonal phase. Second, the structure was not reported earlier,
although ultrathin films of TiO2 have been a topic of research
for decades. From the literature, it is known that TiO2 on Ru(0001)
forms a ð5 ffiffiffi

3
p � 5

ffiffiffi
3

p ÞR30∘ superstructure for 0.68ML Ti depos-
ited in O2 atmosphere[33] or a ð6 ffiffiffi

3
p � 6

ffiffiffi
3

p Þ superstructure
after flash annealing 1ML to 1000 K in O2 atmosphere.[34] The
atypical wide interatomic spacing in the σ-phase, which is, for
example, much larger than the distance of Ti atoms in a hexago-
nal plane of BaTiO3(111) of 566 pm, results from a planar
arrangement of Ba, Ti, and O atoms in the 2D layer. In turn, the
short distance as determined for the hexagonal superstructure
points toward a vertical stacking of Ba and Ti atoms in the layer.
To further support this structural model, complementary meth-
ods, e.g., SXRD or photoelectron diffraction, are needed.

Surprisingly, the Ti–Ti distance in the hexagonal phase of
SrTiO3 on Pt(111) of 353 pm is 2.6% larger as compared with
that found for BaTiO3 on Ru(0001). From the cation exchange
in the wetting layer, a decrease in the wetting layer lattice param-
eter could have been expected, as the ionic radius of Sr is smaller
as compared with that of Ba. A change in the opposite direction
indicates a large flexibility in the wetting layer structure and
emphasizes a stronger interaction with the Ru(0001) substrate
as compared with Pt(111).

A comparison of the structural parameters of the σ-phase on
different substrates in Table 1 pinpoints a significantly increased
wetting-layer-substrate interaction for the Ru(0001) surface in
comparison to Pt(111). The σ-phase on Ru(0001) realizes the
smallest coincidence cell in this list. A patch of only twice the
area of the σ-phase unit cell is needed to be commensurate with
the substrate. To achieve this match, the Ti–Ti distance is signif-
icantly expanded as compared with the σ-phase formed by
BaTiO3 on Pt(111). It is more than 2% larger on Ru(0001) despite
a decrease in the substrate lattice constant. In addition to the
small coincidence cell, also the parallel alignment of the Ti–Ti

pairs to the high-symmetry substrate directions indicates a
strong wetting-layer-substrate interaction. Figure 4 shows the
σ-phase alignment for the coincidence cells of the σ-phase on
Ru(0001), the 8� rotated σ-phase on Pt(111), and the 36 tiles
approximant of SrTiO3 on Pt(111). The latter is included in the
comparison of Table 1 and in Figure 4, as its unit cell contains
a large patch of the σ-phase as marked by the enlightened area
in Figure 4. In case of SrTiO3/Pt(111), the Ti–Ti distance is com-
parable to the σ-phase observed on Pt(111). This fact shows, that
the cation exchange from Ba to Sr does not alter the wetting layer
structure and does not affect the wetting-layer-substrate interac-
tion. An additional manifestation of the comparably weaker inter-
action of the wetting layer with the Pt(111) surface are the large
coincidence cells of the σ-phase. Figure 4 shows the example for
the 8� rotated σ-phase for which a patch of 4� 5 σ-phase is needed
to achieve a substrate registry. In case of the 15� rotated σ-phase on
Pt(111), even a mesh of 5� 5 units is needed.

Although ultrathin films of BaTiO3 on Ru(0001) have been
prepared in slightly varying compositions and by different depo-
sition techniques (rf magnetron sputtering and MBE), no other
structures have been observed in this system, especially no OQC
is formed. This is surprising, as the diffraction pattern of the
σ-phase under 15� rotation against the substrate resembles a
very good approximation to the dodecagonal structure of OQCs.
In case of a transformation into a dodecagonal structure, the tri-
angular sets of spots in the LEED pattern would collapse into a
single spot in the centers of the triangles. The presented facts
emphasize that the strong epitaxial stabilization of the σ-phase
on Ru(0001) suppresses an OQC formation of BaTiO3 on
Ru(0001).

4. Conclusion

2D structures in reduced wetting layers of BaTiO3 on Ru(0001)
and Pt(111) and SrTiO3 on Pt(111) are reported. Upon UHV

Figure 4. Wetting layer structures observed for ternary oxides on Ru(0001) and Pt(111). The meshes drawn in black mimic the sublattices of Ti atoms in
these structures. The red balls mark the size of the coincidence cells. The blue rectangle marks a primitive unit cell of the σ-phase of BaTiO3 on Ru(0001).
The enlightened area in the unit cell of SrTiO3/Pt(111) marks a tiling patch similar to the σ-phase. The large patch on the right depicts the coincidence cell
of the 8� rotated σ-phase of BaTiO3 on Pt(111).
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annealing at 1100 K, a hexagonal superstructure with a Ti–Ti
distance of 344 pm is observed in BaTiO3/Ru(0001). A similar
superstructure develops in SrTiO3/Pt(111) for which the Ti–Ti
distance is increased by 2.9%. For BaTiO3/Ru(0001), a transfor-
mation into a triangle-square tiling with a Ti–Ti of distance
688 pm is observed upon annealing at 1250 K in UHV. This
triangle-square tiling is known as σ-phase approximant to the
OQC discovered in BaTiO3/Pt(111).

[1,19] A 2.2 % expansion of the

Ti–Ti distance and a small area
�
8 �4
7 0

�
coincidence cell for

the σ-phase of BaTiO3/Ru(0001) emphasize a stronger interac-
tion of the reduced oxide to Ru(0001) as compared to Pt(111).
The epitaxial stabilization of the σ-phase on Ru(0001) seems
to suppress the formation of a dodecagonal structure in the
BaTiO3/Ru(0001) system.

5. Experimental Section
The experiments were performed in UHV systems operating at a base

pressure of 10�10 mbar. Pt(111) substrates (Mateck, Germany) were
cleaned by repeating cycles of Arþ ion sputtering and annealing as
described in ref. [1]. The Ru(0001) substrate was also cleaned by cycles
of Arþ ion sputtering and annealing. Each annealing step contained mul-
tiple cycles of the following annealing procedure: 1) annealing to 670 and
870 K in 2� 10�8 mbar O2 for 2 min, respectively. 2) Cooling down to
RT for 3min in UHV. 3) Flash to 1470 K in 6� 10�9 mbar O2 for 1 min.
For temperature measurements, a pyrometer (Cyclops 52, Minolta,
λ¼ 520 nm) was used at ε ¼ 0.1 optimized to the Pt and Ru substrates.
Ultrathin films of SrTiO3 and BaTiO3 were deposited by MBE from a Nb-
doped (0.05%) SrTiO3 single crystal and a stoichiometric BaTiO3 ceramic
as described in detail in ref. [15,35].
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Antiphase Domain Boundary Formation in 2D Ba–Ti–O on
Pd(111): An Alternative to Phase Separation

Friederike Elisa Wührl, Oliver Krahn, Sebastian Schenk, Stefan Förster,*
and Wolf Widdra

1. Introduction

The discovery of a quasicrystalline phase in ultrathin films
derived from BaTiO3 on Pt(111) opened a new field of research
for ternary oxides on metal substrates.[1] These oxide quasicrys-
tals (OQCs) are the first observation of spontaneous formation of
long-range ordered dodecagonal structures on-top of hexagonal
substrates. The dodecagonal structure results from a close-
packed tiling of equilateral triangles, squares, and rhombuses
that had been theoretical defined as dodecagonal Niizeki-
Gähler tiling, a quarter century before the first experimental evi-
dence.[1–5] In the OQC, the cation species which shows strong

contrast in atomically resolved STM deco-
rates all vertex positions of the dodecagonal
tiling. The full structure of the OQC is not
yet solved, which is why an assignment of
the STM contrast to either Ti or Ba atoms
remains currently a matter of debate.[6,7] In
the context of the OQC, several periodic
approximant structures have been reported
which share common tiling elements of the
parent OQC. Upon variations of the prepa-
ration conditions of BaTiO3-derived films
on Pt(111), such periodic structures are
observed as a consequence of compositional
changes affecting the vertex density.[6–12]

While some structures have been success-
fully prepared as single phases, also the
coexistence of phases of varying vertex den-
sity in neighboring domains has been
reported.[8] This phase separation mecha-
nism is commonly observed upon
compositional changes, e.g., in monolayer
oxides[13–16] and in metal–organic coordina-

tion networks,[17] or for coverage variations in noble gas
adlayers[18] and self-assembled molecular layers.[19,20]

To elucidate the role of the lattice mismatch between the par-
ent ternary oxide and themetal support toward the stabilization of
dodecagonal oxide layers, different oxide layer/substrate combina-
tions have been studied previously.[5,21] Between BaTiO3 and Pt,
which are the two components forming the prototypical OQC, the
lattice mismatch amounts to �2.0%. So far, mismatches of
�4.5% and vanishing mismatch conditions have been realized
by combining BaTiO3 with Ru(0001) and SrTiO3 with Pt(111),
respectively.[5,21] In both cases, a strong epitaxial stabilization
of periodic structures is found. For BaTiO3/Ru(0001), a commen-
surate triangle–square tiling known as σ-phase approximant or
32.4.3.4 Archimedean tiling is observed.[5] For SrTiO3/Pt(111), a
more complex triangle–square–rhombus tiling forms a commen-
surate phase.[21]

Here, we report on the structure evolution in ultrathin oxide
layers derived from BaTiO3 on Pd(111). For this material com-
bination, a nominal lattice mismatch of�2.8% can be calculated,
close to the conditions in BaTiO3/Pt(111). Upon annealing in
UHV at 930 to 1030 K, reduced Ba–Ti–O forms long-range
ordered 2D layers on the Pd substrate. In these wetting layers,
a series of structures is identified by means of STM and
LEED. In this report, we will focus on single-phase structures
with small unit cells. One of these structures is the σ phase,
which is a quadratic structure with a base of four vertex atoms.
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2D oxide quasicrystals (OQCs) are unique structures arising from atoms posi-
tioned at the vertices of a dodecagonal triangle–square–rhombus tiling. The
prototypical example for OQCs is derived from BaTiO3 on Pt(111). Herein,
scanning tunneling microscopy (STM) and low-energy electron diffraction (LEED)
investigations of 2D oxide layers derived from BaTiO3 on Pd(111) are reported.
Upon ultrahigh vacuum (UHV) annealing, different long-range ordered structures
are observed with a base of four vertex atoms forming two edge-sharing equi-
lateral triangles. By a periodic repetition of this base in either quadratic or
rectangular unit cells, a triangle–square tiling (known as σ-phase approximant or
32.4.3.4 Archimedean tiling) or a triangle–rhombus tiling is formed. Both
structures vary strongly in their vertex density. In addition, the formation of
antiphase domain boundaries in the σ phase is observed resulting in a well-
ordered incorporation of rhombuses in the triangle–square tiling. A systematic
variation of the frequency of these domain boundaries is identified as a mech-
anism for an incremental increase in the global vertex density, mediating between
pure triangle–square and triangle–square–rhombus tilings.
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In the second long-range ordered phase the same four vertex are
periodically repeated in a rectangular unit cell. As a consequence,
the vertex density is strongly increased. Finally, modifications of
the σ phase are observed in which σ-phase patches are connected
by periodic antiphase domain boundaries, thus realizing inter-
mediate vertex densities.

2. Results

Ultrathin films of Ba–Ti–O have been deposited by exposing the
clean Pd(111) surface at room temperature subsequently to Ba and
Ti vapor. Upon post-annealing at 770 K in 10�5 mbar O2, this
mixed metal layer is fully oxidized. The chemical nature of these
films has been investigated by means of X-ray photoelectron spec-
troscopy (XPS). Figure 1 shows exemplarily the Ba 3d and Ti 2p
core-level regions for a 5 Å thin film of Ba–Ti–O. The film thick-
ness has been determined from the damping of the Pd substrate
peaks. The Ba 3d5/2 and Ti 2p3/2 core-level peaks are positioned at
780.3 and 458.0 eV, respectively, which is in good agreement to
bulk BaTiO3.

[22] Moreover, a first plasmon loss is observed in
the Ti 2p region at 13.0 eV higher binding energy with respect
to the 2p3/2 peak, which is also characteristic for BaTiO3.

[22]

Accounting for the differences in the escape depth of the Ba 3 d
and Ti 2p photoelectrons, a Ba:Ti composition of 0.5:1 has been

determined for the as prepared 5 Å thin layer. A higher initial
Ti content has been chosen intentionally to compensate for Ti
segregation into the Pd(111) bulk upon high-temperature treat-
ment.[23] Upon annealing, the ultrathin Ba–Ti–O at temperatures
above 900 K in UHV, a second oxide species is formed at the sur-
face, which is recognized most prominently in the Ti 2p region.
The bottom spectra of Figure 1a shows the spectrum for the ini-
tially 5 Å thin Ba–Ti–O film upon multiple annealing cycles to a
maximum temperature of 1030 K in UHV. In this spectrum, a sec-
ond Ti 2p doublet (blue) shifted by 2.3 eV toward lower binding
energies is seen indicating a reduction of the nominal oxidation
state. However, the Ba 3d peak remains almost unchanged.
Upon reduction, the Ba:Ti ratio of the Ba–Ti–O system reduces
by 9%. A quantification of the oxygen content in the layer is not
possible due to the superposition of the small O1s intensity with
high intensities of the Pd 3p core-level peaks.

Figure 1b shows a large-scale STM image, which corresponds
to the reduced state of the aforementioned preparation. In this
image, two different oxide species become evident in themorphol-
ogy of the Ba–Ti–O layer on the Pd(111) surface. On the one hand,
islands of different sizes are decorating the substrate step edges,
that appear with a rough surface in STM (marked by I in
Figure 1b). These islands are attributed to fully oxidized stoichio-
metric BaTiO3. On the other hand, extended smooth terraces exist,
that are fully encapsulated with layers of different structure, which
will be introduced in the following text. Following the assumption
of a Ba:Ti ratio of 1:1 for the BaTiO3 islands, the global change of
the Ba:Ti ratio by 9% upon reduction is indicative for a Ba:Ti com-
position of the reduced oxide layer significantly below 0.5:1.

The observed behavior is typical for ultrathin ternary oxide
films on metal support and has been characterized in 2D
Ba–Ti–O films on Pt(111) before, see ref. [24]. The fully oxidized
ternary oxide tends to form 3D perovskite islands upon annealing
and, therefore, to dewet the metal surface between the islands.
Under reducing conditions, a reduced oxide layer is formed start-
ing at a threshold temperature, which fully covers the metal sub-
strate in-between remaining 3D bulk-like islands.[25] Studies of
Sr–Ti–O films on Pt(111) and Ba–Ti–O films on Ru(0001) report
a similar phenomenon.[5,21]

The fully oxidized Ba–Ti–O films on Pd(111) annealed at 770 K
in 10�5 mbar O2 do not possess any long-range order in LEED.
However, a variety of long-range ordered structures are present
upon annealing in UHV, which will be introduced in the follow-
ing. The onset of long-range order in the reduced oxide has been
observed upon annealing at 930 K for 10min. Figure 2 shows the
corresponding LEED pattern. In addition to the very intense
spots of the hexagonal Pd(111) substrate at 2.64Å�1 a ring is vis-
ible at 2.41Å�1 in the diffraction pattern of Figure 2a. For Ba–Ti–
O on Pt(111), a similar ring has been observed indicating the
formation of a 2D reduced oxide wetting layer, which is initially
poorly ordered.[25,26] Furthermore, a long-range ordered struc-
ture is present that gives rise to sharp superstructure spots in
LEED. This superstructure is characterized by 12 intense spots
at an reciprocal distance of 1.00Å�1 around the origin of the dif-
fraction pattern and around each of the first-order substrate

spots. All these spots are related to a
1 3
5 1

� �
superstructure

with respect to Pd(111). It is a rectangular structure with unit

(a)

(b)

Figure 1. a) XPS spectra of 5 Å Ba–Ti–O on Pd(111) upon full oxidation
(top) and UHV annealing (bottom). b) Large-area STM image of the sam-
ple upon UHV annealing showing the presence of islands (I) on planar
terraces which are covered by a reduced 2D oxide. The different structures
formed in this 2D layer will be discussed in the text. b) 500� 250 nm2,
0.4 A, 2.0 V, Δz ¼ 2.8 nm.
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vectors of 12.6 and 7.3 Å. The latter is rotated by 19.1� against the
substrate. A simulated diffraction pattern of a single domain of
this structure is shown in the lower part of Figure 2c. Due to a
lack of STM data giving the unit cell filling, only the unit cell
dimensions have been considered. As a consequence of the sub-
strate symmetry, three different rotational and three mirror
domains occur. The simulated pattern for a superposition of
all six domains is shown in the upper part of Figure 2c. In this
pattern intensity differences arise from coinciding spots of
different domains. The spots of higher intensities are the ones
dominating the measured LEED patterns of Figure 2a,b.

Upon further annealing of this film for 60min at 930 K, the 2D
oxide layer covers the Pd(111) terraces as shown by the STM image
of Figure 3a. In this densely packed atomic arrangement an almost
quadratic array of elongated protrusions can be recognized. Along
the two almost perpendicular rows of this grid, neighboring protru-
sions are rotated by 90� with respect to each other. The close-up
STM image in Figure 3b shows that these elongated shapes result

from two protrusions in close vicinity. This structure can be
described by a rectangular unit cell that includes a base of four pro-
trusions (marked blue in Figure 3b). The protrusions decorate the
vertices of two edge-sharing equilateral triangles. The periodic rep-
etition of this atomic base results in the formation of a second pair
of triangles with a 10% larger edge length, which is rotated by 40�

against the base. This is shown in the scheme of Figure 3c, in which
the small triangles are colored in blue and the larger ones in orange.
The remaining voids (green) are rhombuses with inner angles of
40� and 140�. From this scheme, the characteristic building blocks
of the tiling can be derived. It consists of two double triangles and
two rhombuses of different rotations, as shown in white in
Figure 3b. In the larger area STM image in Figure 3a, a moiré pat-
tern is induced from small height variations. A comprehensive anal-
ysis of themoiré pattern is provided in the Supporting Information.

Figure 4a,b shows the LEED pattern recorded for this rectan-
gular structure at different electron kinetic energies. Most promi-
nent is a set of three spots with an alternating angular spacing of
28� and 32� centered at a reciprocal distance of 1.2 Å. In addition,
12 or 24 spots are observed at various radii. Therefore, a rotation of
the rectangular unit cell out of the mirror planes of the hexagonal
substrate can be concluded. The measured diffraction pattern is

perfectly reproduced in simulations using a
16=3 4=3
11=9 38=9

� �

superstructure with respect to Pd(111). Figure 4c shows the simu-
lated pattern of a single domain (bottom) and the superposition of
all six rotation and mirror domains (top). By including the base of
four atoms as determined from STM, the calculated intensities
nicely agree with the measured ones. This is remarkable as only

(a)

(c)

(b)

Figure 2. a,b) LEED pattern of 5 Å Ba–Ti–O on Pd(111) upon annealing at
930 K for 10min in UHV. c) Simulated pattern for a single domain of a

rectangular
1 3
5 1

� �
superstructure on Pd(111) (bottom) and the sub-

strate-induced superposition of six rotational and mirror domains (top)
reproducing the measured pattern.

(a)

(b) (c)

Figure 3. STM data of 5 Å Ba–Ti–O on Pd(111) upon annealing at 930 K
for 60 min in UHV. a) Large-scale image revealing a homogeneous pat-
terning of the Pd(111) terraces. b) Close-up STM image identifying a rect-
angular cell with a base of four vertices. c) Schematic representation of the
resulting tiling formed from smaller triangles (blue) and larger triangles
(orange) and rhombuses with inner angles of 40� and 140�. a) 46� 23nm2,
0.3 A, 1.2 V, Δz¼ 140 pm. b) 10.5� 8.0 nm2, 0.1 A, 1.2 V, Δz¼ 30 pm.
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one subgrid of atoms of this ternary compound can be detected by
STM, although all atomic species contribute in LEED.[6,7] The given
matrix corresponds to a higher-order commensurate structure with
unit vectors of 13.2 and 10.3 Å inclining an angle of 89.8�. This
structure is rotated by 13.9� against the substrate. The matrix is
perfectly in line with the observed moiré pattern in STM data: sub-
strate registry is achieved in one direction by three repetitions of
the long unit vector. In the other direction, a linear combination of
one long unit vector and three repetitions of the short unit vector
are needed. Further explanation is available in the Supporting
Information.

Upon multiple cycles of oxygen and UHV annealing with an
final annealing step for 30min to 1020 K, the wetting layer struc-
ture changes into the σ phase, which has been reported for Ba–
Ti–O on Pt(111) and Ru(0001) before.[5,6,27] This structure is a
simple triangle–square tiling, as shown in the STM image in
Figure 5a.

The unit cell is quadratic and contains a base of four vertex
atoms (marked blue in Figure 5a). These four vertices are
arranged in a similar fashion as found for the rectangular struc-
ture described earlier. It results in a characteristic tiling consist-
ing of four triangles and two squares (white in Figure 5a). In the
STM image of the σ phase in Figure 5a, a 1D moiré structure is

present. In an alternating fashion, two rows of atoms running
from the upper left to the lower right of Figure 5a appear
brighter, whereas the next two rows are dimmer.

This 1D moiré has a periodicity of twice the lattice parameter
of the σ-phase unit cell. The σ phase exhibits a very characteristic
LEED pattern, which is shown in Figure 5b,c. At various recip-
rocal distances, 24 groups of three spots each are observed. The
simulated pattern of this structure is shown in Figure 5d. The

structure is determined by a
31=6 5=6
2 11=2

� �
superstructure

matrix with respect to Pd(111). The perfect agreement between
the simulated and measured LEED pattern is seen best in the
reproducion of the tiny differences in the splitting of the triangles
generated by the fifth- and sixth-order spots marked in blue in

(a)

(c)

(b)

Figure 4. a,b) LEED pattern of a rotated rectangular superstructure
formed in 5 Å Ba–Ti–O on Pd(111) upon annealing at 930 K for 60min
in UHV. c) Simulated pattern for a single domain of the rectangular struc-
ture (bottom) and the superposition of six domains (top).

(a)

(b) (d)

(c)

Figure 5. a) STM and b–d) LEED data of the σ phase in Ba–Ti–O on
Pd(111). The quadratic unit cell and the base of four atoms are marked
in blue. The characteristic building block of the triangle–square tiling
resulting from the periodic repetition of the base is marked in white.
In this STM image, a stripe-like moiré pattern is seen having a periodicity
of two unit cells as emphasized by the dashed lines. b,c) Experimentally
observed LEED pattern of the σ phase and d) the simulated pattern for a
single domain (bottom) and the superposition of six domains (top).
a) 11� 11 nm2, 100 pA, 1.0 V, Δz¼ 150 pm.
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Figure 5b,d and the spots cut by the connecting line of the first-
order substrate spots marked in red. The unit vectors derived
from this superstructure matrix are 13.2 and 13.3 Å in length
inclining a 90.3� angle. This results in a next-neighbor distance
of 6.85 Å in the triangle–square tiling. The unit cell is rotated by
8.6� against the substrate. As read from the superstructure
matrix, a period doubling along the second unit vector of the
σ phase results in a snap-into-registry with the substrate, which
is in-line with the observed moiré pattern. The configuration of
the σ phase on Pd(111) is very close to what has been reported for
Pt(111).[6,27] There, the unit cell is slightly compressed along one
unit vector, the inner angle is slightly larger, and the rotation
against the substrate is reduced to 8�. However, as the differen-
ces are small, the LEED pattern are almost indistinguishable for
the different substrates. In contrast, on the Ru(0001) substrate
the σ phase unit cell is rotated by 15� against the substrate.[5]

In contrast to Ba–Ti–O on all other investigated substrates, local
modifications of the σ phase are observed on Pd(111). Figure 6a
shows a large-scale STM image that demonstrates a high level of
perfection in the long-range order of the σ phase. Only two adatoms
(bright spots) and a single vacancy (dark hole) are seen in the entire
image containing more than 5000 vertices. The second detail to
note are compact lines of atoms running in vertical direction.
The close-up STM image in Figure 6b shows that these compact
rows are created by vertically stacked rhombuses inclining
30� and 150� angles. These rows of rhombuses are enclosed on
both sides by a variable number of σ-phase unit cells as marked
by white squares in Figure 6a. These σ-phase unit cells are shown
in Figure 6b in red and yellow. Both domains are oriented in the
same direction, but exhibit a lateral offset of half a unit vector in
vertical direction and

ffiffiffi
3

p
=2 perpendicular to it (marked by blue

lines in Figure 6b). The phase shift of half a σ-phase unit cell along
the domain boundary corresponds to the condition of 1D antiphase
domain boundaries. The phase shift across the domain boundary of
a

ffiffiffi
3

p
=2 unit cell, however, allows sharing of two (out of four) vertex

positions between both domains. As the domain width is onlyffiffiffi
3

p
=2 unit cell wide and contains also four vertex atoms, the

domain boundary is denser than the σ phase on both sides.
This higher density of vertices results in the formation of rhom-
buses as new tiling elements. The new characteristic tiling motif
generated by this antiphase domain boundary is emphasized in
white in Figure 6b. The large-scale image in Figure 6a reveals that
the number of σ-phase units between subsequent rows of rhom-
buses can vary. One, two, or four unit cells are found in this partic-
ular measurement. However, no repeating rule could be
determined from the sequence of rows.

3. Discussion

In 2D layers of ternary oxides a variety of tilings arises from a com-
bination of equilateral triangles, squares, and rhombuses. The
most prominent example is the dodecagonal OQC, but also peri-
odic structures ranging from simple to complex are known.[1,6,8,21]

For 2D Ba–Ti–O on Pd(111), three different characteristic til-
ing motifs occur, as introduced earlier. These are the triangle–
square patch of the σ phase, the triangle–square–rhombus patch
observed at the antiphase domain boundaries, and the triangle–
rhombus patch, which is an idealization of the motif found in the

small aspect ratio rectangular structure shown in Figure 3 and 4.
Figure 7 shows, how all three tiling motifs can be traced back to
the very same base of four vertices in different periodic repeti-
tions. In Figure 7a, four vertices are arranged in a base such that
they form two edge-sharing equilateral triangles. By periodically
repeating this base in rectangular, quadratic, or hexagonal
unit cells of appropriate size, periodic structures with different
triangle–square–rhombus tiling motifs can be created. For the
periodic repetition of all structures in Figure 7a, the unit vector

length is
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2þ ffiffiffi

3
p Þ

q
times larger than the vertex separation and

the unit vectors are rotated by 15� against the edges of the trian-
gles. In case of the rectangular structure, this applies for the long
unit vector only. The short unit vector has a length of

ffiffiffi
2

p
and is

rotated by 45�. In the periodic repetition, new tiles are created by

(a)

(b)

Figure 6. a) Large-scale STM image of σ-phase patches with incorporated
rows of rhombuses. b) Schematics illustrating the formation of rhom-
buses as a result of 1D antiphase domain boundaries of neighboring
σ-phase patches of identical orientation (red and yellow).
a) 44� 44 nm2, b) 6� 5 nm2, a,b) 40 pA, 2.0 V, Δz¼ 170 pm.
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connecting the vertices across the unit cell boundaries. Due to
the specific orientation of the base with respect to the unit vectors
and the particular relation between the vertex separation and the
unit cell dimensions, only triangles, squares, and rhombuses of

constant edge length are formed. The magic factor of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2þ ffiffiffi

3
p Þ

q
is the inflation factor of the dodecagonal Niizeki–Gähler tiling,
which produces a self-similar pattern under a rotation of
15�.[2,3] While the upper two examples of Figure 7a exist in
Ba–Ti–O on Pd(111) in extended patches in the rectangular struc-
ture and the σ phase, the bottom example periodically repeats in
one dimension only along the antiphase domain boundaries
between σ-phase patches. Due to the common unit vector length
the three patches can be smoothly combined in neighboring
domains, as shown in Figure 7b.

As an immediate consequence of the different unit cell areas, all
three structures differ significantly in their vertex density. The pure
σ phase exhibits the lowest density of 2.28 vertices per nm2. The
density of the triangle-rhombus tiling in the rectangular structure
amounts to 2.94 vertices per nm2. And the hypothetical hexagonal
triangle–square–rhombus tiling would result in a density of
2.65 vertices per nm2. The inclusion of antiphase domain bound-
aries shown in Figure 6 can be rationalized in this context as a
mechanism to accommodate an increasing vertex density in the
σ phase. In the self-organized growth of 2D crystals of organic
and inorganic materials, the formation of antiphase domain bound-
aries is observed frequently, which can produce denser or more
dilute packing. At low temperatures, antiphase domain boundaries
result from the intergrowth of immobilized nuclei.[28] However,
they also represent a way of releasing strain induced by increasing
adsorbate coverages of organic and inorganicmaterials.[29–32] In rare
cases, they can be condensed into ordered arrays, thus forming a
new structural phase as for surface layers of Pb and In.[31,32] The
latter scenario also applies for the ultrathin Ba–Ti–O layer on

Pd(111). The experimental observation of a variable spacing
between subsequent domain boundaries indicates that the vertex
density can be tuned in small increments. The minimum spacing
between neighboring domain boundaries of one complete unit cell
of the σ phase has been observed in experiments. This implies that
based on the incorporation of domain boundaries, the vertex density
can be tuned to a maximum of 2.45 vertices per nm2. We note that
this maximum is equivalent to the vertex density in the Niizeki–
Gähler tiling of the BaTiO3-derivedOQC on Pt(111). In other words,
a periodic repetition of one σ-phase unit cell and the tiling motif
formed at the antiphase domain boundary, resembles a similar ver-
tex density, as given in the aperiodic Niizeki–Gähler tiling. While on
Pt(111), the general scheme of demixing into phases of different
composition is observed, which results in the coexistence of differ-
ent structures in adjacent domains,[8] the antiphase domain bound-
ary formation on Pd(111) represents a fascinating alternative for
mediating atom density variations.

4. Conclusion

The structure formation in ultrathin reduced layers of Ba–Ti–O on
Pd(111) has been investigated. Three long-range ordered phases
with small unit cells exist: two rectangular structures and the qua-
dratic σ-phase approximant. One of the rectangular structure and
the σ phase share a common base, which results in the formation
of a triangle–rhombus and a triangle–square tiling, respectively. In
contrast to other related systems, the incorporation of antiphase
domain boundaries in the triangle–square tiling of the σ phase
is observed on Pd(111). The systematic incorporation of domain
boundaries is identified as a mechanism to tune the vertex density
of the tiling from the low-density σ phase conditions toward that of
the dodecagonal triangle–square–rhombus tiling found in OQC.

(a) (b)

Figure 7. a) Three different structures that evolve from an identical base, which is periodically repeated in either quadratic, rectangular, or hexagonal
fashion. The upper two examples resemble the σ phase and the rectangular structure observed in Ba–Ti–O on Pd(111), the lower one the conditions that
apply at antiphase domain boundaries. b) The three tilings of (a) form smooth boundaries between extended patches. All three tilings are formed from
tiles of constant edge length.
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5. Experimental Section
Sample growth, LEED, and XPS measurements were carried out in an

UHV system operating at a base pressure of 1� 10�10 mbar. Pd(111) sub-
strates (Mateck, Germany) were cleaned by repeated cycles of Arþ-ion
sputtering at 1 keV and a two-step annealing process. In the first step,
the crystal was briefly annealed at 1170 K for 30 s to heal out sputter-
induced surface roughening. In the second step, the crystal was annealed
at 900 K for 10min at an oxygen partial pressure of 1� 10�6mbar. During
the second step, residual carbon contaminations were oxidized to CO,
which immediately desorbed at high temperatures. Due to the low sticking
probability of oxygen on palladium at elevated temperatures, a clean metal
surface was obtained. For temperature measurements, a pyrometer
(Pyrospot DG40N, DIAS, λ ¼ 1600 nm) was used at an emissivity of
0.17. Ba was supplied from a commercial Ba dispenser source (SAES
Getters). Ti was evaporated from a rod out of a three-cell electron beam
evaporator (Focus). Film thickness was estimated using a quartz crystal
microbalance maintained at 345 K. Metal layers were deposited at room
temperature and postoxidized by annealing in an oxygen atmosphere of
1� 10�5 mbar for 20 min at 770 K. The XPS measurements were carried
out using nonmonochromatized Al Kα excitation. For detection, a 127�

analyzer equipped with a single channeltron was used. From the measured
data, Al Kα satellites, an experimentally determined background of the bare
substrate, and an additional Shirley background were subtracted prior to
fitting. The XPS binding energy axis was calibrated to a Pd 3d5/2 core level
energy of 335.2 eV.[33] The STMmeasurements were carried out in a home-
build STM. All measurements presented here were conducted at liquid
nitrogen temperatures.

Custom code was used for LEED pattern calculation using point-like
atoms under kinematic scattering with atomic form factor set to unity
for all atoms, similar to earlier work.[21] The unit cell base was defined
according to the protrusions seen by STM. Calculated single domain pat-
terns were further duplicated, symmetrically rotated, and mirrored accord-
ing to the substrate symmetry. To compare the calculated pattern with
experiment, the calculated intensities were plotted as 2D Gaussian profiles.
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2D honeycomb transformation into dodeca-
gonal quasicrystals driven by electrostatic
forces

Sebastian Schenk1, Oliver Krahn1, Eric Cockayne 2, Holger L. Meyerheim3,
Marc de Boissieu4, Stefan Förster 1 & Wolf Widdra 1

Dodecagonal oxide quasicrystals are well established as examples of long-
range aperiodic order in two dimensions. However, despite investigations by
scanning tunnelingmicroscopy (STM), low-energy electron diffraction (LEED),
low-energy electron microscopy (LEEM), photoemission spectroscopy as well
as density functional theory (DFT), their structure is still controversial. Fur-
thermore, the principles that guide the formation of quasicrystals (QCs) in
oxides are elusive since the principles that are known to drivemetallic QCs are
expected to fail for oxides. Here we demonstrate the solution of the oxide QC
structure by synchrotron-radiation based surface x-ray diffraction (SXRD)
refinement of its largest-known approximant. The oxide QC formation is
forced by large alkaline earth metal atoms and the reduction of their mutual
electrostatic repulsion. It drives the n = 6 structure of the 2DTi2O3 honeycomb
arrangement via Stone–Wales transformations into an ordered structure with
empty n = 4, singly occupied n = 7 and doubly occupied n = 10 rings, as sup-
ported by DFT.

Dodecagonal oxide quasicrystals (QCs) are two-dimensional metal-
oxide ultrathin films that exhibit a sharp 12-fold diffraction pattern1,2.
They have been identified for Ba-Ti-O and for Sr-Ti-O metal-oxide
layers on hexagonally closed-packed metal substrates1–8. The dodeca-
gonal symmetry is associated with a distinct square-triangle-rhomb
tiling that was derived independently as a mathematical model a
quarter of a century ago by Niizeki and Mitani and by Gähler, the
Niizeki-Gähler tiling (NGT)9,10. The bright spots observed by atomically
resolved STM images for the Ba-Ti-O and the Sr-Ti-OQCs closelymatch
the vertices of this mathematical model11. As in many other QC sys-
tems, oxide QCs come along with a family of approximants that are
periodic arrangements composed of the very same building blocks.
They differ in complexity and unit cell size, classified by the number of
tiling elements. The known approximants range from 4:2:0 to 48:18:6
with respect to thenumber of triangles, squares, and rhombiwithin the
unit cell2–4,12–15. How these approximants are related to or evolve from

oxide quasicrystals are open questions, since the atomic structure is
still under debate. Earlier studies on the 4:2:0 approximant, the smal-
lest square-triangle tiling commonly known as sigma phase, suggested
that Ti atoms decorate the triangle and square vertices for Ba-Ti-O on
Pt(111) based on STM, SXRD and density functional theory (DFT)
calculations4,5. In contrast, aDFTstudyproposed a structuralmodel for
various approximants where the tiling vertices are decorated by Ba
instead3, for which an uplifting into the four-dimensional hyperspace
has been proposed also16. A third structure with a different stoichio-
metry was proposed by Yuhara et al. based on STM, XPS and Ruther-
ford backscattering experiments6,7. This controversial situation arises
from the lack of experimental data for a full structure determination.
Though atomically resolved STM images pin down the dodecagonal
quasicrystalline vertex structure as seen by bright features of pro-
truding atoms, their chemical nature is debated. Furthermore, despite
several attempts, information about the second and third atomic
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species in the ternary oxide is not experimentally accessible either
from STM or from non-contact AFM1,17.

In the present work using SXRD, we will resolve these issues and
present a complete structural analysis in accordance with DFT for a
large-scale quasicrystal approximant. From the proposed structure we
derive a tiling decoration scheme that also applies to the quasicrys-
talline NGT. For the formation process of the dodecagonal oxide QC,
we identify Stone–Wales transformations as key elements that drive 2D
hexagonal honeycomb lattices into QC approximant structures with
square-triangle tiling. The Stone–Wales defect is known as a low-
energy structural transformation in many 2D honeycomb lattices,
including graphene, h-BN, silicene, and Ti2O3

18,19. It converts four
adjacent six-fold honeycomb rings, TinOnwith n = 6, into two n = 7 and
two n = 5 rings. For many 2D materials such as, e.g., graphene, the
transformation stops upon a few Stone–Wales conversions and results
in a disordered structure consisting of n = 5, 6, and 7 rings. Fully ran-
dom, but also continuous structures with a broad ring size distribution
areknown from2D silicafilms,which are2D analogs of theZachariasen
model for glass formation20,21. For the Ti2O3-based QC and its
approximantswe demonstrate that their long-range order results from
the self-organization of alkaline earth metal atoms stabilizing TinOn

ring sizes with n ≥ 7.

Results
Structure determination for a large-scale approximant
For the dodecagonal QC structure determination, we focus on the
largest-known oxide QC approximant12. It shows a periodic tiling
with 48 triangles, 18 squares, and 6 rhombi in the unit cell (Fig. 1a,
c, e). It is prepared by deposition of Sr and Ti on Pt(111) followed
by post-annealing in an oxygen atmosphere of 10−4Pa. The long-
range order forms upon high-temperature annealing at 1250 K
under ultrahigh vacuum conditions (see Supplementary Fig. 1).
Atomically resolved STM images clearly show the vertex structure

of the square-triangle-rhomb tiling as depicted in Fig. 1a. The
Fourier-transform (FT) taken from large-area STM data (Supple-
mentary Fig. 2) identifies the large unit cell of an almost square
lattice as fine grid with reciprocal lattice vectors of 0.14 Å−1.
Twelve reflections of higher intensity are located at a distance of
1.0 Å−1 from the center. They resemble the characteristic diffrac-
tion intensities of the dodecagonal QC. The close resemblance of
the approximant and the QC diffraction pattern indicates their
structural similarity where 48 vertex atoms are arranged in 72
tiles with only minor modifications from the dodecagonal NGT
(Fig. 1c). The latter include chains of three rhombi in the
approximant, while pairs of rhombi dominate the oxide QC tiling
meeting in the center of a characteristic dodecagon11. Our SXRD
experiments carried out at the synchrotron radiation facility
Soleil allow to determine the unit cell dimensions more accu-
rately (Supplementary Fig. 3): the periodic square lattice as shown
in Fig. 1b has lattice parameters of a = 44.3 and b = 43.2 Å

equivalent to a commensurate
16 0
9 18

� �
superstructure with

respect to the primitive hexagonal unit cell of the Pt(111) sub-
strate. The structure with this tiling pattern has p2gg plane-group
symmetry due to the presence of two orthogonal glide lines.
Therefore, the size of the symmetrically independent part is equal
to one-quarter of the unit cell only (filled region in Fig. 1a). Owing
to the fact that the rectangular p2gg unit cell grows on the p6mm
symmetric surface, six rotational and mirror domains of this
superstructure exist. From the full SXRD reciprocal space maps,
which are partly shown in Fig. 1e (Supplementary Fig. 3 for full
data), the integrated intensities of 460 reflections of type (hk0)
were collected which reduce to 182 symmetry-inequivalent ones
with an average agreement factor of 0.15. After correction for
instrumental factors, the structure factor magnitudes |Fobs(hk0)|
were considered for the structural analysis. For the structural

Fig. 1 | Comparison of the 48:18:6 approximant structure with the oxide qua-
sicrystal. a The atomic-resolution STM image of the Sr-Ti-O approximant reveals
48 protrusions in the unit cell (blue square). The semi-transparent tiling highlights
the asymmetric unit. b The vertex atoms of the Ba-Ti-O oxide quasicrystal arrange
in similar elementary tiles. c The approximant tiling is characterized by chains of
three rhombuses, while pairs of rhombuses meeting in the center of a dodecagon
dominate the QC tiling (d). In reciprocal space, the most intense spots of the

approximant (e) are centered around the spot positions of the dodecagonal pat-
tern (f) as marked by white circles in the SXRD data. The close correspondence of
spot positions and intensities for both structures is demonstrated in Supplemen-
tary Fig. 8. The spot splitting in (e) results from the occurrenceofmultiple domains
of the approximant structure. a 6 × 6 nm2, 0.1 nA, 1.0 V. b 6 × 6 nm2,
0.015 nA, −1.0 V.

Article https://doi.org/10.1038/s41467-022-35308-z

Nature Communications |         (2022) 13:7542 2

Original publications

124



refinement process, two complementary models have been used
as a starting point, where the vertex positions of the tiling are
occupied either by the alkaline earth metal Sr or by Ti atoms.
These complementary assignments correspond to the proposed
oxide QC models based on DFT or STM, respectively3,4. Despite
the complexity of the large unit cell with 72 tiling elements for an
SXRD structural refinement, the positions of the vertex atoms as
well as those of the second (non-vertex) atomic species have been
optimized by a constrained least-squares refinement using the
program SHELXL22. Oxygen atoms within the structure are not
considered due to their small scattering cross-section. With
regard to all agreement factors (Goodness of fit (GOF), weighted
residuum (wR2), and unweighted residuum (R1))22,23, the struc-
tural model including Sr atoms occupying the vertex positions

leads to substantially better fits (GOF = 1.5, wR2 = 0.21, R1 = 0.11)
as compared to the alternative with Ti atoms at the vertices
(GOF = 4.2, wR2 = 0.73, R1 = 0.45)4,5.

This leads us to conclude that the SXRD analysis is in agreement
with the theoretical model developed by Cockayne et al.3 The
arrangement of the Sr and Ti atoms can be directly visualized by the
calculation of the charge density contour map, ρ(x, y), using the
observed structure factor magnitudes (|Fobs|) and the calculated scat-
tering phases α derived from the structural model (due to the cen-
trosymmetry of the z-projected structure, the condition α =0 or π
holds). The highest-density features as marked in green in Fig. 2a
correspond to the positions of the heaviest atom, Sr. They form the
vertices of the square-triangle-rhomb tiling. The Ti atoms are located
at positions of the second highest electron density, as emphasized in

Fig. 2 | Atomic structure of the 48:18:6 approximant. a SXRD-derived electron
density map calculated from the best fit model for the unit cell of the 48:18:6
approximant in Sr-Ti-O on Pt(111). The heavy Sr atoms (green) reside at positions of
the highest electron densities. By connecting the Sr atoms the tiling seen in STM is
formed (emphasized in the upper part). The weaker electron densities are attrib-
uted to Ti atoms (blue). Their positions inside the tiling elements are marked by

purple arrows. b Relaxed atomic structure containing the oxygen sublattice cal-
culated by DFT in top and side views. The Ti atoms are attracted toward the Pt
interface. The averageheight of the Sr andOatomsabove thePt substrate is by0.67
and0.82Å larger as compared to Ti. The characteristic features of this structure are
TinOn ringswithn = 4, 7 and 10hosting0, 1 and2 Sratoms, respectively (highlighted
in purple, orange and gray).

Fig. 3 | Generalization of the atomic structure to all related ternary oxides.
a Decoration scheme for the three tiles of the oxide QC. Green, blue and red
spheres represent A-side (Sr or Ba),Ti, andOatoms, respectively.b Inflation rule for
the Niizeki-Gähler tiling of oxide quasicrystals based on three tiling elements.
Shaded areas indicate the symmetry inherent to the tiling elements. The definition

of the recursion rule based on half a triangle and half a square determines an
overlap-free dodecagonal square-triangle-rhomb tiling. c Square supertile after
three iterations of recursion. The decoration scheme of (a) has been applied to the
right part of (c).
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blue and by the black arrows in Fig. 2a. Note that theweak intensities in
between the refined atomic positions as well as the small deviation
between ideal positions andmaxima of the calculated electron density
result from Fourier series truncation errors due to the limited number
of experimentally available diffraction intensities.

Theoretical description
DFTcalculations for the 48:18:6approximant onPt(111) provide further
insights into the full atomic structure especially the oxygen positions.
The fully relaxed structure is shown in Fig. 2b and canbeunderstood as
a partially Sr-decorated Ti2O3 network, in which every Ti atom is
coordinated by three O atoms at an average distance of 1.89 Å (stan-
dard deviation 0.02 Å). This value is slightly larger than the 1.84 Å
reported for DFT calculations of freestanding Ti2O3 in a planar hon-
eycombgeometry24. The positions of each species above the Pt surface
are quite uniform: Sr 2.85Å (standard deviation 0.02 Å), Ti 2.18 Å
(0.05 Å), and O 3.00Å (0.06Å). The average Sr-Sr distance corre-
sponding to a tile edge is 6.75 Å (0.18 Å), which is in line with the
experimentally determined value of 6.72 Å for the oxide QC2. The
average Sr-Sr distance corresponding to the short diagonal of the 30°
tile is 3.79 Å (0.07 Å), about 8% larger than that for a perfect 30°
rhombus of edge length 6.75 Å but comparable to the 3.905 Å lattice
parameter ofperovskite SrTiO3.Merchanet al. also reported results for
a DFT relaxation of the Cockayne et al. structure model, and found
similar structural features in spite of differences in the computational
details12.

Whereas Ti2O3 honeycomb structures consist of hexagonal
arrangements of planar Ti6O6 rings, the oxide QC approximant con-
tains TinOn rings with n = 4, 7 and 10 only (colored in Fig. 2b). The
smallest n = 4 rings are empty, whereas the larger Ti7O7 rings are
decorated and stabilized by Sr, as we show below. The n = 10 pores
host two Sr and two additional O atoms. These additional oxygen
atoms screen the positively charged Sr cations thus allowing a shorter
Sr-Sr next-neighbor distance in these rings.

From the structure solution presented, a decoration scheme for
all tiles of the two-dimensional ternaryoxidephase is confirmed,which
universally applies to the quasicrystalline NGT and all related

approximant structures (Fig. 3a)3. By combining the tiling element
ratio in the respective unit cell with the atom density given by the
decoration scheme, the stoichiometry of a given structure can be
derived. For the 48:18:6 approximant a composition of Sr48Ti132O204

and Sr:Ti:O ratio of approximately 0.364: 1: 1.545 is obtained. For the
oxide QC, the Sr:Ti:O ratio is very similar: (√3 − 1)/2:1:(3√3 + 1)/4 ≈
0.366:1:1.549.

The atomic network of the oxide QC can be constructed from a
combination of recursion and decoration (Fig. 3b, c). The definition of
the NGT based on a recursion rule using half a triangle, half a square
and the full rhombus given in Fig. 3b is the first that defines anoverlap-
free NGT, in contrast to earlier attempts25. The tiling as well as the
atomic network formed from decoration are illustrated in Fig. 3c after
three inflation steps. The equivalent tiling decoration scheme of the
48:18:6 approximant and the oxide QC leads to a high level of agree-
ment of the corresponding diffraction intensities of both systems as
demonstrated in Supplementary Fig. 8. While the average tiling dec-
oration is well-defined from the DFT results, there are some local
deviations. In particular, the three oxygen atoms surrounding a given
Ti are frequently rotated clockwise or counterclockwise with respect
to their average positions, associatedwith a tendency for each Sr atom
to form bonds of length 2.4–2.7 Å with 3 or 4 of its oxygen neighbors.

Discussion
Driving force toward quasicrystal approximant formation
Many 2D threefold coordinated networks display disorder that can be
described as the application of one or more Stone–Wales-type trans-
formations to a hexagonal honeycomb lattice19,26–28. The Stone–Wales
defect, discussed originally for icosahedral C60, twists one edge in the
network and converts four adjacent n = 6 honeycomb rings into n = 7
and n = 5 rings18. Typical threefold networks with disorder are char-
acterized by an approximate Gaussian size distribution peaking at
n = 6. In sharp contrast to these previously reported structures, the
oxide QC approximant structure solved here, is composed of TinOn

rings characterized by n = 4, 7, and 10 only (hosting 0, 1, and 2 alkaline
earth metal atoms respectively). The stabilization of such low sym-
metry TinOn rings with n = 7 and n = 10 by the alkaline earth metal

Fig. 4 | Stone–Wales transformation converting honeycomb structure into
square-triangle tiling and rhombus formation by incorporation of additional
oxygen. a Transition from a honeycomb lattice by subsequent Stone–Wales (S–W)
transformations into a structureof four- and seven-member rings.bComparisonof
the DFT relaxed structures of the Ba-decorated Ti2O3 honeycomb structure and
c the Ba-Ti-O sigma-phase approximant on Pt(111). The DFT calculations were

performed for these commensurate Ba8Ti24O36 supercells ontop of three layers of
Pt(111) (Pt not shown). The lowest energy phase is the sigma-phase approximant.
d The addition of one oxygen atom to a Ti-O-Ti edge of two adjoining hexagons
leads upon relaxation to then = 10 ring of the oxideQC (comparecentraln = 10 ring
with those in Fig. 2).
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atoms Sr or Ba, which will be called A-type atoms, are the essential
features to explain.

Ultrathin film Ti2O3 has the well-known hexagonal honeycomb
structure with n = 6 rings whereas the sigma 4:2:0 approximant (under
the decoration scheme in this paper) has only n = 4 and n = 7 rings. In
fact, it is possible to convert the honeycomb structure into the sigma
approximant via a sequence of Stone–Wales transformations: A single
transformation first generates n = 5 and 7 rings (Fig. 4a). Reapplying
the concept of Stone–Wales transformation to the n = 5 and 6 rings,
yieldsn = 4 and7 rings (Fig. 4a). Thus, the stabilizationof then = 7 rings
is characteristic to the full conversion of an initial honeycomb lattice
into an ordered structure consisting of n = 4 and 7 rings only,
according to:

12 ×Ti6O6 ! 4×Ti5O5 + 4×Ti6O6 +4×Ti7O7 ð1: Stone�Wales transformationÞ
! 4×Ti4O4O4 +8×Ti7O7 ð2: Stone�Wales transformationÞ

This process converts 2/3 of all hexagonal rings to those with n = 7.
The unit cell areas of the honeycomb and the sigma phase are

similar while their composition Ti24O36 is identical. By decorating 2/3
of the honeycomb Ti6O6 rings and all of the sigma-phase Ti7O7 rings
with Ba as shown in Fig. 4b, c, structures of identical composition
Ba8Ti24O36 are derived. As detailed in the Supplementary Notes, DFT
calculations were used to optimize the strains and atomic positions of
each structure on a Pt substrate. In absence of decorating atoms, the
honeycomb structure is favored, as expected. By contrast, Ba dec-
oration leads to an energy lowering of 0.034 eV per Ti2O3 unit in favor
of the sigma phase. This provides evidence that large A-type atoms
drive Stone–Wales-type transformations to form n = 7 rings. This
energy lowering is directly related to the reduction of the electrostatic
dipole-dipole energy, which can be understood by the larger separa-
tion of the positively charged large A-type cation within the sigma
phase: DFT shows that Ba atoms in the sigmaphase have five closest Ba
neighbors at an average distance of 6.96Å, which is about 17% larger
than for the honeycomb structure, 5.89 Å (this work) or 5.95 Å29. Also,
the average height of the Ba atoms above themetal surface is 3.18 Å for
the sigma structure, which corresponds to a reduction by 0.24Å as
compared to the honeycomb structure. Both, the larger separation
and the smaller dipole moment, reduce the electrostatic dipole-dipole
repulsion between the Ba ions and, therefore, support the sigma
structure. On the other hand, rings with n > 7 are energetically unfa-
vorable as in this case the A-O bond becomes too large. Finally, we
suggest that the energy penalty of the n = 4 ring formation is over-
compensated by the reduction of the electrostatic repulsion. Conse-
quently, the nature of the long-range order should depend on the
A-type ion coverage relative to the number of rings.

A coverage of 2/3 Ba per ring is obtained for the sigma phase, also
known as the 32

.4.3.4 Archimedean tiling30. This QC approximant has
been observed experimentally for Ba-Ti-O on Pt(111), Ru(0001), and
Pd(111) surfaces4,13,15. In principle, a higher fraction of n = 7 rings and
thus higher A-type atom density could be obtained if Stone–Wales
transformations to form n = 3 rings were allowed, but we suspect that
the energy penalty of n = 3 rings is too large. Instead, higher A-type
atom density is obtained via the n = 10 rings associated with the short
diagonal of the rhombus tile. By hosting two A-type atoms at a rela-
tively short distance, they allow for a higher coverage than would be
possible via Stone–Wales transformations alone. Two nearby oxygen
atoms, which are not interconnected via additional Ti reduce the
Coulomb repulsion between the A-type atoms. While there is not a
Stone–Wales type transformation for generating an n = 10 ring, one
canbe formedby expanding the shared edgeof a pair of adjoined n = 6
rings, adding another interior O, and moving the two interior O to be
near the appropriate Ti atoms (Fig. 4d). The additionalO atomschange
the overall Ti:O ratio from 2:3. We hypothesize that the n = 10 ring of
Fig. 4d lowers the (free) energy under relatively A-rich conditions,

allowing for triangle-square-rhombus tilings. Experimentally, such a
transformation from a hexagonal honeycomb structure to the 48:18:6
quasicrystal approximant has been followed by LEED (Supplementary
Fig. 1b, c).

For a Ba-decorated Ti2O3 honeycomb on Au(111), the honeycomb
lattice is not modified up to 873K and a coverage of 0.6331. In case of
Ba-Ti-O on Pt(111), annealing at above T = 1100K produces a variety of
ordered structures8,32 that havebeen interpreted as networkswithn = 7
rings occupied by Ba3. For a coverage of 50% of all rings by an A-type
atom, structures made from n = 5 and 7 rings only have been
reported3,32. For coverages between 50% and 67%, a transition to a
square-triangle tiling occurs. The sigma phase (Fig. 4) represents the
highest Ba coverage in n = 7 rings that is realized in a pure square-
triangle tiling. This is even by 5.1% higher than in a quasicrystalline
square-triangle tiling33 using the decoration scheme presented above.
Thus, higher Ba coverages require the formation of n = 10 rings, which
hosts twoBa atoms.Togetherwith twoneighboringn = 7 rings, the two
A-type atoms form the vertices of a 30° rhombus, which is essential as
the third tiling element for the formation of the dodecagonal structure
of oxide QCs.

In summary, we have used a combination of SXRD experiments
and DFT calculations to analyze the structure of an ultrathin film Sr-Ti-
O approximant, which allows the structural solution of the directly
related dodecagonal oxide quasicrystal. The structures of the quasi-
crystal and of the related quasicrystal approximants are based on 2D
networks of interconnected TinOn rings with n = 4, 7, and 10. We have
shown that the formation of the oxide quasicrystal is governed by a
fundamental principle which is based on the low-energy phase trans-
formation (Stone–Wales transformation) in which the reduction of the
electrostatic interaction between positively charged large cations
located within the rings is the major driving mechanism. By exploiting
this mechanism of ring size modifications, we expect that 2D struc-
tures of similar flexibility, as, e.g., made fromVxOy, FeWO3, Nb2O3, and
SiO4 units

20,34–41, might also be driven into oxide quasicrystals.

Methods
Experimental setup
Sample growth, LEED, and STM characterization were carried out in a
UHV system operating at a base pressure of 1 × 10−8Pa. For thin film
deposition, a four-pocket e-beamevaporator (EBE4, SPECS, Berlin)was
used (certain commercial equipment and software are identified in this
paper to adequately describe the methodology used. Such identifica-
tion does not imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the
equipment and software identified is necessarily the best available for
the purpose). Sr-Ti-O has been sublimed by heating a SrTiO3 single
crystal clampedbetween Ta plates. Additional evaporation of Ti can be
supplied from a Ti rod. Evaporation rates were determined using a
quartz crystal microbalance. SXRD measurements have been per-
formed at the SixS beamline at the synchrotron SOLEIL. The UHV
endstation of this beamline was used in which the diffractometer is
coupled to standard UHV tools for sample preparation and analysis
(LEED, STM). For temperature measurements, a pyrometer (Pyrospot
DG40N, DIAS, λ = 1600 nm) was used at an emissivity of 0.17.

Sample preparation
Ultrathin films of Sr-Ti-O have been grown onto Pt(111) at room tem-
perature using molecular beam epitaxy. 8 Å of SrTiO3 were deposited
at an oxygen background pressure of 10−4Pa with a rate of 1.0 Å/min.
To balance Ti deficiencies in the film, 3 Å of Ti was added under the
same conditions. The ultrathin films were post-annealed for 10min at
950K in 10−4Pa of oxygen. Annealing for 20min at 1150K in UHV
resulted in the formation of the 48:18:6 approximant homogeneously
covering the Pt(111) single crystal. Such prepared samples were trans-
ferred through air to the SixS beamline. At the beamline, the samples
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have been annealed at 850K in 10−4Pa oxygen atmosphere to remove
residual carbon impurities originating from the air transfer. The
approximant structure was recovered by UHV annealing at the beam-
line. Several annealing stepswereperformed tooptimize the structural
perfection as monitored by LEED prior to the SXRD characterization.

SXRD analysis
The SXRD measurements were carried out at the UHV diffractometer
of the SIXS beamline at Synchrotron SOLEIL in Paris, France. Mono-
chromatic x-rays with photon energy of 11 keV were used to avoid Pt
fluorescence (at 11.1 and 13 keV) and to reduce the background signal.
The diffraction experiment was performed under grazing incidence at
an angle of 0.2°. A 2D hybrid pixel XPad detector with 560 × 240 pixel
was used for data collection. For the 48:18:6 approximant, the reci-
procal space has been mapped in continuous rotation mode covering
120° of the azimuthal angles for polar angles ranging from 5 to 52° in
increments of 0.1 and 1.5°, respectively. In case of the oxide QC, the
reciprocal space map covered an azimuth of 182° at a polar angle
variation from 4 to 40° in increments of 0.07 and 2°, respectively. The
integration time was 0.3 s per frame. The 2D raw data were processed
using the binoculars software42 to generate 3D reciprocal voxel map
data. For structure optimization and calculations of the unweighted
residuum, the software package SHELXL was used22.

DFT calculations
DFT calculations were performed using the commercial software VASP
(certain commercial equipment and software are identified in this
paper to adequately describe the methodology used. Such identifica-
tion does not imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the
equipment and software identified is necessarily the best available for
the purpose)43,44. Projector-augmented-wave pseudopotentials45,46

from the VASP library were used for each element. A Hubbard U cor-
rection was applied to the d-electrons of Ti47,48. Non-local dispersions
were included49,50. Further details are given in the Supplemen-
tary Notes.

Data availability
Source data are provided with this paper. The SXRD data generated in
this study have been deposited in the Zenodo repository under the
accession code https://doi.org/10.5281/zenodo.6787572. The DFT
structure files and sample input files have been deposited in the
Zenodo repository under the accession code https://doi.org/10.5281/
zenodo.7007289.
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06/2012-09/2012 Elternzeit
01/2012-09/2014 PostDoc in der Gruppe Oberflächen- und Grenzflächenphysik der
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solche kenntlich gemacht habe.

Dr. Stefan Förster

Halle (Saale), 15.08.2023





Acknowledgements

My scientific journey over the past six years was accompanied by a number of people that have suppor-

ted me in one way or another and to whom I’m very grateful.

In her capacity as spokes-person of the ”Forschungschwerpunkt Nanostrukturierte Materialien” of the

state Saxony-Anhalt I thank Prof. Ingrid Mertig for her effort in promoting young researchers. Her

commitment allowed me to establish a junior research group entitled ”Zweidimensionale oxidische

Quasikristalle”.

Prof. Wolf Widdra was so kind to host me and my small team in his surface science group at the In-

stitute of Physics. Besides providing access to almost unlimited experimental possibilities he taught me

lessons in academic administration and assisted me in my transformation from an inquisitive researcher

towards a team leader. Most of all I thank him for sharing my passion for quasicrystals and motivating

me to push my limits.

Numerous students have been attracted towards quasicrystal research throughout the years. I’m thank-

ful to Eva Maria Zollner, Sebastian Schenk, Oliver Krahn, Loi Vinh Tran, Martin Haller, Christoph

Dresler, Bettina Allner, Jonas Pantzer, Philine Stötzner, Friederike Wührl, Maria Nitzsche and Rajesh
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