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Abstract

In light of the recent research interest in low-dimensional bismuth structures as spin-active materials and
topological insulators, we present a comprehensive characterisation of the Bi/Au(111) interface. The nuanced
evolution of Bi phases upon deposition in ultra-high vacuum (UHV) on a Au(111) surface is investigated
from semi-disordered clusters to few-layer Bi(110) thin films. Particular attention is devoted to the high-
coverage, sub-monolayer phases, commonly grouped under the (P x v/3) nomenclature. We bring forth a new
model, refining the current understanding of the Bi/Au(111) interface and demonstrating the existence of
sub-monolayer moiré superstructures, whose geometry and superperiodicity depend on their coverage. This
tuneable periodicity paves the way for their use as tailored buffer and templating layers for epitaxial growth of
thin films on Au(111). Finally, we clarify the growth mode of multilayer Bi(110) as bilayer-by-bilayer, allowing
precise thickness control of anisotropically-strained thin films. This holistic understanding of the structural
properties of the material was enabled by the synergy of several experimental techniques, namely low-energy
electron diffraction (LEED), X-ray photoelectron spectroscopy (XPS), scanning tunnelling microscopy and
spectroscopy (STM, STS), and X-ray standing waves (XSW), further corroborated by density functional
theory (DFT) simulations.

1 Introduction which are common substrates for in-vacuo epitaxy.

On Au(111), several studies describe a wide array
of ordered phases obtained by electrochemical depo-
sition at the liquid-solid interface: (2 x 2), (P x v/3),
(7 x T)R21.8°, and (5 x 25v/3/3) [17, 18, 19], which
likely became of interest in light of the emergent cat-
alytic activity of Bi-decorated gold surfaces [20]. Nev-
ertheless, only a handful of studies have explored the
complex succession of phases that occurs upon Bi de-
position in UHV [21, 22, 23]. Most significantly, the
existing literature presents conflicting results on some
of the finer details, revealing an incomplete under-
standing of the structural properties of the different
Bi phases. For example, the low-coverage (6 x 6)
phase observed by Jeon et al. [21] was later refined
as a (v/37 x V/37)R25.3° Kagome lattice, while both
layer-by-layer (Frank-van der Merwe) [22] and island
(Stranski-Krastanov) [23] growth modes have been
reported for the multilayer.

Lastly, promising results have been achieved using

As the heaviest naturally-occurring pnictogen, an
element belonging to the periodic table’s group V,
bismuth has been extensively studied due to its par-
ticularly large spin-orbit interaction [1, 2], which is
of distinct relevance for spintronic applications such
as room-temperature quantum spin Hall materials
[3, 4]. Two-dimensional Bi sheets, commonly called
bismuthene, are predicted to be topological insulators
due to the presence of non-trivial edge states [5, 6].
Likewise, thin-film Bi(111) and Bi(110) layers have
been reported as potential topologically active materi-
als, with tuneable properties depending on the number
of layers [1, 5]. Attempts at epitaxial growth in ultra-
high vacuum (UHV) have already been performed on
several substrates [7, 8, 9, 10], including a recent re-
port of flat bismuthene on SiC(0001) [11, 12], whereas
a tendency towards the formation of surface alloys has
been highlighted on coinage metals [13, 14, 15, 16],



the Bi-functionalised Au(111) surface as a template
layer for molecular deposition [24], whereas the mul-
tilayer growth of weakly-interacting Bi(110) bilayer
films on gold [22, 23] suggests the potential use as a
buffer layer, when direct interaction of other adsor-
bates with the substrate is undesirable. For instance,
recent examples of single-atom magnets with unprece-
dented stability [25] and 2D polymers produced by
photopolymerisation [26] emphasise the relevance of
rationally-chosen buffer layers.

In this paper, we refer to the low-coverage, sub-
monolayer Bi/Au(111) phase as a benchmark to iden-
tify the optimal growth conditions for Bi thin films.
Utilising a suite of experimental techniques, namely
low-energy electron diffraction (LEED), X-ray pho-
toelectron spectroscopy (XPS), scanning tunneling
microscopy and spectroscopy (STM, STS), and X-ray
standing waves (XSW), we present a holistic under-
standing of the (P x v/3) phase’s structure [22, 23].
In contrast to the reports of incommensurability, we
report a succession of high-coverage, sub-monolayer
phases with slightly different lattice parameters that
yield a series of moiré superstructures of increasing su-
perperiodicity, confirmed by our density functional the-
ory (DFT) simulations. Finally, we rely on STM and
LEED measurements, as well as our newly-developed
model, to understand the multilayer growth mode and
rationalise the formation of Bi(110) thin films.

2 Experimental Methods

Preliminary tests to identify the ideal deposition
conditions were conducted at TUM Physics E20 in
a UHV chamber with a base pressure better than
1 x 10~ mbar, housing LEED optics, a SPECS Phoi-
bos 100 CCD electron energy analyser, and a custom-
built X-ray gun with an Al/Mg dual anode. High-
resolution XPS (HR-XPS) data, LEED patterns en-
hanced by a microchannel-plate (MCP) detector, and
normal-incidence X-ray standing waves (NIXSW) pro-
files were then recorded at the 109 beamline of the
Diamond Light Source in Didcot (United Kingdom)
[27], where two undulators allow the simultaneous irra-
diation of the sample with soft (0.1-2.0keV) and hard
(2.1-20keV) X-rays. Scanning probe experiments
(STM, STS) were conducted at TUM Physics E20 in a
chamber with base pressure better than 2x107'° mbar,
equipped with a CreaTec low-temperature STM setup
capable of cooling down to 6K, as well as at the
PEARL endstation of the Swiss Light Source (SLS)
synchrotron in Villigen (Switzerland), equipped with
an Omicron LT-STM apparatus capable of cooling
down to 4K. The LEED setups at E20 and 109 are
OCI Vacuum Microengineering Inc. LEED optics,
whereas the electron energy analysers at PEARL and
109 are VG Scienta EW4000 and EW4000 HAXPES re-
spectively. The LEED measurements were performed
at sample temperatures between 300 K and 80 K. No
changes were observed as a function of temperature
for any of the phases other than a sharpening of the

diffraction spots on colder samples due to the reduced
background noise. Both the LT-STM chamber at E20
and the PEARL endstation are also equipped with
LEED optics, used to ensure a consistent quality of
the grown samples across all experimental chambers.

The Au(111) samples were cleaned by repeated
cycles of sputtering with Ar™ or Ne™ and annealing at
725K for 5min. Bi deposition was performed in UHV
by heating a MaTecK granulate of 99.999% purity
through a custom-built evaporator and controlling the
temperature through a thermocouple attached directly
to the granulate-containing crucible. The evaporation
temperature was kept at 750 K. The details regarding
the calibration of the adsorbate coverage are presented
in the Supplemental Material (SM), Section S1 [28].
In this work, we define 1 ML as the coverage at which
the whole surface is covered by an atomically-thin
Bi sheet, beyond which any excess Bi triggers multi-
layer growth. All presented XPS spectra were fitted
with a convolution of Gaussian and Doniach-Sunjic
lineshapes while subtracting a combination of con-
stant, linear, and Shirley backgrounds [29, 30]. The
STM data was analysed using WSxM 4.0 and Sp-
mlImage Tycoon [31, 32]. In STM height profiles, a
calibration factor of 0.92 along the vertical direction
was determined using the known height of the Au
step. Kinematically simulated LEED patterns were
produced using LEEDpat 4.2 [33]. The presented
structural models were rendered using VESTA 3 [34].

The DFT [35] calculations were performed using
the codes Quantum ESPRESSO (QE) [36] and Vi-
enna Ab-initio Simulation Package (VASP) [37]. The
exchange-correlation term in the Kohn-Sham Hamil-
tonian was approximated with the generalised gradi-
ent approximation by Perdew, Burke and Ernzerhof
[38]. Using QE, the equilibrium lattice constant of
Au was determined to be 4.1469 A, and this value was
thus used in subsequent calculations. However, when
quantitatively comparing the DFT results with experi-
mental data, a 0.9834 correction factor was applied to
the simulated distances to account for the Au lattice
constant being larger than the 4.0782 A experimental
value [39]. The Bi-Au interface was modelled as a slab
consisting of five layers of Au and a terminating layer
of hydrogen atoms at the bottom in order to acceler-
ate the convergence of the electronic structure toward
the solution at thicker slabs. The two top layers of
the Au(111) slab were allowed to relax in all three
directions and the terminating H vertically at the face
centred cubic (FCC) adsorption sites; convergence was
concluded when the energy changed less than 107 eV.
The (P x v/3) structures were simulated based on the
experimentally-developed model hereafter. Spin-orbit
coupling was not included in the calculations, as it is
expected to have little effect on the geometry. The
lateral Brillouin zone was sampled with an equidis-
tance grid of n x 12 k points, where n = 4,4,2,2 2 as
P =5,8,11,14,17. We used a Fermi-Dirac broadening
of the occupation numbers with a width of 50 meV.
The discontinuity of the electrostatic potential in the
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Figure 1: (a) Low-Temperature STM image (V=1.00V, I=34pA) of very-low-coverage Bi/Au, show-
ing disordered clusters. (b) Fourier-transformed image of panel a. (c) LEED pattern of the low-coverage
(\/ﬁ X \/ﬁ)R25.3° phase, with the corresponding simulated pattern superimposed (red and blue spots
correspond to different symmetry domains). (d) Zoomed-in image of panel ¢, highlighting (yellow) some
characteristic features of the LEED pattern, demonstrating the agreement between experimental and simulated
data. (e) STM image (V=-0.01V, I=100pA) of the low-coverage phase. (f) STM image (V=2.50V,

I=100pA) of the same area as in panel e.

vacuum was ensured with the surface dipole correction.
The Bi core-level binding energies were evaluated by
shifting half of an electron from the chosen core level
to the Fermi energy.

3 Results and Discussion

3.1 The Low-Coverage Systems

At very-low coverage (< 0.5 ML), the adsorbed Bi
atoms aggregate into clusters (Figure 1a), which have
recently been the subject of increasing research inter-
est [40]. While seemingly disordered, a weak tendency
of the clusters to arrange following the hexagonal sur-
face layer’s symmetry of the substrate is evidenced by
the 2D fast Fourier transform (FFT) of the STM data
(Figure 1b). Both results agree with the literature
reports of a poor-quality (5 X 5) cluster arrangement
at ~ 5K [22, 23]. Jeon et al. observed the clusters to
be highly mobile at room temperature (RT) [21], as
confirmed by the lack of a LEED pattern beyond that
of the underlying Au(111) substrate (not shown), in
accordance with the results by He et al. [23].

As the coverage increases (=~ 0.57 ML), an ordered
phase appears with (\/?ﬁ X \/?W)RQS.BO symmetry,
which is in line with previous literature reports [22, 23]
and indicates the correct reproduction of the expected
Bi/Au(111) systems. This phase will be further re-
ferred to as the “low-coverage phase” to distinguish it
from the high-coverage striped phases that occur upon
further Bi deposition up to completion of the mono-
layer. Its characteristic LEED pattern is presented in

Figure 1c (cf. details in Figure 1d), while a typical
STM image is shown in Figure le and images at larger
tip-bias voltage are reported in Figures le and S2 [2§],
expanding the currently available literature.

3.2 The (P x \/3) Phase

A further phase transition occurs at a cov-
erage of ~ 0.81 ML, as the six-fold symmetric
(\/ﬁ X \/ﬁ)R25.3° phase transforms into a two-
fold symmetric high-coverage, sub-ML structure. The
latter is known as the (P x 1/3) phase [22, 23], a
nomenclature used in the literature and referring to
its commensurate v/3 periodicity along the substrate’s
[112] direction and incommensurate P periodicity
perpendicular to it, which gradually decreases as the
coverage increases. A characteristic striped pattern
was observed in our LT-STM measurements upon
further Bi deposition (Figure 2a), with stripes aligned
along the [112] direction of the Au(111) substrate and
an apparent height modulation occurring perpendicu-
larly to the stripes’ axis (Figure 2b). The transition
from the low-coverage phase to a (P x v/3) structure is
evident from the distinct changes in STM topography
(Figures le and 2a) and LEED pattern (Figures lc
and 3a). Here, the sub-ML coverage is confirmed by
comparison of the STS spectrum in Figure 2c¢ with
the ones reported by Kawakami et al., where the lack
of features other than a shoulder around 0.7V was
associated with the monolayer regime [22], as well as
by the coverage calibration presented in Section S1
[28].
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Figure 2: (a) Low-Temperature STM image of high-coverage Bi/Au (V'=0.10V, I=500pA). The Fourier-
transformed image was filtered to reduce the noise contribution. (b) Height profile along the azure arrow
drawn in panel a. The red numbers highlight a change in relief across neighbouring stripes. (c¢) Typical STS
spectrum recorded on the structure in panel a. (d) Depiction of the rotation and size of the Bi unit cell
(purple) relative to that of the topmost Au layer (orange). The rotation angle between the two unit cells
amounts to #=12.5°, defined by the Bi and Au lattice vectors (respectively, ap; and aa,), while the angle
between the Bi lattice vectors is a=95° (thus /276 = 60°). Note that the Bi atom used as reference to build
the unit cell has here been arbitrarily placed in a top adsorption site to facilitate the understanding of the
symmetry relation. (e) Highlight on the image from panel d of the direction of the stripes observed in panel a,
aligned along the [112] substrate direction. In this work, we use the letters a and b to indicate the lattice
vectors, [ for the nearest neighbour distance, d for the diagonals, and * to distinguish the moiré supercell from

the unit cell.

The bismuth adlayer arranges into a nearly-square
lattice, with lattice vectors 1.16 times longer than
the substrate’s and a lattice angle of 95°. The Bi
unit cell is rotated by 12.5° relative to that of the
underlying Au(111), thus aligning its diagonals along
the substrate’s [110] and [112] directions respectively
(Figure 2d). We therefore introduce the notation of
(1.16 x 1.16) R12.5°A95° for this and similar structures.
The periodicity along the stripes is ~ 5 A, compat-
ible with v/3 lau (law = 2.88 A), which is commen-
surate along the substrate’s [112] direction (Figure
2e). The spacing between adjacent stripes appears to
be 2|dg;| = 8.85 A = 3.07lx,. However, the imper-
fect periodicity of the apparent height profile across
neighbouring stripes, indicated in Figure 2b, suggests
the presence of a longer-range superperiodicity per-
pendicularly to the stripes. In fact, the alignment
of dp; parallel to the [110] direction of the Au(111)
surface entails the possibility of a long-range moiré
coincidence between the Bi superlattice and the sub-
strate along this direction. This would signify that
the Bi superstructure’s unit cell in this direction spans
multiple stripes, in contrast with the claims of incom-
mensurability advanced in the literature [22, 23].

It has been reported in the literature that the

(P x v/3) phase is characterised by the superstruc-
ture’s periodicity perpendicular to the stripes (P)
shrinking as the coverage increases [23], resulting in
a succession of incommensurate superstructures on
the surface [22]. Nevertheless, we find this to not be
compatible with the observed LEED patterns (Figure
S5) [28] and propose instead a succession of commen-
surate moiré patterns of increasing superperiodicity
arising as the coverage increases up to 1 ML. As evi-
dent from Figure 3a, this complex system produces an
intricate LEED pattern, whose coverage dependence is
most conveniently observed in six “shrinking triangles’
(green), named after the tendency of the six spots
contained in each of them to grow closer together at
increasing coverages.

)

We propose the structural model in Figure 3b, in
which the stripes develop along the substrate’s [112]
direction with constant periodicity, |ak;| = v3lau
(the * distinguishing the lattice parameters of the
rectangular supercell from those of the nearly-square
unit cell). In order to maintain this periodicity as
the coverage increases, the nearest neighbour distance
of the high-coverage Bi phase (|agi| = |bsi| = IBi)
gradually decreases, as does the rotation angle (6)
relative to the Au(111) unit-cell vectors, whereas the
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Figure 3: LEED pattern of the (P x v/3) phase at a coverage of ~1ML, on which are superimposed the
dots (yellow) of an analogous phase of lower coverage (Figure S3b) [28]. Highlighted are some spots which
exhibit different trends as the coverage increases: stationary (white, dashed), moving away from the (0,0)
spot (red, dotted), approaching the (0,0) spot (blue, full), and a “shrinking triangle” (green, dash-dotted). (b)
Structural model of the (5 x \/ﬁ) superstructure, on which are highlighted the Bi supercell’s lattice vectors
parallel (af;) and perpendicular (bf;) to the striped pattern in Figure 2a. The direction of the stripes is
highlighted in black. Models of the longer-periodicity moiré structures are displayed in Figure S4 [28]. (c)
High-symmetry adsorption sites on the Au(111) surface. The bridge sites are differentiated to account for
their orientation relative to the moiré supercell: at +30° angles with the stripe axis for “bridge 1” and “bridge
3” positions, and perpendicular to the stripe axis for the “bridge 2” site.

angle (a) between the Bi unit-cell vectors increases
(defined in Figure 2d). As a result, the length of the
Bi unit cell’s diagonal perpendicular to the stripes
(dpi) is reduced. This, however, does not cause the
superstructure’s lattice constant in this direction (bf;)
to shrink, which would lead to an incommensurate
adlayer. Instead, b; spans a greater number of dg;
units, reaching a commensurate moiré periodicity over
a larger scale (Figure S4).

In order to obtain further structural information
regarding the adlayer, we conducted normal-incidence
XSW measurements (see Section S3.1). The fitted
NIXSW data and the resulting coherent parameters
(f coherent fraction, p coherent position) are re-
ported in Figure 4c. Relative to the surface reflection
((111) planes), the high coherent fraction indicates a
markedly flat layer, and therefore that the adsorption
height can be derived from the coherent position (as-
suming a negligible surface relaxation of the substrate).
As the period of the standing wave matches the pla-
nar spacing of the crystal along the [111] direction
(2.35A), there are multiple adsorption heights that
mathematically agree with our measured results, the
so-called “modulo-d” [41]. Excluding any negative
(Bi intercalation) or unphysically large values, only
heights of 0.19 A, 2.54 A or 4.89 A would agree with
our experimentally measured py1; values (Figure 4a-b).
The correct adsorption height can be determined by
means of triangulation, recording the NIXSW profiles
relative to non-equivalent planes, tilted with respect
to the surface plane (Figure 4c), and comparing the
experimental results with the coherent parameters of

a simulated structure (Figure 4a: (111) planes, Figure
4b: (200) planes). Further details of our NIXSW
triangulation analysis are presented in Section S3.1.
We infer the correct value to be hi = 2.54 +0.03 A,
slightly exceeding the substrate’s spacing but signif-
icantly smaller than the planar spacing of Bi(110)
(hii0 = 3.28 A). Furthermore, triangulation allows
the identification of the lateral adsorption sites, as
the coherent parameters are strongly dependent on
the geometry within the unit cell of the simulated
structure. The three-fold rotational symmetry of the
Au(111) surface, and therefore the presence of three
rotational domains for high-coverage Bi, is taken into
account in the simulated NIXSW data by introducing
rotationally-equivalent reflection planes (i.e. (111)
and (111) for the (111) reflection or (020) and (002)
for the (200) reflection). It is found that a “reference
atom” must be placed in a bridge position not aligned
perpendicularly to the stripes’ direction (Figure 3c,
“bridge 1”7 or “bridge 3”), while the rest of the structure
is determined through the observations made above
(Figure S6). Consequently, all Bi atoms are either
found in bridge sites at 30° from the V3 direction
of the moiré supercell (af;; in Figure 3b), e.g. the
surface’s [112] direction, or in intermediate positions
between two such sites, excluding any other high-
symmetry adsorption sites.

It should be noted that the NIXSW measurements
were conducted at room temperature and under the
exposure to intense X-ray beams. In order to ac-
count for thermal effects, the atomic positions of the
simulated flat adsorbate structure were modified by
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Figure 4: Simulated coherent fraction and position plotted as a function of the adsorption height, referring to
the (11 x v/3)A90° moiré superstructure, modified to account for structural disorder. The colour-shaded areas
indicate the value range measured experimentally for each parameter, and the dotted vertical line highlights
the adsorption value of 2.54 A, for which simulation and experiment agree (overlap) in all proposed moiré
superstructures. The coherent values relative to the (111) reflection are compared to those relative to: (a) the
(111) reflection, (b) the (200) reflection. (c¢) Experimental NIXSW data markers (orange: photo-yield, black:
reflectivity) and fitting curves (blue and red respectively) for high-coverage Bi/Au(111) and all measured
reflection planes. The coherent parameters obtained from the fits are listed in each image. (d) Graphical
comparison of the adsorption sites in the “bridge 17 (14 x v/3) A90° superstructure (above) with the topographic
profile measured by STM in Figure 3a (below). The approximate adsorption sites deduced from the model are

written in orange. The colour scheme of the structural model is defined in Figure 3b.

introducing a Gaussian distribution with standard
deviation of 0.10 A along the Cartesian axis perpendic-
ular to the surface (z) as well as 0.05 A along the two
axes parallel to it (z, y). For a perfectly flat adsorbate
layer, the coherent fraction relative to the surface
reflection (here, (111)) should be 1. Considering that
the experimental value is affected by both static (de-
fects) and dynamic disorder (thermal movement) as
well as by any mosaicity of the substrate’s surface, we
consider the measured f111 = 0.94 £ 0.03 to be highly
consistent with the formation of a markedly flat layer.
The different adsorption sites of the Bi atoms within
the moiré supercells only result in a minor corrugation,
compatible with the ~ 0.2 A differences in apparent
height measured by STM (Figure 4c). The triangu-
lation plots of the ideal simulated structure, prior
to the introduction of the aforementioned Gaussian
deviations, are presented in Figure S7 alongside those
of the other high-symmetry sites, whose exclusion is
discussed in Section S3 [28].

Only one dissonant note occurs in the analysis
here presented, reported in Figure 4d. As shown,
the STM height profile perpendicular to the stripe
axis does not match the expected corrugation for
the “bridge 17 (14 x v/3)A90° phase, assuming the
adsorption height in bridge sites to be larger than in
intermediate positions (closer to hep and fee sites).
A better correspondence is found when placing the

reference atom in a “bridge 2”7 site (Figure S7f) [28],
defined in Figure 3c. Nevertheless, this is in conflict
with the NIXSW triangulation analysis, which clearly
excludes this bridge position as a feasible adsorption
site (Figure S7e) [28]. This effect is tentatively at-
tributed to the fact that the STM topographic signal
does not correspond to the structural geometry, but
to its convolution with the local density of states.
Alternatively, the assumption made in Figure 4d of
the adsorption height being lower on bridge sites than
at intermediate positions may not be correct for this
system.

Despite this discrepancy, additional evidence in
favour of the “bridge 1”7 model arises from density func-
tional theory (DFT) calculations. Allowing relaxation
of the (n x v/3)A90° supercells (n = 5, 8, 11, 14, 17),
yields structures whose geometry and adsorption sites
well match the proposed models (cf. Figure 5a-b).
Moreover, the respective average adsorption heights
range from 2.50 A to 2.58 A in good agreement with
the 2.54 A extracted from the NIXSW data (Figure
5¢). In fact, while most values lie just outside of
the calculated +0.03 A margin of error, deviations be-
tween experiment and theory of 0.11 A are generally
considered in excellent agreement [42].

The experimentally measured HR-XPS spectra can
be fitted with a single component for the Bi 4 f7/5 core
level (centered at a binding energy of 156.9 eV), despite
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the high resolution achieved as synchrotron facilities,
indicating similar chemical environments for all Bi
atoms within the supercell (Figure 5d). Our DFT cal-
culations yield a spread in binding energy of 0.016 eV
for atoms in different adsorption sites, well within the
experimental resolution, thus justifying the appear-
ance of a single peak. Alongside the small shift of the
Bi 4f;/5 core level from its bulk value of 157 eV [43],
this hints to a weak charge transfer between substrate
and adsorbate, suggesting similar bonding as within a
Bi(110) bilayer and therefore its potential applications
as a decoupling layer.

3.3 The Multilayer Regime

Despite a general consensus in the literature that
Bi(110) grows in the multilayer regime, He et al. ob-
serve a Stranski-Krastanov growth mode of bilayer rib-
bons on top of the high-coverage phase [23], whereas
Kawakami et al. report a Frank-Van der Merwe growth
mode for the first few layers which turns into an is-
land growth mode around 12 ML [22]. We believe the
multilayer to begin growing upon saturation of the
(14 x /3) A90° superstructure in the monolayer, whose
unit cell closely resembles that of Bi(110) with a 4.8%
expansion along the [112] direction and a 1.1% com-
pression along the [110] direction [44, 45, 46]. Given
the negligible change of the LEED pattern during thin-
film growth, the coverage calibration was performed
using HR-XPS measurements. The areas of the Bi
4f7/2 XPS core levels from multilayer samples were

compared to references at known coverage. Samples
of 1.54 ML and 2.14 ML coverage were prepared and
measured in STM at ~ 4K following deposition at
300K as well as after annealing at 450 K for 10 min.
In both cases, rather large and homogeneous terraces
of the high-coverage phase with the occasional appear-
ance of ribbon-like islands were observed, not unlike
those reported by He et al. [23] (Figure 6a). We find
bilayer-Bi steps (height: 6.7 A) to be much more com-
mon than single-layer ones. Moreover, as shown in
Figure S8a-b, single-layer steps (3.3 A) can be ascribed
to the edge of growing bilayers. We therefore consider
the formation of odd-numbered layers, including the
first Bi layer at the interface, to be the preferential
growth mode.

The latter observation may be justified by the ten-
dency of few-ML Bi to saturate any dangling bonds,
arranging into energetically-favoured Bi(110) bilayers
(Figure S9) [44, 8]. Given that STM indicates the for-
mation of a monolayer of Bi on Au(111), which does
not contribute to the formation of Bi(110) bilayers in
the multilayer regime, we postulate that the first Bi
layer saturates its bonds by interaction with the Au
substrate, which prospects the high-coverage system
as an effective buffer layer for the epitaxial growth of
further adsorbates [24]. Along this line of research, we
report a strong decoupling action upon phosphorus
deposition (Figure 6¢). HR-XPS shows a milder shift
in binding energy of the P 2p3 /5 core level from the
bulk black P value (129.9eV) [43] when adsorbed on
Bi/Au(111) (129.60eV) than in the P/Au(111) system
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Figure 6: (a) STM image of a 2.14 ML Bi thin film on Au(111) (V=1.00V, I=10pA). The blue (top)
and green (bottom) arrows indicate the paths along which the height profiles in panel b were taken. (b)
Height profiles from panel a, highlighting the commonly-seen Au single steps (2.4 A) and Bi(100) bilayer
islands (6.7 A). (c) HR-XPS P 2p core levels of P on high-coverage Bi/Au (blue, left) and P/Au (green, right),
measured at the 109 and PEARL beamlines and respectively (photon energies: 275eV and 210eV). The dotted
grey lines indicate the binding energies and relative intensities of the P 2p, /» (left) and P 2ps3/, (right) peaks

in bulk black phosphorus [43].

(129.16 €V, for the largest component). A broadening
of the spectrum is also observed and assigned to the
varied, largely disordered adsorption configurations of
P on the functionalised surface, as indicated by the
unaltered LEED pattern relative to that of clean, high-
coverage Bi/Au(111) (not shown). Significantly, no
change in the lineshape of the Bi 4f7 /5 XPS spectrum
was observed upon P deposition (Figure S8c), despite
the high resolution achieved through synchrotron radi-
ation, suggesting a weak electronic interaction of the
Bi/Au(111) system with the additional adsorbate.

4 Conclusions

In conclusion, we present an extensive character-
isation of the diverse phases obtained by deposition
of Bi onto a Au(111) surface in UHV: from disor-
dered clusters at very-low coverage (< 0.5 ML) to the
multilayer regime (=~ 2ML). Contrary to previous re-
ports, we do not find the so-called (P x v/3) phase
(0.8 — 1ML) to be incommensurate and characterised
by its shrinking lattice parameter (P) as the coverage
increases. Instead, four discrete moiré superstructures
of increasing periodicity form by encompassing a larger
number of unit cells, which we called the (n x v/3) A90°
phases (n =5, 8, 11, 14; A90° indicating the 90° an-
gle between the supercell’s lattice vectors). Their
electronic decoupling effect on post-deposited adsor-
bates is demonstrated through P deposition, which,
alongside the tuneable geometry and moiré pattern-
ing, supports their use as buffer layers for epitaxial
growth on Au(111). Finally, we report the stabili-
sation of the (14 x v/3)A90° superstructure as the
system transitions into the multilayer regime, due to
the close resemblance of this structure with Bi(110),
stretched by 4.8% along the substrate’s [112] direction
and compressed by 1.1% along the [110] direction. The
preferential growth occurs through the formation of
bilayers, which allow to minimise the presence of dan-
gling bonds, while each bilayer tends to be completed
before the onset of the following one. We expect the

weakly interacting, mildly strained bilayers to be of
interest for further research on Bi(110) thin films and
their topologically non-trivial properties.
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A holistic structural understanding of epitaxially-grown
Bi/Au(111) moiré superstructures
Supplemental Material

S1 Coverage calibration

The reproduction of the desired bismuth structure could be confirmed by comparison of the obtained
LEED patterns (Figure Sla-c) with those reported by He et al. [23]. The changing P parameter in the
(P x /3) phase is reflected in a set of spots arranged into a triangle, highlighted in Figure Slc, which appears
to gradually shrink as the coverage increases (cf. Figure Slc-d). We assign the onset of the multilayer growth
to the coverage for which the LEED pattern ceases to mutate (cf. Figure S1d-e), despite further Bi deposition
being reflected in the increased intensity of the XPS signal. Assuming the sticking coefficient of Bi to remain
constant during deposition up to 1 ML, the deposition times can be used as a metric of the coverage by
comparing the observed LEED patterns to the literature [23] and relying on the reported coverages. The
obtained results are summarised in table S1. Further evidence of the transitions between different phases comes
from the NIXSW data, in which a small increase in coherent fraction can be seen upon the transition from
the low-coverage to the high-coverage phase (from 0.81 to 0.94, corresponding to Figure Sla-c respectively),
whereas a sharp drop is measured upon formation of a multilayer (to 0.49, Figure Sle).

Figure S1: LEED patterns of Bi/Au(111). (a) Low-coverage (v/37 x v/37)R25.3° phase. (b) Coexistence of
the low- and high-coverage phases, as evidenced by the highlighted features (orange from panel a, red from
panel c). (c¢) High-coverage (P x v/3) phase, one of the characteristic triangles is highlighted in green. (d)
Near-monolayer coverage, with highlighted the shrinkage of the triangle of panel c. (e) Presumed multilayer
after doubling the deposition time relative to panel d; no further change of the LEED pattern is observed
besides a mild attenuation.

Deposition time (min) | LEED pattern | Estimated coverage (ML) | Literature coverage (ML)
8 No pattern 0.38 < 0.54
12 Figure Sla 0.57 0.63 — 0.81
17 Figure S1b 0.81 ~ 0.81
19 Figure Slc 0.91 2 0.81
21 Figure S1d 1.00 0.81 -5
41 Figure Sle 1.95 0.81 -5

Table S1: Estimated coverages of corresponding to the LEED patterns in Figure S1 compared to the coverage
indications provided by He et al. [23]. The estimates were calculated assigning the transition coverage of
0.81 ML to the system obtained with a deposition time of 17 min and assuming a constant sticking coefficient
of Bi on the surface throughout deposition.
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S2 The (\/3_7 x v/37)R25.3° phase

o
100.0mV, 100.7pA 1 nm 500.0mV, 100.7pA 1 nm 1.5V, 100.7pA 1 nm 2.0V, 100.7pA 1 nm 2.5V, 100.7pA 1 nm

Figure S2: Low-Temperature STM images of the low-coverage Bi/Au(111) phase. This library matches the
available literature [23, 21, 22] and expands it with images at higher tip-bias voltage (panels h-j).
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S3 The (P x v/3) phase

Figure S3: High-coverage, sub-monolayer Bi/Au(111). (a) LEED pattern at ~1ML. (b) LEED pattern
at ~0.9ML. In Figure 3, the spots of panel b are superimposed on the image of panel a to facilitate the

comparison.
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Figure S4: Structural models displaying the Bi moiré superstructures on Au(111) as the coverage increases
(colour scheme defined in Figure 3b). Despite a decrease in the extension of the Bi unit cell perpendicular to
the stripes (dgi), the moiré supercell grows along this lattice vector (bf;) by encompassing a larger number of
unit cells. Panels a-d respectively correspond to the LEED patterns in Figure S1b-e.

Figure S5: Kinematically simulated LEED patterns corresponding to the models described in the literature:
(a-c) Kawakami et al. [22], (d) He et al. [23]. Notably, the patterns in panels b-d are incompatible with the
experimental patterns reported in Figures 3 and S3.
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S3.1 NIXSW principles

In NIXSW, a standing wave is created by directing a photon beam on a crystalline sample at normal
incidence. When the photon energy is close to satisfying the Bragg condition, the interaction between incident
and reflected waves leads to the formation of a standing wave, for which the range of appropriate photon
energies is dictated by dynamical diffraction theory (DDT), as described by the Darwin reflectivity curve [47].
As the photon energies are scanned across the Darwin curve, a phase (¢) inversion occurs in the standing
wave [48], whereby its nodes and antinodes shift along the reflection direction by half of the crystal’s spacing
in this direction. Making use of the effect that the standing wave’s amplitude has on the photoemission of
adsorbed atoms, the photo-yield (Y') is derived from the modulation of the XPS signal’s intensity for a chosen
core level of the adsorbate (here, Bi 4f7/5) while the reflectivity (R) is directly measured. The photo-yield
curve can then be described as [49]:

Y o1+ R+ 2fVRcos (¢ — 2mp) (1)

where f indicates the coherent function and p the coherent position. Known jointly as coherent parameters,
they are derived from a fitting of the experimental photo-yield curve, which in turn requires fitting the
reflectivity curve (Figure 4c).

As addressed in Section 3.2, standing waves can be induced relative to nonequivalent sets of planes (here,
(111), (111), and (200)). The sensitivity of XSW to the relative heights of the emitter atoms within each set
of standing waves is then exploited in order to triangulate the positions of the adsorbate atoms. Relative to
a generic (hkl) reflection, the coherent parameters (ppri, frii) are calculated as a function of the position
distribution (Zny;) of the adsorbate atoms above the closest [hkl] nodal plane of the standing wave [50]:

1 Y d;
Ihkl = — exr 27T7:M) 2
= Yo (zmis @)
B I Znr)
Phkl = %atan ]R(Z—hkl) (3)
foet = VR(Zhit)? + U Zpi )2 (4)

where NV is the number of adsorbate atoms, hpk; is the planar spacing, and d; px; is the height of adsorbate
atom j above the closest nodal plane. Assuming negligible relaxation of the substrate’s surface layers, d; ni
corresponds to the adsorption height only for the surface reflection (here, d;111) but will depend on it for
any reflection not perpendicular to the surface direction (e.g. (111) and (200)). We therefore constructed the
structural models of the (n x v/3)A90° Bi phases (n = 5, 8, 11, 14) as developed by means of STM and LEED
(Section 3.2, and Figures S1, S4, S5, and S6) and simulated the coherent parameters of such structures on
an ideal Au(111) surface. All high-symmetry adsorption sites were considered by manually reiterating the
simulations, placing a “reference atom” in the desired site and constructing the rest of the Bi model from
the geometrical considerations previously discussed (Figure S6). The average adsorption height was instead
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Figure S6: Structural models highlighting the unit cell of the (5 x v/3)A90° moiré superstructure for different
adsorption sites of the “reference atom” (black): (a) top, (b) fcc, (¢) hep, (d) “bridge 17 (equiv. “bridge
37), (e) “bridge 2”. The colour scheme and adsorption sites are defined in Figure 3b-c respectively. Starting
from the reference atom, all other Bi atoms are positioned based on the considerations made in Section 3.2
regarding Bi-Bi bond length, lattice angle and orientation relative to the substrate (cf. Figure 2d-e).

15



automatically changed in the analysis code as a rigid vertical shift of the Bi structure within an arbitrarily
defined range, chosen as to include all physically reasonable values.
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Figure S7: (a-e) Simulated coherent fraction and position plotted as a function of the adsorption height,
referring to the ideal (11 x v/3)A90° moiré superstructure. The colour-shaded areas indicate the value range
measured experimentally for each parameter. The coherent values relative to the (111) reflection are compared
to those relative to the (111) reflection (top), and the (200) reflection (bottom). All high-symmetry adsorption
sites are considered for the reference atom: (a) “bridge 1”7 (equivalent to “bridge 3”), (b) top, (c) fec, (d) hep,
(e) “bridge 2”. (f) Graphical comparison of the adsorption sites in the “bridge 2” (14 x v/3) A90° superstructure
(above) with the line profile measured in STM (below). The approximate adsorption sites deduced from the
model are written in orange, assuming the adsorption height in top sites to be larger than in bridge sites. The
colour scheme of the structural model is defined in Figure 3b.

In Figure S7a-e are presented the NIXSW triangulation plots of an ideal (11 x v/3) A90° moiré superstructure
(i.e. flat and without any structural disorder) for different adsorption sites of the “reference atom” used
to build the model (Figure S6). A match is found when the simulated parameters (lines) fall within the
respective experimental ranges (horizontal bands) at a given adsorption height for all reflections (i.e. (111),
(111), (200)). Notably, none of the shown configurations satisfy this condition. The key element differentiating
the “bridge 17 site (Figure S7a) is the presence of an adsorption height (2.54 A, dotted vertical line) for which
mild shifts of f111, pi11, and psgo would lead to a match, as demonstrated by simulating thermal disorder
through Gaussian deviations (o < 0.1 A) from the initial positions (Figure 4a-b). For all other high-symmetry
adsorption sites, the discrepancy between simulated and experimental data is significantly larger (Figure
S7b-e). This observation plays a fundamental role in refuting the possibility of “bridge 2” (and therefore top)
adsorption sites, suggested by the STM height profile along the [112] direction (Figure S7f).
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S4 The multilayer
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Figure S8: (a) STM image of a 2.14 ML Bi thin film on Au(111) (V=1.00V, I=10pA). The green arrow
indicates the path of the height profile in panel b. (b) Comparison of the height profile from panel a with a
matching layer stack, showing a rare single-layer Bi step and its attribution to the growing bilayer. The block
heights are scaled so that the ratio Au:Bi*:Bi matches 2.35:2.54:3.28, representing the gold, fist-layer Bi, and
multilayer Bi single-step heights. In light grey are expressed the step heights (in A). (¢) Comparison of the
HR-XPS Bi 4f7/, core-level spectra before and after P deposition, measured at the 109 beamline (photon
energy: 275eV).
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Figure S9: Structural representation of a Bi crystal. Covalent bonds are marked by solid lines, dangling
bonds by dotted lines. (a) Top view ([110] direction) of a single layer [44]. The unit cell is drawn with thick
black lines. In monolayer Bi/Au(111) the inner atom (orange) is in the centre of the unit cell, which we
attribute to the commensurate matching with the substrate’s [112] direction and an alignment with bridge
adsorption sites. (b) Side view ([112] direction) of the surface (brown and orange) and first subsurface (blue
and cyan) layers of a Bi crystal [51], highlighting the presence of dangling bonds for half of the surface atoms.
(c) Side view ([112] direction) of four layers, rearranged as to saturate any dangling bonds by forming stacked
bilayers [8].
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