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The valence band electronic structure of a BaTiOs-derived oxide quasicrystal (OQC) is studied by photoe-
mission using momentum microscopy. An upward-dispersive O, band is identified, and it can be assigned to a
combination of in-plane orbitals according to the symmetry and the overlap of the wave functions. In addition,
the signature of Tis, states near the Fermi level is observed, which results in a metallic character of the OQC
with 3d' occupation. Our experiments reveal two-dimensional electronic states within the OQC based on a
symmetry-adapted decomposition of photoelectron intensity distribution in the momentum space.
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I. INTRODUCTION

Since the discovery of quasicrystals (QCs), their special
electronic structure has been a challenging topic [1]: The
absence of translational symmetry prohibits the application
of the Bloch theorem to describe their electronic states [2,3],
which leads to a critical spatial extension of the wave func-
tions [4-7]. In addition, dense Fourier components of the
atomic potential from the aperiodic tiling can result in a large
number of gaps in the electronic dispersion and cause a spiky
density of states [§—12]. The dominant Fourier components
also underlie the fascinating diffraction patterns, which have
been recognized as one of the main characteristics of QCs.

In the pioneering works on metallic QCs with icosahedral
and decagonal symmetry, the valence band electronic struc-
ture has been successfully visualized using angle-resolved
photoelectron spectroscopy [13—-17]. The corresponding
quasicrystalline symmetry was observed in the energy-
momentum dispersion E (k) of the free-electron-like s p bands.
On the other hand, the role of orbital configurations as well
as the role of the more localized d electrons have not been
addressed so far. Recently, a novel class of QCs derived
from BaTiO3 and SrTiOj; films with monolayer thickness has
been discovered [18,19]. Studying the oxygen-derived valence
bands in these oxide quasicrystals (OQCs) will provide a
unique opportunity to reveal the impact of the orbital bonding
geometry to E (1_5) in QCs, in contrast to the free-electron-like
dispersion discussed so far. Due to the two-dimensional (2D)
structure of the OQC, its E (%) can be characterized by the
2D momentum k = (kx, ky) in the surface as provided intrinsi-
cally by valence-band photoemission with surface sensitivity.

In this paper, we report the 2D orbital character of O,
valence bands in the BaTiO3-derived dodecagonal OQC with
their characteristic E (k) dispersion measured by momentum
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microscopy [20]. A dispersive state with a unidirectional
azimuthal (¢) intensity distribution extending up to 1 eV
is clearly observed. This is in strong contrast to the less
dispersive nonbonding O,,, band and the O-Ti hybridized pdm
state with their dominant isotropic and 2-fold ¢-dependent
intensity. Our results directly demonstrate a close connection
between the orbital configuration and the E (75) dispersion
in QCs, which has not been established experimentally in
previous literature due to the main focus on the free-electron-
like bands and their folding. We demonstrate here that the
occupation of Ti-3d states close to the Fermi level leads to a
metallic character of the OQC, which explains the Ti** char-
acter seen in x-ray photoelectron spectroscopy as well as the
contrast mechanism in scanning tunneling microscopy [18].

The paper is organized as follows. The experimental setup
and sample preparation are briefly described in Sec. II. Af-
terward, the results are presented and discussed in Sec. III,
where the energy and momentum slices of photoelectron dis-
tribution are shown in Sec. III A. The photoelectron intensities
are further decomposed into components according to their
azimuthal angular distribution in Sec. III B, which reveals
the dispersion of a specific O, state of the OQC with an
in-plane orbital character as discussed in Sec. III C. There,
this 2p,-2p, state will be discussed in detail regarding its
orbital character, dispersion relation, as well as the relevance
of hybridization with the Pt substrate electronic structure.
Thereafter, the signatures of Ti-3d states in the OQC will be
discussed in Sec. III D and the role of the dodecagonal atomic
potential in Sec. IITE.

II. EXPERIMENTS

The OQCs were prepared by a dewetting-wetting process
of ultrathin BaTiO;3 films on Pt(111) and checked by low
energy electron diffraction (LEED) [18,21]. In Fig. 1 the
LEED patterns on the OQC as prepared for the photoemission
experiments are displayed, where the directions of the OQC

©2019 American Physical Society
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FIG. 1. Low energy electron diffraction (LEED) on the OQC at
(a) 28 and (b) 66 eV. In both images the intensity is normalized to the
[0011] spot of the OQC. In (a) the diffraction spot [1211] of the OQC
is located at qyi211; = 2kN™ ~ 1.5 Afl, which will be discussed later
in Fig. 6 and Sec. III E2. The [1111] spot as well as the [2210] spot
in (b) are relevant for the possible umklapp processes and will be
discussed in Sec. IIIE 1.

and Pt(111) are labeled by four and three indices, respectively.
Special care had been taken to reduce the amount of the
competing crystalline BaTiO3(111) phase that was intention-
ally present in earlier work [18,21], and its photoemission
data are provided in the Appendix A for comparison. The
comprehensive maps of the photoelectron spectral function
I(ky, ky, Eg) with the in-plane momentum components &,
and the binding energy Ep were recorded by the momentum
microscope at 300 K with illumination of He-I radiation [20].

III. RESULTS AND DISCUSSION

A. Overview of k.-k, and E -k, , maps

In Figs. 2 and 3 the 2D slices of the I (k,, k,, Eg) data sets of
the OQC and the bare Pt(111) measured under identical condi-
tions are shown. In the 2D momentum distribution in Fig. 2(a)
for photoelectrons measured on OQC at the binding energy
Eg = 0.5 eV, dominant features of the Pt bulk bands from the
underlying Pt substrate are observed as in Fig. 2(b) [23-26].
A closer inspection near the Pt M point in the insets of
Fig. 2(b) reveals the Pt surface resonance (SR) [23,25-27],
which becomes suppressed in Fig. 2(a) due to the presence of
the OQC. Similar observation also follows at the Fermi level
(EFr) as shown in Figs. 2(c), 2(d). Furthermore, on the OQC
we observed a photoemission intensity asymmetry along the
[112] high-symmetry direction of the underlying Pt(111) as
shown in Fig. 3(a) (k,), whereas along the perpendicular direc-
tion k, in Fig. 3(c) the intensity is distributed symmetrically.
This observation can be attributed to the linear dichroism in
the angular distribution of photoelectrons, which has been
discussed thoroughly in the literature [28-30]. Comparing
Figs. 3(a), 3(c) with the spectra on Pt in Figs. 3(b), 3(d) we
can clearly identify the electronic states of the OQC at Ep = 4
and 6 eV. These states are assigned to a nonbonding (NB)
configuration of the oxygen 2p orbitals and a 7-bonding state
between the Ti-3d and O-2p orbitals (pdm) [22,31-33]. More
importantly, a dispersive feature between the NB and the pdw
states is observed as marked in Fig. 3(a).

(a) 0QC Eg=0.5'8V/

parallel momentum ky (A-")

-2 -1 (] 1 2/-2 -1 0 1 2
parallel momentum ky (A1)

FIG. 2. 2D momentum maps of photoelectrons from (a), (c) the
OQC and (b), (d) Pt(111). (a), (b) are measured at Eg = 0.5 ¢V, and
(c), (d) at the Fermi level (Er). The k, , directions and the surface
Brillouin zone of Pt(111) are marked in (b) (blue). Insets: Magnified
views near the Pt M point (yellow), with Pt surface resonance (SR)
in (b), (d). Color scale in 10* CCD counts.

B. Azimuthally decomposed photoemission intensity I,,(k,, Eg)

To disentangle the dispersive electronic state in Fig. 3(a)
from the less dispersive NB and pd states, the photoemission
intensity /(k, k,, Eg) is decomposed into symmetry-adapted

binding energy Eg (eV)
(A®) %3 ABiaua onaury

1 2-2 -1
parallel momentum k or ky (A1)

FIG. 3. Energy-momentum distribution of photoelectrons from
(a), (c) the OQC and (b), (d) Pt(111). In (a) the dispersive oxygen-
derived electronic state is marked. NB: Nonbonding O-2p state;
pdm: w-bonding state with Ti-3d and O-2p orbitals [22]. Color scale
in 10* CCD counts.
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FIG. 4. Momentum- (k,) and energy- (Ep) integrated symmetry-
adapted photoemission intensity I,(k,, Eg) as a function of the az-
imuthal order n up to 50 for (a) Pt(111) and (b) the OQC. The
numbers indicate clear oscillations with the multiples of the 3-fold
symmetry at n = 3m orders, with m as an integer. Dashed curves are
phenomenological fits with the function I, = ae® "¢ for the n # 3m
orders. The fitting parameters are ap, = 6.9 x 10°, bp = 33, cp =
6.4, and apgc = 5.9 x 10°, bogc =9, coge = 0.95. Dashed vertical
line marks n = 12 as the expected first-order azimuthal symmetry of
the OQC dodecagonal structure. In (b) the magnified view forn > 11
is plotted with respect to the right vertical axis.

components I,(k,, Eg) by a Fourier series as

I(ke, ky, Eg) = Y Li(ke, Ep) cos2mne + o), (1)
n=0

where the azimuthal angle (¢) and the magnitude of the
parallel momentum (%,) are given by

¢ = tan" ' (ky/ky) 2)

k= J+ . 3)

Our approach is similar to previous studies where the az-
imuthal (¢) angular distribution of photoelectrons is used
to decompose the valence band spectra with element- and
orbital-specificity [34,35]. The non-negative integer n de-
scribes the intensity variation along ¢, and ¢q is an offset
specified for each combination of n, k., and Ep. In order
to have an impression of the magnitude of I,(k,, Ep), it is
integrated over k, and Ep and shown as a function of n for
the Pt(111) in Fig. 4(a) and for the OQC in Fig. 4(b). As
one can clearly see in Fig. 4(a), the k.- and Eg-integrated
I,(k,, Eg) of Pt(111) oscillates with a period of An = 3 due
to the 3-fold C;, symmetry of the surface. For comparison,
the oscillation in [, is observed on the OQC in Fig. 4(b)
only up to n &~ 24. As marked by the vertical dashed line in
Fig. 4, on the Pt(111) and on the OQC there is about 0.97%

and

and 0.20% of the total photoemission intensity in the 12-fold
component [, respectively. Since n = 12 corresponds to
the first-order azimuthal symmetry of the dodecagonal struc-
ture of the OQC, the energy and momentum dependence of
Ii>(k,, Eg) will be discussed in more detail in Sec. IIIE. As
shown by the semilogarithmic plots in Fig. 4, the intensities
I, (k,, Ep) decrease rapidly as n increases. Therefore we focus
only on the I,,(k,, Eg) with n = 0 to 12 as displayed in Fig. 5,
whose sum contains 88% of all intensities for the OQC and
85% for the Pt(111). The estimation of systematic errors is
presented in the Appendix B.

In Figs. 5(a)-5(c) and Figs. 5(h)-5(j) for the isotropic
Iy, the unidirectional /;, as well as the 2-fold I, intensities,
there are significant differences between the OQC and Pt.
The unidirectional component /; contains all features that
are sensitive to the direction of the incident light and will
be discussed in Sec. IIIC2. In strong contrast to Iy 2, the
spectra on the OQC with multiples of the 3-fold symmetry
(I3,6.9.12) in Fig. 5 are similar to that of the Pt. Therefore,
besides regions S; to S3 in I}, we ascribe the I, Ig, Iy, and
115 spectra of the OQC to photoelectrons from Pt transmitting
directly through the ultrathin OQC layer. For example, the
quenching of the Pt(111) surface resonance (SR) is visible
inlg at k, = 1.3 AA close to Er when comparing Fig. 5(n)
with Fig. 5(g). On the other hand, the dispersive state of the
OQC can be clearly identified in /; in Fig. 5(b) (rectangle) and
unambiguously disentangled from the electronic states of the
underlying Pt(111) in Fig. 5(i). Here we label this dispersive
state of the OQC as 2p,-2p,, whose meaning will become
clear later in the discussion.

C. Dispersion and intensity of the 2p,.-2p, state
1. Assignment to the O,, bands

To examine the dispersive 2p,-2p, state of the OQC more
closely, the I (k,, Eg) spectra of the OQC are displayed in
Fig. 6(a) in detail. To quantitatively extract the dispersion
of the 2p,-2p, state, the I(k,, Ep) spectra are fitted at each
individual k, as exemplarily shown in Fig. 6(b). The ex-
tracted peak positions of the 2p,-2p, state are summarized
in Fig. 6(c), together with the observed NB and pdm states
as well as the known oxygen 2p (O,,) valence band re-
gions in the literature [22,37,38] (R, W, E). In Fig. 6(c)
the upward dispersion of the 2p,-2p, state can be clearly
seen, which is located within the energy region of the Oy,
valence bands of both crystalline and noncrystalline BaTiO;
systems [22,37,38]. Therefore, the 2p,-2p, state is ascribed
mainly to the O, orbitals.

Note that a similar upward dispersion has not been
reported in any experimental work on periodic BaTiO3
films [37,39,40]. In the theoretically calculated O,, bands of
various phases of BaTiO3 [32,41-46], only one band disperses
monotonically upward from the I' point with the energy of
the pdm bands toward the corners of the Brillouin zone,
comparable to the observed 2p,-2p, state in Fig. 6(c). This
upward-dispersive O, band consists of only pure O, orbitals
along the 'R and I'M directions in the Brillouin zone [32,47].
Therefore, we assign the 2p,-2p, state of the OQC to a
combination of mainly O, orbitals with a small hybridization
of Ti-3d orbitals below 10% [48].
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FIG. 5. Azimuthally decomposed photoemission intensity 7,(k,, Eg) with n = 0 to 12 of the OQC in (a)-(g) and (0)—(t), and Pt(111) in
(h)—(n) and (u)—~(z). 2p,-2p,: O, state with combined orbitals in the surface plane. The minimum/maximum color scales are (a) 0.1/2.6,
(b) 0/0.4, (c) 0/0.2, (d) 0/0.1, (e) 0/0.04, (f) 0/0.02, (g) 0/0.06, (h) 0.2/7.3, (i) 0/1.6, (§j) 0/0.5, (k) 0/1.3, (1) 0/0.3, (m) 0/0.2, (n) 0/0.6,
(0)—(p) 0/0.02, (q) 0/0.04, (r)—(t) 0/0.02, (u) 0/0.2, (v) 0/0.1, (w) 0/0.6, (x)~(y) 0/0.1, (z) 0/0.3 in 10* CCD counts. In (n), the label SR
indicates the surface resonance of Pt(111) at M points, which is quenched by the OQC in (g). In (t), the S;, S,, and S; indicate pronounced
12-fold features on the OQC.

2. Assignment to the combined in-plane 2p.-2p, orbitals be estimated by a TiOg cluster [32,49,50], which contains
To understand the dispersion of the 2p,-2p, state more nearest-peighboring O,,, orbitals aligned either in parallel or
quantitatively, the overlap between orbitals needs to be con-  Perpendicular to each other. The latter, however, has a two

sidered. The orbitals of the upward-dispersive O,, band can times larger overlap between the orbitals than the former [32].
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FIG. 6. (a) I, (k,, Ep) spectra with 2p,-2p,, pdm, and NB states
and the bottom of the bulk Pt-d bands along A [36]. Dashed lines
and circles are guides to the eye. (b) Two spectra from (a) fitted
with three Gaussian functions for the pdw and the 2p,-2p, states,
as well as the NB state with a possible contribution from Pt. Red
curves are sums of the three peaks and a linear background (bg).
Curves in (a) and (b) are shifted by 200 and 1700 CCD counts.
(©) E(l;) of O,, bands. Circles: 2p,-2p, and pdr states in I, (k,, Ep).
Squares: NB and pdm states in Figs. 3(a) and 3(c). R, W, and E:
Regions of O,, bands and Tiz;-O,, pdo bonding bands on BaTiO;
crystals and films [22,37,38]. Pt: Bulk transitions in Pt [36]. Filled
area: Surface-projected bands on Pt(111) [27]. k™ is related to the
[1211] LEED spot in Fig. 1(a).

As aresult, the transfer integral of the 90° orientated, nearest-
neighboring O, orbitals amounts to 1.1 eV, which is 70%
of the value in a o-bonding geometry [32,51,52] and is
larger than other combinations of O,, orbitals along the Ti-O
directions [32]. Because of this large transfer integral, the
bandwidth of the 2p.-2p, state reaches 1 eV as shown in
Fig. 6(c), and it is comparable to the O, bands in other bulk
titanates and 2D oxygen structures [53-55].

The above assignment for the observed dispersive 2p,-2p,
state as a combination of in-plane oxygen 2p, and 2p, or-
bitals can be more intuitively understood from two simplified
perspectives: (1) The observed dispersion goes from a lower
energy at the T’ point toward higher energies (lower Ep) at
higher momenta. This upward dispersion cannot be derived
from a band with only 2p, or 2p, orbitals because of their
sign reversal in the orbital wave function. Instead, a 2p, band
or a 2p, band has a downward dispersion from the T point
toward higher momenta along k, or k,, respectively [56,57].
(2) Neighboring 2p, orbitals perpendicular to the surface are
in a w-bonding geometry and have much less overlap than
most of the combinations of neighboring 2p, or 2p, orbitals.
As a consequence, a band derived from the 2p, orbitals has
the narrowest bandwidth among all O,,, valence bands [57,58]
and cannot be responsible for the observed 2p,-2p, state.

The assignment of the 2p,-2p, state to the O, orbitals in
the surface plane is further supported by the angular distri-
bution of photoelectron intensity /;. As shown in Fig. 5, the
2p.-2p, state is most clearly seen in the unidirectional inten-
sity /1 in Fig. 5(b), whereas the NB and pdr states are mainly
in the isotropic Iy and 2-fold I, intensities. This observation is
consistent with model calculations of photoemission [59,60],
where an atomic p orbital oriented in the surface can yield
a larger unidirectional intensity asymmetry than the p orbital
perpendicular to the surface. Moreover, the clear dispersion of
the 2p,-2p, state is evidence for the 2D delocalized electronic
wave function in the OQC layer, in analogy to the dispersive
O,,, bands for three-dimensional oxides [61]. This evidence is
further supported by control experiments on BaTiO3 islands
(see Appendix A).

3. Possible hybridization with Pt electronic states

In Fig. 6(c) the surface-projected electronic band structure
of Pt(111) is shown and several directional band gaps are
displayed (white regions). Near the T point, the 2p-2py
state begins its upward dispersion at Eg ~ 6.0 eV and is
located within the energy-momentum region of a Pt(111)
band gap extending from Ep = 4.6 to 7.6 eV. Since elec-
tronic states within the band gap are forbidden in Pt(111),
the 2p.-2p, state in the gap is confined within the OQC
film and its wave function decays exponentially into the Pt
substrate [62,63]. Because the dispersion of the 2p,-2p, state
starts within the band gap of the Pt(111) surface where no Pt
electrons are available, we exclude the hybridization with Pt
electronic states or the interface state as the main origin of
the observed dispersion. At the higher parallel momentum of
k, =~ 0.5 Afl, the dispersion of the 2p,-2p, state in Fig. 6(c)
extends across the boundary of the Pt(111) band gap and
enters into the energy-momentum regions of occupied Pt
electronic states [27]. Consequently, at higher momenta with
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FIG. 7. 2D momentum map on (a), (d) the OQC and (b), (e)
Pt(111), with (a), (b) at Er and (d), (e) at Eg = 0.5 eV. In (c), (f) their
momentum distributions along k, integrated over k, = £0.5 A" are
shown, and the full width at half maximum near k, = 0 for OQC
(filled regions) is estimated by the arrows. The minimum/maximum
color scales are (a) 4.5/6, (b) 7/16, (d) 7.5/9, (e) 6/12, in 10> CCD
counts. The Ti-3d' occupation in OQC is estimated by the circle
in (a).

k- > 0.5 A1, the overlap between the wave function of the
2p.-2p, state and that of the Pt 54 and 6sp electrons can
increase significantly and possible hybridization could occur.

D. Indication of the Ti-3d states

In addition to the O, bands, a closer look at the pho-
toelectron momentum distribution near Er in Fig. 7 reveals
the occupation of the Ti-3d states within the OQC. As can
be seen from the direct comparison between Fig. 7(a) and
Fig. 7(b), additional spectral weight for the OQC is present
around the T point. This additional spectral weight can be
better quantified in the momentum line profiles along k, in
Fig. 7(c), where the intensity on the OQC (red) is much

higher at k, = 0 than at k, ~ £0.85 A_], in opposition to
the case of Pt(111) (blue). By assuming that the intensities at

ky, ~ £0.85 A completely result from Pt and the intensity

ratio between the Pt features at k, = 0 and k, ~ +0.85 Alis
a constant, we can estimate the Pt contribution in the spectrum
of the OQC in Fig. 7(a) at the T point as 15%. Since 85% of
the additional spectral weight at the T point on the OQC is
located in the energy and momentum region comparable to
the occupied Ti-3d states in BaTiO3 films doped by oxygen
vacancies [39,40], we assign the observed additional spectral
weight to the occupation of Ti-3d states.

At Eg = 0.5 eV in Fig. 7(d) the intensity distribution on
the OQC near the T' point becomes narrower than that at the
Ep in Fig. 7(a), and it is comparable to that of the Pt(111) in
Fig. 7(e). This can also be seen in the momentum profiles in

Fig. 7(f) and implies an E (I;) dispersion of the Ti-3d states in
the OQC. Due to the broad momentum distribution of photo-
electrons from OQC near Ef, no clear E (1_5) dispersion could
be identified for the Ti-3d states of the OQC. By assuming
an upper bound of Eg = 0.5 eV and a Fermi wave vector of

0.6 A_l, a lower bound of the effective mass meg = 2.7m,
is estimated, with m, as the rest mass of an electron. The
dispersion of the Ti-3d states will be studied in the future
using resonant photoemission.

The observed spectral weight of Ti-3d states is compatible
with the assumption of a d' configuration of each Ti atom
within the OQC. From this assumption and from the area
density of Ti atoms of 2.5 x 10'* cm™2, a corresponding

Fermi wave vector of 0.6 A~ follows and is indicated by the
dashed circle in Fig. 7(a). The qualitative agreement for the
observed photoemission intensity within the expected Fermi
wave vector in Fig. 7(a) suggests a Ti-3d! configuration of the
OQC. The 3d' configuration also explains straightforwardly
the Ti** signals from the earlier OQC samples in x-ray
photoelectron spectroscopy [18], which were accompanied
by the Ti*" signals of the remaining BaTiO3(111) islands
from the final wetting process. From the 3d' configuration
we expect a spin moment at each Ti site that might couple
in a nontrivial way due to magnetic frustration within the
aperiodic tiling [64,65]. The observation of a continuous
density of states below Ep indicates the metallic character of
the OQC, which suggests an alternative driving force other
than the Hume-Rothery mechanism for the formation of the
0QC [6,66-70].

E. Role of the quasicrystal atomic potential
1. Umklapp processes for photoelectrons from Pt

Last but not least, we discuss the possible influence of
the quasicrystalline atomic potential to the observed E (k)
and the photoemission process. As displayed in Fig. 5, the
dominant photoemission features of the OQC are observed in
Iy, 11, and I,. Although the 12-fold intensity I, in Fig. 5(t)
has the same dodecagonal symmetry as the LEED pattern of
the OQC [18,71], its magnitude is 20 times smaller than ;.
Furthermore, only the features S; to S3 in I;; may be attributed
to the OQC when comparing Fig. 5(t) with the data of Pt(111)
in Fig. 5(z). As will be discussed in the following, we attribute
the regions S 13 at (k. Eg) = (1.1 A™', 2.2 eV), (1.1 A7,
3.9 eV), and (1.9 Afl, 4.1 eV) to umklapp processes of
photoelectrons coming from the Pt substrate being scattered
by the OQC structure. For photoelectrons from Pt in Fig. 5(h)
near Ep = 2.2 eV, there is a broad feature at around (k,, Ep)
=(0.5 Afl, 2.3 eV), and its momentum difference Ak, from
that of the S; region is Ak, =~ 0.6 A_l. This momentum
difference could be provided by the umklapp process at the
OQC with its theoretical position of the first-order LEED
spot at gjoo10] = 0.52 Afl, which has been observed in our
earlier LEED measurements at a much lower kinetic energy
of 8 eV [18].

The regions S, and S in Fig. 5(t) are located in the binding
energy range near the intense photoemission feature of Pt at
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(k., Eg) = (0 A_l, 4.1 eV) in Fig. 5(h), with a difference
in the momentum coordinate of Ak, = 1.1 A_] for S, and

Ak, =1.9 ;‘fl for S;. The former value agrees with the
position of the more intense [1111] LEED spot of the OQC

in Fig. 1(b). The latter Ak, = 1.9 A~ for S3 is comparable

to the weaker [2210] LEED spot at gj10) = 2.0 ;‘;1 as also
observed in Fig. 1(b). Therefore we attribute S, and Ss3 to
photoelectrons from the underlying Pt substrate undergoing
umklapp processes with gj111; and gp2210, respectively.

2. Kink in the dispersion of the 2p.-2p, state

In addition to umklapp processes at the dodecagonal struc-
ture, a kink in the dispersion of the 2p,-2p, state in Fig. 6(c) at
kkink js visible. Its position matches the expected momentum
for a QC gap due to the g1211) Bragg peak: 2kK7% = g5 ~

1.5 10\71 in Fig. 1(a) [18,71,72]. Similarly to the formation
of band gaps at the zone boundaries of periodic systems,
the Fourier components of an aperiodic structure can lead to
pseudogaps and folding of bands in the electronic dispersion
E (E) [73,74]. In earlier photoemission model calculations for
metallic QCs [73], the corresponding folding in £ (k) can only
be observed at strong Fourier components of the aperiodic
potential. Therefore we attribute the absence of folded oxygen
bands and pseudogaps in the dispersion in Fig. 6(c) to a weak
influence of the QC atomic potential to the O,, electrons,

which is only sufficient to produce a kink in £ (k). Despite the
more intense LEED spots at gj1111; than gpi2117 in Fig. 1(a),
the kink is only observed at 0.5¢(j211;. This observation can
be explained by the very different energy of the electrons
in the diffraction process with a kinetic energy of 28 eV,
which is about 36 eV higher than the O,, valence bands at
Ep = 4to 6 eV. As a consequence, the matrix element for the
quasicrystal atomic potential is different for the wave function
of the oxygen orbitals as compared to that for the electrons in
the LEED process.

The indication of a weak influence from the quasicrystal
potential to the O,, electrons is further supported by the
spatial extension of the O, wave function. The O*~ ion has
an ionic radius of rg>- &~ 1.4 A [75] and the O, orbital has an
average radius of 0.9 A [76]. These values are much smaller
than the next-neighbor Ti distance of aogc = 6.85 A that
provides the 12-fold potential in the OQC [18]. Moreover, the

binding energy Eg (eV)
(A®) 3 ABisua opauny

-1 0 1 -1 0 1
parallel momentum ky (A-') parallel momentum ky (A1)

FIG. 8. Energy-momentum distribution of photoelectrons from
periodic BaTiO3(111) islands on Pt(111) for comparison with Fig. 3.
Color scales are in 10* CCD counts.

binding energy Eg (eV)

(syunod o9 <0 1) Ajisuayul uoissiwaojoyd

0 0.5 1.0 1.5 2.0 7 6 5 4 3

parallel momentum k, (A-) binding energy Eg (eV)

FIG. 9. Azimuthally decomposed photoemission intensity
I (k., Eg) of (a) Pt(111), (b) BaTiO;-derived oxide quasicrystal
(0QC), and (c) BaTiO3(111) islands on Pt(111). The line profiles of
I, (k., Ep) from (a), (b), and (c) at k, = 0.7 to 1.3 Aq are shown in
(d), (e), and (f), respectively. The minimum/maximum color scales
in (a) and (c) are 0/1.6 and 0/1.3 x 10> CCD counts. The color
scale for (b) is the same as in Fig. 5(b). For clarity, curves in (d)—(f)
are shifted vertically.

radial wave function of the O, orbital decreases from 0.5 A_l

t0 0.04 A~ when going from the radial distance of rp- to
aoqc/2 [77,78]. This reduction in the wave function by a
factor of 10 at an increasing distance would lead to a decrease
in the matrix element and the overlap integral between two
O,, orbitals by two orders of magnitude. As a result, the
dispersion of the O,, bands and the corresponding photoe-
mission intensity is less influenced by the 12-fold long-range
QC potential as compared to the delocalized free-electron-like
states in metallic QCs [14,17,79].

IV. SUMMARY

To summarize, the orbital configuration of the O,, valence
bands in the 2D BaTiOs-derived oxide quasicrystal (OQC) is
resolved by photoemission using momentum microscopy. We
observe a clear upward energy-momentum dispersion of the
2p,-2p, state with a kink associated with the diffraction spot
at gp1211; of the OQC, which suggests a weak interaction with
the quasicrystal potential and might be a hint for a pseudogap.
In the angular distribution of the photoelectrons, a 12-fold
component can be identified. However, its magnitude is orders
of magnitude lower than the lower symmetry components and
it is tentatively attributed to umklapp scattering at the 12-fold
quasicrystal potential. In addition, occupied Ti-3d states are

125149-7



CHENG-TIEN CHIANG et al.

PHYSICAL REVIEW B 100, 125149 (2019)

binding energy Eg (eV)

0 1 20 1 20 1
parallel momentum k, (A"')

N

FIG. 10. Azimuthally decomposed photoemission intensity
I5(k., Eg) of (a) Pt(111), (b) the BaTiO;-derived OQC, and
(c) BaTiO5(111) islands on Pt(111). Features S;, 3 of the OQC in
(b) are marked as in Fig. 5(t). The color scales for (a), (b) are the
same as in Figs. 5(z), 5(t) and for (c) the minimum/maximum scales
are 0/5 x 10?> CCD counts.

observed at E that lead to a metallic character of the BaTiO5-
derived OQC.
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APPENDIX A: COMPARISON BETWEEN THE OXIDE
QUASICRYSTAL AND THE BaTiO3(111) ISLANDS

To support the dispersive 2p,-2p, state as a delocalized
electronic state extended over the 2D BaTiO3-derived oxide
quasicrystal (OQC), we compare in Figs. 8, 9, and 10 pho-
toemission spectra measured on the OQC, the bare Pt(111),
and the periodic BaTiO3(111) islands grown on Pt(111) by
dewetting in oxygen atmosphere [21]. The raw data of the
energy-momentum distribution from the BaTiO3(111) islands
are shown in Fig. 8 for comparison with the data of the OQC
and Pt in Fig. 3. In Fig. §, mainly the dispersive features
of Pt(111) are observed, together with the less dispersive
features of the oxygen O,, valence states at Ez ~ 4 and
6 eV. As can be clearly seen in the unidirectional intensity
I, (k,, Ep) in Figs. 9(b), 9(e) for the OQC in comparison with
Figs. 9(c), 9(f) for the islands, the dispersive 2p,-2p, state is
absent on the BaTiO3(111) islands. Instead, on the islands we

(b) BaTiO; islands

(1-y) Ay wnyuswow |ejjesed

2-2 -1
parallel momentum k, (A-1)

FIG. 11. 2D momentum distribution of photoelectrons from
(a) the OQC and (b) the BaTiOs; islands on Pt(111) at the binding
energy Ep = 5.0 eV. Color scales are in 10* CCD counts. Dashed
circles in (a) enclose the region for the 2p,-2p, state.

observe in Fig. 9(f) less dispersive states at energies close to
the oxygen pdm and nonbonding (NB) valence states. These
O,,, states are consistent with the observation in Fig. 8.

In addition, the 12-fold intensity Ij(k,, Eg) from the
BaTiO3(111) islands in Fig. 10(c) is comparable to that of the
Pt(111) in Fig. 10(a), but different from that of the OQC in
Fig. 10(b). This observation reveals the influence of the OQC
2D atomic potential on the transmission of photoelectrons
from the underlying Pt(111), resulting in features S; to S;
in Fig. 10(b). Examples of the 2D momentum photoelectron
distributions are shown in Fig. 11 for the OQC and the
BaTiO3(111) islands at the binding energy Eg = 5.0 eV. The
area between the dashed circles in Fig. 11(a) is the region of
the 2p,-2p, state. The intense 3-fold features in Fig. 11(b),
which are also partially visible in Fig. 11(a), originate from
Pt(111).

APPENDIX B: ESTIMATION OF SYSTEMATIC
ERRORS IN I, (k,, Eg)

The intensity uncertainty of each of the I,(k,, Eg) can be
estimated by their square root values according to the Poisson
statistics, which is less than 15% for the S; to S3 regions in
the 11, (k,, Ep) of the OQC in Fig. 5(t) as well as most of the
visible regions in the I}5(k,, Eg) of the Pt(111) in Fig. 5(z).
Another systematic error is introduced by the uncertainty in
determining the origin of the k.-, plane, which enters Eq. (1)
by the definition of the k.. In our experiments the origin of
the k.-k, plane can be determined more precisely than 1 x

o —1 . . .
1072 A" in the presence of an instrumental resolution better
o —1 . .
than 5 x 1073 A~ [20], and the resultant relative error is less
. . ¢ —1
than 10% for the momentum regions with k. > 0.1 A .
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