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ABSTRACT

Sn on Au(111) undergoes a structural and chemical evolution depending on the submonolayer coverage. After deposition of
~ 2/3 ML Sn, the coverage was controlled by temperature-driven desorption. Annealing to 450 K produced the striped phase,
which consists of alternating honeycomb and square-like Sn stripes, with periodicities ranging from Rec(13 X 2\/5) to Rec(19 x
2\/5), most commonly Rec(16 x 2\/5). Honeycomb regions are atomically flat, with a Sn-Sn bond length of ~2.88 A. Low-energy
electron diffraction (LEED), atomically resolved scanning tunneling microscopy (STM), and X-ray photoelectron spectroscopy
(XPS) reveal structural and chemical transitions as a function of Sn coverage. Without further annealing, deposition yields a
square-like X-phase atop an Au,Sn interface alloy. Annealing induces dealloying and the formation of the striped phase, while
further desorption produces a \/5 stretched honeycomb phase. Annealing above 480K, and at = 0.35 ML coverage, the Au,Sn
alloy reforms.

For the striped phase, a model is proposed where square-like stripes grow on Au,Sn regions and honeycomb stripes on Au(111).
The alternating regions correspond to zigzag stanene nanoribbons of ~ 1.5nm to 3.2 nm width. The structural transitions of the
Sn/Au(111) system highlight its structural versatility, driven by alloying-dealloying processes at the interface.

1 | Introduction

Two-dimensional counterparts of carbon-group elements have
gained increasing attention in recent years. Among them,
stanene, a single layer of tin atoms in a honeycomb lattice, has
attracted particular interest due to its predicted topological and
electronic properties. Theoretical studies suggest that stanene
may host quantum spin Hall insulating phases, exhibit a band gap
up to 300 meV, and support topological superconductivity [1-3].

Beyond the honeycomb lattice, other 2D tin arrangements
have been studied by theory, such as pentamer and tetramer
structures with rectangular unit cells [4] and bilayer square
lattices [5]. Experimental realizations of silicene [6] and ger-
manene nanoribbons [7] revealed strong substrate dependence,

with topological phases sensitive to ribbon width and spin-orbit
coupling strength. These findings motivated theoretical studies
on stanene nanoribbons, a dependence of the band structure on
the nanoribbon width and passivation, edge magnetic anisotropy
arising from the strong spin-orbit coupling, and strain-driven
spin-filtering properties have been observed [8-11]. However,
experimental realization of stanene nanoribbons has not been
reported yet.

The first experimental realization of stanene was reported on
Bi,Te, [12]. Since then, different substrates have been explored,
including Sb(111), InSb(111), Pd,Sn(111), and Cu(111), resulting
in stanene ranging from ultraflat to buckled structure [13-16].
Theory proposes planar stanene growth on Au(111) due to its
close lattice match and the predicted substrate bonding via

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

Advanced Materials Interfaces, 2025; 12:e00861
https://doi.org/10.1002/admi.202500861

1of14


http://www.advmatinterfaces.de
https://doi.org/10.1002/admi.202500861
https://orcid.org/0000-0002-8328-607X
https://orcid.org/0009-0004-0190-9950
https://orcid.org/0009-0002-1355-8508
https://orcid.org/0009-0008-5586-3686
https://orcid.org/0000-0002-6934-6486
https://orcid.org/0000-0003-4974-8477
mailto:julian.hochhaus@tu-dortmund.de
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/admi.202500861
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202500861&domain=pdf&date_stamp=2025-12-01

Sn-p, orbitals, which stabilizes s p? interlayer bonding and planar
growth [17].

Experimental studies of Sn/Au(11l) identified a large variety
of structural phases, including honeycomb-like stanene [18,
19] and surface alloys [20, 21]. A stretched honeycomb dimer
phase has been reported with linearly dispersing bands,
alternating spin polarization, and high Fermi velocities of
Up =1x10°ms™! [22]. In our recent work, we identified a
square-like Sn layer atop an Au,Sn alloy layer, showing that
Sn/Au(111) can adopt structures beyond the substrates’ hexagonal
symmetry [23].

In this work, we report on the discovery of a striped Sn phase
formed on Au(111) through temperature-driven desorption. We
show that post-deposition annealing allows precise control of
the Sn coverage, which controls the structural arrangement at
the surface and interface. After deposition of ~2/3 ML Sn,
annealing to 450K produces a previously unreported striped
phase. Scanning tunneling microscopy (STM) and low-energy
electron diffraction (LEED) reveal alternating honeycomb and
square-like Sn stripes, with periodicities ranging from Rec(13 X
2\/5) to Rec(19 x 2\/5), most commonly Rec(16 X 2\/5).

Using XPS, we tracked the chemical and structural evolution
of Sn phases on Au(l1l) as a function of Sn coverage and
post-deposition annealing temperature. Initially, the square-
like X-phase forms atop a complete Au,Sn surface alloy.
Subsequent annealing drives dealloying and partial desorp-
tion of Sn, leading to the formation of the striped phase,
with alternating square-like and honeycomb Sn stripes. Fur-
ther desorption forms the ﬁ—phase, a stretched honeycomb
Sn-dimer arrangement on clean Au(lll). At annealing above
480K, realloying occurs, resulting in the reformation of a Au,Sn
surface alloy.

For the striped phase, we propose a model in which square-like
stripes form on Au,Sn-alloy regions, while the honeycomb stripes
grow directly on Au(111). The honeycomb regions, separated by
square-like stripes, correspond to zigzag stanene nanoribbons
with widths between ~ 1.5 nm and ~ 3.2 nm. Our results demon-
strate that alloying and dealloying at the Sn/Au(111) interface
drives the formation of the different 2D Sn phases, including
honeycomb stanene, square-like arrangements, ordered Sn-dimer
layers, and nanoribbon-like structures.

2 | Results

Before studying the formation of Sn superstructures on Au(111),
we verified the cleanliness of the Au(111) surface using LEED,
STM, and XPS.

Preparation details and full characterization results are provided
in the Supporting Information (see Figure S1). This data confirms
the clean herringbone reconstruction and shows the Au 4f
core level spectrum is composed of two components, which are
identified as bulk and surface contributions (Table S1). As will
be discussed later in the XPS analysis, this surface component
is highly sensitive to interactions with the deposited Sn and is

replaced by the Au-Sn alloy component as the Au,Sn-alloy forms
at a Sn coverage of ~ 0.35 ML, which we analyzed in detail in a
recent paper [24].

Figure 1 shows the structural evolution of the Sn/Au(111) system
after deposition of ~0.66 ML of Sn and annealing for 60 min at the
temperatures indicated in the Figure for each phase.

When ~0.66 ML of Sn is deposited at room temperature with
minimal or no post-deposition annealing, the so-called X-phase
forms. This complex, spot-rich reconstruction was first reported
by Maniraj et al. [22], who described it using the reconstruction
matrix (335 ,9,). Following their terminology, we also refer to
this structure as the X-phase. Pang et al. [18] identified the X-
phase as a stretched/compressed 2 X \/3 reconstruction. In our
recent study, we observed for the X-phase a local Rec(1.925 X
1.925) square-like Sn arrangement with small lattice variations
atop an Au,Sn alloy layer, which results in a Rec(7.7 x 3.85) unit
cell [23].

Reducing the Sn coverage to ~0.55 ML by annealing the X-phase
to ~ 450K, a new structural phase emerges, to which we refer
as the striped phase. It is marked by stripe-like features in the
LEED pattern, as shown in Figure 1. The transition into this phase
is irreversible and driven by thermal desorption of Sn. While
Maniraj et al. reported a mixed phase under similar preparation
conditions [22], our data suggest that this reported mixed phase
corresponds to a coexistence of the striped phase and the
X-phase.

Further Sn desorption by annealing to &~ 455 K results in the \ﬁ -

phase, described by the matrix (7)), which corresponds to a

stretched \/5 X \/§ hexagonal structure. Maniraj et al. described
this phase as Sn dimers in a stretched honeycomb arrangement.
They measured a linearly dispersing band below the Fermi
level, a Fermi velocity of vp=1x10°ms™, and alternating
spin polarization [22]. Our structural analysis, presented in the
Supporting Information (Section S2), is consistent with their
proposed structural model.

When the sample is annealed above 480K, at a coverage of
~0.35 ML, the characteristic (\/E X \/E)R30° LEED pattern of
the Au,Sn alloy appears [20, 25]. If the annealing tempera-
ture is further increased, the long-range order forms and the
Rec(26 x \/3) herringbone-like superstructure of the Au,Sn alloy
is observed [21, 24], which remains stable up to ~ 700 K. Above
this temperature, degradation of the reconstruction is observed in
LEED. Annealing to & 900 K results in the desorption of nearly all
Sn atoms, with XPS indicating a residual coverage of <0.05 ML.

Although all superstructures discussed were prepared by deposit-
ing approximately 0.66 ML of Sn followed by annealing, we
observed that the Au,Sn alloy at the surface serves as a universal
starting point for preparing these structures. Similar superstruc-
tures can also be obtained through alternative approaches. For
instance, depositing around 0.3 ML of Sn onto the preformed
Au,Sn alloy, either created by room-temperature deposition of
0.35 ML Sn or by annealing structural phases with higher Sn
coverages above 480K, yields to the formation of the X-phase
as well.
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FIGURE 1 | LEED pattern showing the structural evolution of 0.66 ML Sn deposited on Au(111) at room temperature, followed by post-deposition
annealing at different temperatures. Simulated patterns generated using LEEDPat highlight the diffraction spots associated with the different structural
arrangements. Yellow circles and the overlaid unit cell for each LEED pattern correspond to the Au(111) substrate. (a) The Rec(7.7 X 3.85) reconstruction
associated with the X-phase obtained after deposition of approximately 0.66 ML Sn, with colored dots marking the three unique sub-patterns

corresponding to different rotational domains. (b) LEED pattern of the striped phase. (¢) The three unique sub-patterns of the (f ; ) reconstruction
(also referred to as the \/;—reconstruction) are marked with colored circles. (d) The unit cell and (\/5 X \/§)R30° pattern of the Au,Sn surface alloy are

indicated in blue.

A step-by-step preparation is possible: annealing the X-phase
first to approximately 450 K forms the striped phase, which can
then be transformed into the ﬁ-phase by subsequent heating to
slightly higher temperatures.

Each structural phase can also be formed by depositing only the
corresponding Sn thickness indicated in Figure 1. Without any
post-deposition annealing, a mixture of phases often results, as
shown in the Supporting Figure S4 for a mixed ﬁ/AuZSn phase.
A mixture of structural phases involving the striped phase was
rarely observed, which might be due to the small parameter win-
dow, in post-deposition annealing temperature, as well as in the
Sn coverage, in which the striped phase forms. We note, however,
that the LEED pattern presented by Maniraj et al. for annealing
the X-phase to 450 K, which they named Mix phase, seems to be
a mix between the X-phase and the striped phase [22]. In general,
the preparation of both the striped phase and the \/7-phase is
challenging due to their high sensitivity to the Sn coverage. This
sensitivity is, in fact, the reason for the narrow post-deposition
annealing window: the structural phase is dictated by the Sn
film thickness, which is best controlled by thermal desorption.
Likely, Sn atoms can rearrange and form totally different stable
structural phases, depending on the Sn coverage. While the direct
deposition of the exact coverage for each phase on the Au(11l)
surface, kept at room temperature, actually leads to the formation
of the desired structural phase, we noted that this often results
in poorer long-range order. We therefore found that controlling
the Sn coverage by post-deposition annealing provides a more
reliable method for preparing well-ordered structural phases.
In addition, the controlled Sn desorption via post-deposition
annealing allowed for monitoring the structural transitions in
parallel via LEED, which, as the parameter window for preparing

the striped and \/5 -phase is small, allowed for precisely observing
the parameters at which the structural transitions happen.

We recorded XPS survey spectra to assess the chemical com-
position across the different structural phases and to quantify
the Sn coverage after thermally driven Sn-desorption during
post-deposition annealing.

In Figure 2 spectra recorded with a photon energy of hv = 700 eV
at an emission angle of ® = 60° are shown. The bottom spectrum
represents the X-phase, with spectra of the other structural phases
stacked above.

No contamination was detected; characteristic signals of common
contaminants such as C 1s and O 1s are absent, as highlighted by
red boxes in Figure 2. With increasing annealing temperature, Sn-
related features, especially the Sn 3d doublet at Ey;, g,34 = 490 eV
and the Sn 4d peak at Ey,g,49 = 24€V, decrease, reflecting
thermally driven desorption of Sn atoms.

The Sn coverage was estimated from XPS survey spectra, yielding
coverages of 0.63(5) ML for the X-phase and 0.33(3) ML for the
Au,Sn-alloy, in good agreement with quartz crystal microbalance
measurements of 0.66(2) ML and 0.33(2) ML, respectively. In con-
trast, the striped and \/7 phases were obtained by post-deposition
annealing of the X-phase and thus cannot be quantified by
quartz crystal measurements. From XPS, their coverages were
determined as 0.55(2) ML and 0.46(3) ML, respectively.

To complement the coverage analysis, we next turn to the
chemical evolution of the Sn 4d core-level spectra shown in
Figure 3, with detailed fit parameters summarized in Table 1. We
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FIGURE 2 | XPSsurvey spectraof the Sn phases obtained after deposition of 0.66 ML Sn at room temperature, followed by post-deposition annealing

at different temperatures. All spectra were recorded using a photon energy

of hv = 700eV and an emission angle of ® = 60°. Binding energies are

referenced to the Fermi level. The survey spectra reveal the desorption of Sn during the annealing process.
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FIGURE 3 | High-resolution XPS spectra of the Sn 4d core level, used to investigate the internal chemical composition of the topmost Sn layer(s).

Spectra were recorded at a photon energy of hv = 240 eV with emission angles of ® = 0° (top row) and ® = 60° (bottom row). The corresponding fit

parameters are listed in Table 1.

begin with the X-phase in Figure 1(a). The best fit is achieved
using two components. The component plotted in dark blue
at E;, = 24.29¢eV, is assigned to the Au,Sn-alloy. The second
component, plotted in white at E,;, & 23.92 ¢V, is assigned to Sn
atoms in the square-like arrangement of the X-phase located in
the topmost layer. We observe that the intensity of the component

plotted in white increases under surface-sensitive conditions at
© = 60°. For a detailed discussion of the structural model of the
X-phase, we refer to our recent publication [23].

The spectrum of the striped phase, shown in Figure 3b, is
best fitted using three components. Two match the Au,Sn alloy
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TABLE 1 | Fit parameters from the XPS analysis of the chemical evolution of the Sn 4d signal shown in Figure 4. The statistical fit error for the

reported binding energies is typically well below 10 meV.

Structural
phase 0[] Component E,;, [eV] Egoc [eV] FWHM [eV] asymmetry 8 rel. area [%]
X-phase 0 X-Phase 23.92 1.04 0.48 0.12 73.88
Figure 4a Au,Sn 24.29 1.04 0.48 0.12 2612
60 X-Phase 23.91 1.04 0.48 0.12 82.39
Au,Sn 24.28 1.04 0.48 0.12 17.61
striped phase 0 X-Phase 23.92 1.04 0.47 0.12 15.44
Figure 4b Au,Sn 24.25 1.04 0.47 0.12 36.10
stanene 24.02 1.04 0.44 0.09 48.46
60 X-Phase 23.91 1.03 0.47 0.12 20.16
Au,Sn 24.25 1.03 0.47 0.12 16.60
stanene 24.02 1.03 0.44 0.09 63.25
\/7 phase 0 Au,Sn 24.25 1.04 0.47 0.12 18.03
Figure 4c \/7-stanene 24.01 1.04 0.49 0.10 81.97
60 Au,Sn 24.25 1.03 0.47 0.1 9.67
\/7-stanene 24.01 1.03 0.48 0.09 90.33
Au,Sn-alloy 0 Au,Sn 24.19 1.04 0.49 0.11 100.00
Figure 4d 60 Au,Sn 2419 1.03 0.49 0.1 100.00

and the square-like X-phase components discussed above. The
spectrum is dominated by a third component, plotted in light blue
at Ey;,, ~ 24.02 eV, which we identify as a stanene arrangement in
accordance with our structural analysis below. Here, the stanene-
related core-level signal exhibits a shift of about 230 meV towards
lower binding energies relative to the alloy component. For
comparison, a somewhat smaller shift of ~170 meV between the
stanene and the alloy component was reported for atomically flat
honeycomb stanene grown on an Ag,Sn-alloy on Ag(111) [26]. We
note that this binding energy ordering, with the alloy component
at a higher binding energy (~ 24.29 eV) than the 2D stanene layer
(~ 24.02eV), is the opposite of the behaviour observed in similar
sample systems like silicene and germanene on Ag(111) [27, 28],
where the binding energy of the alloy component is lower than
the 2D layer component. A simple model based on Pauling
electronegativity (Au: 2.54 vs. Sn: 1.96) would predict a Sn —
Au charge transfer, which should increase the binding energy
of the Sn 4d alloy component but should decrease the Au 4f
alloy components binding energy. However, as discussed below
in the analysis of the Au 4f signal, both the Sn 4d and Au 4f
alloy components shift to higher binding energies. As Egelhoff
demonstrated, the reason for the observed component shifting is
not explained by simple charge transfer but a complex interplay
of final-state effects and initial-state intra-atomic rehybridization
(e.g., Au 5d — 6s) upon alloying [29]. This anomalous component
shifting behaviour is not only well-known for Au-Sn, but known
for Ag-Sn alloys as well [30-32].

Most notably, the stanene component exhibits a significantly
reduced asymmetry of 8 = 0.09 and a narrower full width at half
maximum (FWHM) compared to the other components. All spec-
tra were recorded under identical conditions, including photon
energy, room temperature, and spectrometer settings. Therefore,

Gaussian broadening contributions, such as instrumental, ther-
mal, and source-related effects, are expected to remain constant
across all measurements. Thus, the observed FWHM reduction
likely stems from an increased core-hole lifetime, which suggests
a less metallic character [33, 34] and points to predominant sp?
bonding rather than the sp?/sp* hybridization predicted by the-
ory for freestanding, buckled stanene [1]. Our STM measurements
confirm an atomically flat honeycomb structure, indicating that
sp* bonding is strongly favored due to the lack of detectable buck-
ling. The measured binding energy of the stanene component,
E.i, =~ 24.02eV, closely matches literature values for bulk tin,
Eyin ~ 23.9eVto24.0eV [35, 36].

The ratio of the stanene component area to that of the X-phase
remains roughly constant at 3.1:1 across both emission angles.
Due to their similar angular dependence, we conclude that the
corresponding Sn atoms are located within the same atomic
layer. In contrast, the Au,Sn-alloy component exhibits an angular
dependence, with higher intensity at normal emission, consistent
with its location beneath the topmost layer. Using our atomically
resolved STM images as presented in Section 2.1, we identified
34 Sn atoms in the top layer of the Rec(16 x 2\/5) unit cell: 8
atoms form a square-like configuration similar to the X-phase,
while 26 atoms are arranged in a honeycomb structure. This
atomic ratio of 3.25:1 (26:8) is in excellent agreement with the
measured XPS area ratio of 3.1:1. This quantitative agreement
is discussed in detail in Section 2.1 when presenting the full
structural model.

For the \ﬁ-phase, a fit including two components gives the best
result. We still identify a Au,Sn-alloy component; the X-phase
component, however, is no longer detected. At the surface-
sensitive grazing angle of ® = 60°, the spectrum is dominated by
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FIGURE 4 | High-resolution XPS spectra of the Au 4f core level used to analyze the interface structure of the different Sn phases. Spectra were

acquired at a photon energy of hv = 240 eV with emission angles of ® = 0° (top row) and ©® = 60° (bottom row). Fit parameters corresponding to these

spectra are provided in Table 2.

a single component. Its binding energy is similar to the stanene
component of the striped phase. We nevertheless plotted it in a
different shade of blue to distinguish the stretched honeycomb
Sn-dimer arrangement reported by Maniraj et al. [22] from
the honeycomb stanene arrangement observed in the striped
phase. STM measurements for this phase (Figure S2, Supporting
Information) show that the two Sn atoms forming a dimer occupy
nearly equivalent substrate sites, explaining the single chemical
environment observed in the XPS spectra.

Remarkably, the binding energies of stanene in the striped phase
and the ﬁ-stanene are nearly identical and cannot be distin-
guished based solely on XPS data. Complementary structural
analysis using LEED and STM, however, confirms that these are
distinct structural phases. Comparing the structural models of the
striped phase (Section 2.1) and the \/;—stanene proposed by Mani-
raj et al. [22], structural similarities are identified. Only a small
lateral displacement of neighboring Sn atoms of the honeycomb
stanene is needed to form Sn-dimers on a stretched hexagonal
lattice. This subtle structural change is consistent with (i) the very
narrow range of Sn coverages and annealing conditions required
to prepare either phase, (ii) the nearly identical shape and fit
of the Au 4f core-level spectra (compare panels (b) and (c) in
Figure 4, ignoring the X-phase contribution in the striped phase),
and (iii) the near-identical binding energies of the stanene-related
component in the Sn 4d spectra.

Similar to the honeycomb stanene of the striped phase, the
ﬁ-stanene component shows a reduced asymmetry as the
honeycomb stanene in the striped phase, which we again assign

to sp>-like bonding [35]. Its FWHM is slightly broader, which
may reflect the somewhat different local environments of the
two Sn atoms within the dimer, caused by the small buckling
observed [22]. The measured broader FWHM could also indicate
increased structural disorder, similar to the ordered-disordered
phase reported for germanene on Ag(111) [28, 37-40]. Indeed,
our STM data of the ﬁ-phase, as shown in the Support-
ing Information in Figure S3, reveal regions where hexagonal
stanene and stretched Sn-dimer structures coexist, supporting
this interpretation.

The second component, plotted in dark blue, is attributed to the
Au,Sn-alloy. Given its low intensity and the very small parameter
window needed for the preparation of the ﬁ—phase, we propose
two possible origins: either residual Au,Sn-alloy in regions that
did not fully underwent the structural transition from the striped
to the \/7-phase, or realloying towards the Au,Sn-alloy phase has
already begun. Both explanations seem plausible considering the
narrow preparation window in which the \ﬁ-phase forms.

Finally, for the Au,Sn-alloy phase, shown in Figure 3d, the
spectrum is well described by a single component assigned to
Sn atoms in the Au,Sn-alloy. The fit parameters derived for the
Au,Sn phase, obtained by Sn desorption after annealing the X-
phase to 650K, are in excellent agreement with those obtained
for the alloy after depositing 0.33 ML Sn on bare Au(111) at room
temperature [20, 24, 41].

We analysed the interfacial chemical evolution using Au 4f core-
level spectra. Starting with the spectra of the X-phase shown in
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TABLE 2 | XPS analysis fit parameters to the chemical evolution of the Au 4f signal shown in Figure 3. The statistical fit error for the reported

binding energies is typically well below 10 meV.

Structural phase 0[] Component Ey;, [eV] Egoc [eV] FWHM [eV] asymmetry rel. area (%)
X- 0 bulk 84.00 3.68 0.54 0.03 36.32
phase interface 84.30 3.68 0.54 0.03 44.40
Figure 3a
X-phase 84.62 3.68 0.54 0.03 19.28
60 bulk 84.00 3.68 0.54 0.03 29.24
interface 84.30 3.68 0.54 0.03 46.54
X-phase 84.62 3.68 0.54 0.03 24.22
striped 0 bulk 84.00 3.67 0.53 0.03 51.49
phase interface 84.27 3.67 0.53 0.03 43.26
Figure 3b
X-Phase 84.59 3.67 0.53 0.03 5.25
60 bulk 84.00 3.67 0.53 0.04 41.05
interface 84.27 3.67 0.53 0.04 52.42
X-Phase 84.59 3.67 0.53 0.04 6.53
\/7 0 bulk 83.99 3.67 0.54 0.03 60.61
phase interface 84.27 3.67 0.54 0.03 39.39
Figure 3c
60 bulk 84.00 3.67 0.54 0.03 52.53
interface 84.28 3.67 0.54 0.03 47.47
Au,Sn- 0 bulk 84.00 3.68 0.54 0.03 58.66
alloy Au,Sn 84.23 3.68 0.54 0.03 41.34
Figure 3d
60 bulk 84.00 3.68 0.53 0.03 51.31
Au,Sn 84.23 3.68 0.53 0.03 48.69

Figure 4a, we identify three components. The bulk contribution,
plotted in dark green, is found at a binding energy of E;, =
84.00eV. The most intense feature is shifted by approximately
300meV to higher binding energy and is attributed to the Au,Sn
interface layer. A third component, located at E;, = 84.62¢€V, is
assigned to the X-phase.

The observed angular dependence of the components matches
the expected stacking order. The bulk signal decreases at the more
surface-sensitive emission angle of ® = 60°. Meanwhile, the X-
phase component increases, indicating that the X-phase forms
at the surface, on top of the Au,Sn interface layer. Detailed fit
parameters are summarized in Table 2. The slight asymmetry
of § =0.03, observed for all components, is typical for noble
metal core levels due to many-body final-state effects [35, 42],
and the bulk binding energy is in excellent agreement with the
literature [43]. A detailed discussion of the structural model of
the X-phase is provided in our recent publication [23].

Proceeding to the striped phase, shown in Figure 4b, the same
components are observed, but with altered relative intensities
and slight shifts in binding energy. Both the X-phase and Au,Sn
interface components shift by approximately 30meV toward
lower binding energy. The X-phase component intensity signif-
icantly decreases, consistent with desorption or rearrangement
of Sn atoms formerly arranged in the X-phase configuration. In
contrast to the X-phase spectrum, the Au,Sn interface component
now shows a stronger angular dependence, indicating a reduced

overlayer thickness in this phase. These changes point to a
restructuring process in which the striped phase forms at the
expense of the X-phase. This is in line with the Sn 4d core-level
fits discussed above and matches our structural model discussed
below in Section 2.1. We propose that a dealloying process of
the Sn atoms occurs during the structural transition from the X-
phase to the striped phase. In the X-phase, Sn atoms arranged in
a square-like pattern grow atop an Au,Sn-alloy, whereas in the
striped phase, the honeycomb-arranged Sn grows directly on the
Au(111) substrate without forming an interface alloy. Meanwhile,
the square-like regions within the stripes likely remain posi-
tioned on Au,Sn-stripes incorporated into the topmost substrate
layer. This proposed dealloying scenario is further supported
by the packing density of the Sn atoms, which is higher in
the honeycomb arrangement of the striped phase than in the
square-like layer of the X-phase. Considering that the overall Sn
coverage decreases during post-deposition annealing, the surplus
Sn needed to form the striped phase with higher packing density
likely originates from the dealloying of the interface Au,Sn-alloy
in the X-phase.

Further annealing results in the formation of the ﬁ—phase,
for which the fit consists of only two components: the bulk
and the Au,Sn interface contributions. The interface component
remains bound at E;, ~ 84.27 eV, as previously observed for the
striped phase, and continues to exhibit strong angular depen-
dence, further supporting its location beneath the stanene-like
top layer.
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Finally, annealing the sample above 480 K results in the formation
of the Au,Sn-alloy phase. The Au 4f spectra in this regime are best
described by a two-component model, similar to the ﬁ—phase: a
bulk contribution and a second component located at a slightly
smaller binding energy of E,;, ~ 84.23eV in comparison to the
spectra of the ﬁ—phase, which we assign to the Au,Sn-alloy.
This component is slightly shifted toward lower binding energies
compared to the interface component identified in the preceding
phases. As with our Au,Sn Sn 4d core-level fits, the results agree
well with earlier reports of Au,Sn alloy formation on Au(111) after
deposition of ~ 0.33 ML Sn at room temperature [20, 24, 41].

LEED measurements reveal a (\/5 X \/§)R30° reconstruction,
characteristic of the Au,Sn-alloy, once the annealing temperature
exceeds 480 K. This LEED pattern remains stable up to = 900K,
at which point it vanishes. Interestingly, even though the LEED
signal remains unchanged, we observe subtle but continuous
changes in the XPS spectra of both Au 4f and Sn 4d core levels
across this temperature window.

The Au 4f spectra show a gradual shift of the Au,Sn/interface
component from Ey;, =~ 84.27 eV towards lower binding energies
with increasing annealing temperature. For the spectrum pre-
sented in Figure 4d at a post-deposition annealing temperature
of 650K, the binding energy is found to be E;, = 84.23eV.
Above this annealing temperature, no residual Sn component,
besides the Au,Sn component, is detectable in the Sn 4d spectra.
Further annealing to ~ 750 K lowers the binding energy to around
E,;, ~ 84.20 ¢V, consistent with the value observed for the Au,Sn-
alloy prepared by depositing ~ 0.33 ML of Sn on bare Au(111) at
room temperature. These results are in excellent agreement with
previous reports [20, 24, 41]. We note that, within annealing in
this temperature range, the decrease of Sn coverage is negligible.

We propose that the interface component observed in all the other
discussed structural phases and the Au,Sn-alloy component
of the Au,Sn-phase exhibit similar binding energies due to
comparable local environments. In the Au,Sn-alloy, the atomic
ratio of Au:Sn in the Au,Sn-layer is 2:1. For the striped and
\/7 phases, the Sn coverage yields a similar local elemental
composition compared to an Au,Sn alloy for Au atoms located at
the interface of the Au bulk and the Sn overlayer, suggesting that
the Sn overlayer could induce binding energy shifts in the topmost
Au atoms similar to those in the alloyed configuration. Notably,
the interface component of all the structural phases discussed in
our XPS analysis is shifted to slightly higher binding energies in
comparison to the binding energy of the Au,Sn-alloy component
in the Au,Sn-alloy phase.

The continuous shift of the Au,Sn component observed for the
Au,Sn-alloy phase toward lower binding energies with increasing
annealing temperature suggests that some residual Sn atoms
likely remain bound to the surface even after the Au,Sn-alloy
formation begins. Likely, only upon annealing at sufficiently high
temperatures, the desorption of dimer-like \ﬁ Sn completes and
yields the final Au,Sn-alloy phase.

Taking into account both our Au 4f core-level fits and the Sn 4d
analysis, we conclude that after the initial dealloying of Sn
atoms from the X-phase to the \/7—phase, realloying occurs with

15%2v/3
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FIGURE 5 | Structural analysis of the striped phase using LEED.
LEED patterns recorded at different kinetic energies show a triangular
and striped-like pattern. Analysis of the substructure in the LEED pattern
recorded at Ey;, = 18 eV reveals a Rec(16 x 2\/5) supercell.

increasing annealing temperature, leading to the formation of
Au,Sn at temperatures above 480 K. Our XPS results indicate
that with further annealing, the Sn-dimer bonds of the ﬁ-phase
break and the atoms begin to form the Au,Sn-alloy again, for
which all experimental measurements, LEED, XPS, and STM
are in perfect agreement to the Au,Sn-alloy obtained after the
deposition of &~ 0.35 ML Sn on bare Au(111) at room temperature.

Alternatively, the sequence of structural transitions can also be
explained in terms of Sn coverage. Starting from the Au,Sn-
alloy at = 0.35 ML, a slight increase in coverage to = 0.45 ML
drives dealloying and the formation of Sn dimers in the \/_ -
phase. Further increase in coverage initiates two-layer growth in
the striped phase, where honeycomb stanene stripes on the bare
Au(111) surface coexist with square-like stripes grown atop Au,Sn.
At~ 0.66 ML, corresponding to the X-phase, the Au,Sn alloy layer
is reformed with a square-like Sn overlayer atop.

In addition to this core-level analysis, we also investigated
the valence band evolution across the structural phases. These
valence band spectra, are presented and discussed in the Support-
ing Information (Section S4, Figure 5).

2.1 | STM and Structural Model of the Striped
Phase

After discussing the structural evolution of the different Sn
phases, we now focus on the structural analysis of solely the
striped phase.

The periodicity of the striped LEED pattern was determined
first. In Figure 5, LEED patterns recorded at different kinetic
energies are shown. A clear spot-superstructure, in addition to
the stripe-like and triangular features observed, is visible in the
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FIGURE 6 | STM analysis of the striped phase. (a) Large-scale STM
image measured at U =4mV and I = 310pA, displaying alternating
stripes of square-like and honeycomb arrangements of Sn atoms. The
dashed red lines mark the borders of the three rotational domains.
(b) Line profile along the path shown in (a). The average distance
between neighboring stripes is approximately 4.8 nm. (c) Step edge of the
striped phase measured at U = 3mV and I = 400 pA. To visualize the
atomic structure on both terraces, the same STM image is shown in the
Supporting Information (Figure S6) with adapted color scaling. (d) Line
profile corresponding to the step edge in (c).

pattern. By measuring the distances of these superstructure spots
relative to the Au(111) substrate spots, we extract an average
periodicity of 16.2(8) along the [110] direction and 3.5(2) ~ 2 x
\/5 along [112]. To verify this periodicity, we examined the
superstructure surrounding the \/g-spot in the LEED pattern
recorded at Ey;, = 18eV (inset of Figure 5). Comparing the
experimental LEED patterns with simulated superstructures gen-
erated using LEEDPAT [44] shows that only the Rec(16 x 2\/5)
periodicity reproduces the observed spot arrangement. Especially
the characteristic features of the experimental pattern, such as the
inward-pointing triangular shape of the superstructure, match
well, while simulating the Rec(15 x 2\/5) produces a triangle
pointing outward, and Rec(17x2\/§) results in a hexagonal
configuration inconsistent with the measurements.

For a Rec(13 x 2\/3) and a Rec(19 x 2\/5) periodicity, the reflex
patterns would also be an inward-pointing triangular reflex pat-
tern. The corresponding spot distances, however, are inconsistent
with our experimental data. Thus, we confidently assign the
observed striped LEED pattern to a Rec(16 x 2\/5) supercell.

We now turn to the STM analysis of the striped phase, focusing
first on its long-range order and step height.

In the large-scale STM image of the striped phase in Figure 6(a),
alternating bright and dark stripes with three rotational domains,
with their borders marked by the dashed red lines, are observed.
One domain is visible on the right-hand side of the image,
another occupies the center and extends to the left, and a third
domain appears below the dark defect in the lower-left corner.
The three domains are rotated by 120° with respect to one
another, consistent with the threefold symmetry of the underlying
Au(111) substrate. The longest region of stripes, before ending at

a domain border, defect, or step edge, that we observed measured
approximately ~ 120 nm in length.

To quantify the periodicity of the stripes, we analyzed 27 line pro-
files across the stripes, similar to the one shown in Figure 6b. We
extract an average stripe distance of 4.6(4) nm, which corresponds
toa 16.1x1.5-fold multiple of the Au lattice constant a,, = 2.88 A.
This is in excellent agreement with the periodicity determined
from our LEED measurements.

An STM image of an atomic step edge in the striped phase
is shown in Figure 6¢c. In the Supporting Information (see
Figure S6), we provide the same STM image with an adjusted
color scale to resolve atomic resolution on both terraces. The
corresponding line profile in Figure 6d confirms that the striped
phase follows the underlying substrate morphology. We mea-
sured a step height of ~ 2.3 A, in agreement with the height
of a monoatomic step on clean Au(111) [45, 46]. STM images in
Figure 6 demonstrate that the striped phase can grow uniformly
on terraces and that the striped arrangement begins directly at the
step edges, confirming the large-area growth of this structure.

To determine the atomic arrangement in the unit cell, we
present an atomically resolved STM image of the striped phase
in Figure 7a. The corresponding marked line profiles are shown
in Figure 7b.

Line profile P1, taken across both regions, shows that the striped
phase is atomically flat. A slight height difference of about 20 pm
is observed between the square-like and honeycomb stripes.
We observed that this contrast can vanish or even reverse, as
in Figure 6a, where the square-like region appears lower. The
observed slight height variation is likely caused by the STM tip
state and not an actual height difference between the two regions.

Line profile P2 of the honeycomb region shows an atomically
flat arrangement with a nearest-neighbor distance of ~ 2.9 A,
which matches the Au(111) lattice constant. The distance of two
minima in the profile is ~ 8.6 A, which equals 3a,,. Therefore,
the diagonal of the honeycomb hexagon matches 2a,,. The
honeycomb Sn lattice therefore matches the Au(111) lattice and
Sn atoms occupy equivalent adsorption sites on the Au(111)
substrate, consistent with previous reports on the \/7—phase [22]
and with DFT results [17].

Line profile P3 of the square-like region shows an atomically
flat arrangement with minimal height variation. The nearest-
neighbor distance of ~ 5 A corresponds to a \/5 periodicity
relative to the Au(111) substrate, allowing all Sn atoms in the
square-like region to occupy hcp hollow sites. The square-like
arrangement in the striped phase closely resembles that of the
X-phase in both lattice constant and geometry, with the lattice
constant being approximately 10% smaller than observed in the
X-phase. Considering the chemical similarities observed in their
XPS spectra, it is likely that these two square-like arrangements
are closely related [23].

Using atomically resolved STM images of the striped phase, as
shown in Figure 7a and 7c, together with larger-scale images
such as Figure 6a, we measured a total of 108 individual
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FIGURE 7 | High-resolution STM analysis of the striped phase:
a) Atomically resolved STM image showing an atomically flat honeycomb
arrangement of Sn atoms, separated by Sn atoms in a square-like arrange-
ment. A Rec(16 x 2\/5) building block is overlaid in red. The image was
acquired at U = 3mV and I = 360 pA. b) Line profiles corresponding to
the marked lines in (a). Profile P1 indicates that the square-like stripe
is slightly elevated relative to the honeycomb region. c) High-resolution
image of the striped structure showing a slight variation in the width of the
honeycomb stripe. The image was acquired using the same parameters as
in (a). d) Distribution of the periodicity length, measured as the distance
between the centers of the square-like stripes and determined from seven
different STM images. e) Examples of building blocks and unit cells
identified in the high-resolution STM images, with the Rec(16 X 2\/5)
building block and unit cell being the most common motif.

distances between neighbouring stripes. Shown in Figure 7d is the
distribution of distances, in units of the Au(111) lattice constant.
Most frequently, we observed a 16 - a,, distance between stripes.
Distances ranging from 13:a,, to 19-a,,, are also observed.
This translates to widths of the honeycomb-stripes ranging from
~1.5nm to =~ 3.2nm, with the honeycomb-stripe width of =
2.4nm being the most commonly observed.

In our atomically resolved STM images, we can clarify the nature
of the striped phase. The structure consists of two alternating
components: (1) square-like stripes and (2) honeycomb stanene
nanoribbons. The square-like stripes have a fixed width of ~
14.6 A. In contrast, the honeycomb nanoribbons have a variable
width, resulting in different cell sizes as shown in Figure 7e.

To clarify our terminology, we distinguish these cells based on
their symmetry. We define unit cells (outlined in blue in Figure 7e)
as a motif that possesses a mirror symmetry plane parallel to the
[112] axis. We define building blocks (outlined in red) as a small
variation of the unit cell that lacks this mirror symmetry. We
illustrate the difference between the building blocks and unit cells
in detail in the Supporting Information (Figure S6). The mirror
symmetry of the unit cells is broken by a single Sn atom at the

FIGURE 8 | High-resolution STM image of the striped phase,
acquired with a slightly different tip-state compared to the other STM
images, revealing indications of atoms in the layer beneath the topmost
layer. a) Image measured at U = 3mV and I = 290 pA. b) Zoom-in of the
region marked in (a), revealing a subtle substructure beneath the atoms
in the topmost layer of the square-like stripe. Locations expected for an
Au,Sn-alloy layer below the square-like lattice are marked with orange
circles, while the atoms in the striped top layer are marked in white.
c) Fast-Fourier transform (FFT) of the STM image in (a), showing
excellent agreement with a single domain of the LEED pattern of the
striped phase.

honeycomb-square border in a triangular planar site shifting by
\/Eaau to an adjacent, equivalent site along the [112] direction.

Our distinction is important because the square-like region
exhibits identical mirror symmetry parallel to the [112] axis, as
do the cells classified as unit cells. Therefore, solely using one
type of building block cannot tile the surface to build the observed
structure. However, the difference between the building blocks
and unit cells is only the position of a single atom, and we observe
alack of perfect long-range order in the system, as the majority of
the surface consists of a mixture of mirror-symmetric unit cells
and building blocks that lack mirror symmetry. The Rec(16 x
2\/5) periodicity is simply the most common.

Finally, we also note that this striped superstructure is a long-
range phenomenon. As shown in the Supporting Information
(Figure S7), the striped pattern often fails to form near surface
distortions, such as step edges or islands. In these regions,
we instead observe larger, but usually distorted honeycomb
stanene areas.

For reference, we marked a Rec(16 x 2\/5) building block in the
STM image in Figure 7a in red.

Figure 8c shows the Fast-Fourier Transform (FFT) of the STM
image in Figure 8a. The stripe-like, spot-rich pattern matches well
with the features of a single-domain LEED pattern as shown in
Figure 5.

Based on our LEED analysis, which identifies a Rec(16 x 2\/5)
unit cell, and our STM results, which further confirm this cell
as the most frequently observed, together with our XPS data, we
propose the structural model shown in Figure 9. In this model, the
honeycomb-like region forms directly on the Au(111) surface, with
the Sn atoms occupying equivalent hcp hollow sites, consistent
with DFT predictions [17].

In analogy with the X-phase, we propose that the square-like
stripe regions grow on top of an Au,Sn-alloy layer. Several
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FIGURE 9 | Proposed structural model of the Rec(16 x 2\/3) Sn
honeycomb striped phase. Sn atoms in the topmost layer are shown in
green, while the other Sn atoms, arranged in the Au,Sn-alloy configura-
tion beneath the square-like ordered Sn atoms in the separation region,
are shown in grey.

observations support this interpretation: (i) Counting the Sn
atoms visible in the topmost layer from STM images does
result in smaller coverages in comparison to the coverages
we determined by XPS. The two values differ approximately
by the same number of atoms as those forming the square-
like arrangement in the topmost layer. This density matches
the atomic density needed to form a stripe of Au,Sn-alloy
beyond the square-like region. (ii) Our chemical analysis of
the structural evolution reveals very similar Au 4f and Sn 4d
contributions for the X-phase and the striped phase. The Sn 4d
spectrum for the striped phase (see Table 1) shows two distinct
topmost-layer components, which we attribute to the honeycomb
(stanene) and square-like (X-phase) arrangements. The measured
intensity ratio of these components is 3.1:1 (stanene:square-
like Sn). This is in excellent agreement with the atomic ratio
derived from our STM-based structural model (Section 2.1),
which features 26 stanene atoms and 8 square-like arranged
atoms per unit cell. This yields an atomic ratio of 3.25:1 (26:8),
which supports our XPS component assignment and the proposed
structural model.

(iii) According to our XPS analysis, a dealloying process happens
with increasing annealing temperature and therefore decreasing
Sn coverage. Starting with the X-phase, with a square-like Sn
overlayer growing atop an Au,Sn alloy layer, and ending with the
\/7 phase of a Sn-dimer layer grown directly on Au(111) without
alloying. The striped phase in between would then be interpreted
as a partially dealloyed configuration. (iv) As shown in the inset
of Figure 8b, depending on the STM tip state, we can resolve
the substructure in the square-like region. By white circles, the
atomic positions of Sn atoms in the topmost layer and by orange
circles the expected locations of Sn atoms in the underlying alloy
layer are marked in the inset. This assignment closely resembles
the observed substructure.

Considering the distinct structural and chemical characteristics
of the square-like and honeycomb-like regions, our observations
might be interpreted as stanene zigzag nanoribbons.

In summary, we provide the first evidence of ultraflat regular
honeycomb stanene on Au(11l). In addition, our results mark
the first report of a distinct striped Sn arrangement. The striped
phase could be interpreted as stanene nanoribbons in the zigzag
configuration. Our results confirm the remarkable structural
versatility of Sn on Au(111), especially the high sensitivity of
the structural phases to subtle variations of the preparation
parameters, similar to the structural diversity observed for Si on
Ag(111) [47-49].

We observed that the Au,Sn surface alloy stabilizes different
complex structural arrangements of Sn in the topmost layer. The
square-like X-phase, which forms on a complete Au,Sn layer,
undergoes dealloying toward the \/5 stretched honeycomb phase
that grows directly on bare Au(111), with the structural transition
driven by the desorption of Sn, which is controlled by the post-
deposition annealing temperature. The striped phase, observed
in between, is a mixed phase with a very complex structural
arrangement, where the regular honeycomb stanene nanostripes
are likely stabilized by the square-like Sn stripes growing atop
a Au,Sn-alloy region. When the annealing sufficiently reduces
the Sn coverage, realloying occurs. The ﬁ-phase transforms
back into a Au,Sn surface alloy exhibiting a (\/3 X \/§)R30°
reconstruction, similar to the Au,Sn alloy formed by depositing
~ 0.35 ML of Sn on Au(111) at room temperature. It appears
likely that the alternating arrangement of honeycomb and square-
like Sn is stabilized by the coexistence of bare Au(111) and
Au,Sn regions at the substrate surface. The complex structure of
the striped phase may self-stabilize through substrate—adsorbate
interactions, similar to the reported ground state of germanene
on Ag(111) in a Gegg Ag, (\/@ X \/DTQ)R24.S° supercell [50] and
the formation of atomically flat plumbene on a Pd,_,,Pb, foam-
like bubble alloy [51]. Furthermore, for 2D systems of group
V elements, including blue phosphorus [52, 53], bismuthene,
and antimonene on Au(111) [54], complex supercells, stripe-like
arrangements, and substrate-induced stabilization of the 2D layer
have been reported.

3 | Conclusion

We investigated the structural and chemical evolution of epi-
taxially grown submonolayer Sn on Au(111), with the Sn cov-
erage precisely controlled by the post-deposition annealing
temperature.

Our work focuses on the striped Sn phase, which, to the best of our
knowledge, has not been reported previously. Combining STM,
LEED, and XPS, we uncover a complex superstructure composed
of different unit cells and building blocks with periodicities
ranging from Rec(13 X 2\/5) to Rec(19 x 2\/5), with Rec(16 x
2\/5) being the most common one. The phase consists of alter-
nating honeycomb-like and square-like Sn regions, arranged in
stripes with three rotational domains consistent with the Au(111)
substrate symmetry. The honeycomb regions are atomically flat,
and the determined Sn-Sn bond length matches well predictions
from theory for freestanding stanene as well as with reports of flat
stanene on Pd,Sn(111) and Cu(111) [1, 13, 16].

XPS core-level analysis reveals that the striped phase shares
nearly identical Au 4f and Sn 4d componental contributions
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with the square-like X-phase, suggesting that both phases
share common structural motifs. Based on this chemical sim-
ilarity and the measured Sn coverage, we propose a model
in which the square-like stripes grow atop a Au,Sn sur-
face alloy, while the honeycomb stripes form directly on the
Au(111) surface. The striped phase, therefore, is an intermediate
state between the square-like X-phase, which grows atop an
Au,Sn alloy layer, and the ﬁ—phase, consisting of a single
layer of Sn-dimers in a stretched honeycomb arrangement
without alloying.

The observed alternating arrangement of square-like Sn and
atomically flat honeycomb stanene might be interpreted as the
first realization of zigzag stanene nanoribbons with widths of the
honeycomb-stripe ranging from ~ 1.5nm to & 3.2 nm. Moreover,
our study provides the first experimental evidence of atomically
flat, unstretched honeycomb stanene on Au(111).

Our results hint that alloying and dealloying at the Sn/Au(111)
interface drives the structural arrangement of 2D Sn phases.
Epitaxially grown Sn on Au(1ll) is found to be structurally
versatile, and the Au,Sn interface alloy stabilizes as supporting
unusual surface reconstructions. Our insights provide pathways
for preparing 2D stanene phases and potentially Sn nanoribbon
architectures for future applications.

4 | Methods

The sample preparation and data acquisition were performed
in situ using two different ultra-high vacuum (UHV) cham-
bers. The setup used for XPS and valence band measurements
had a base pressure of p <1x 107 mbar, while STM mea-
surements were conducted in a separate chamber at p <5 X
10~ mbar. Both chambers were equipped with Low-Energy
Electron Diffraction (LEED), argon ion sputtering, and resistive
sample heating.

Identical sample preparation routines were followed across both
systems, with minor adaptations to account for differences
in chamber geometry. The LEED system in each chamber
was used to determine the periodicity of the observed sur-
face reconstructions. Because the structural phases are very
sensitive to tin coverage, particularly below 1/3ML Sn [24],
calibration of deposition parameters was performed for each
experimental setup.

4.1 | Sample Preparation

Clean Au(111) surfaces were prepared by repeated cycles of Ar*
ion sputtering, followed by thermal annealing. Detailed prepa-
ration parameters are provided in the Supporting Information
(Table S2). Tin was deposited by physical vapor deposition (PVD),
with the deposition rate determined via a quartz crystal microbal-
ance and maintained at approximately 3 Ah~'. The Sn coverage
was independently measured using XPS survey spectra, applying
Fadley’s approach for submonolayer coverage determination [55],
as summarized by Zemlyanov et al. [56]. These measurements
were performed at multiple emission angles (always at least © =
0° (normal emission) and ©® = 60° (grazing emission)), and the

reported coverage value is the average of these measurements.
The reported error corresponds to the standard deviation of these
measurements. The detailed formulas and parameters used to
determine the Sn coverage using XPS are given in the Supporting
Information (Section S8).

4.2 | Sn Coverage Definition

The tin coverage is quantified in monolayers (ML), with
one monolayer defined by the atomic density of the unre-
constructed Au(111) surface, which is 1.391 x 10'° atoms/ cm?.
Using this standard, the deposition time required to form
the square-like X-phase on top of the Au,Sn interface alloy
at a coverage of = 0.66 ML is approximately 40 min in our
experimental setup.

43 | XPS

X-ray photoelectron spectroscopy (XPS) data were measured at
the endstation of beamline 11 at the DELTA synchrotron, TU
Dortmund University, which provides linearly polarized soft X-
rays ranging from 50eV to 1500eV from the US55 undulator
which is tunable using a plane-grating monochromator [57]. The
analysis chamber includes a five-axis manipulator, which has
three translational and two rotational degrees of freedom, and is
equipped with a hemispherical electron analyzer.

Survey spectra were recorded with a pass energy of 50eV and a
step size of AE = 1.22 eV. High-resolution and valence band spec-
tra were measured with a pass energy of 5eV and AE = 41 meV.
Photon energies of hy = 700eV, hy = 240eV, and hy = 52.5eV
were used for survey, high-resolution core-level, and valence-
band spectra, respectively. Measurements at normal emission
(© = 0°) probed bulk contributions, while grazing emission (@ =
60°) enhanced surface sensitivity.

High-resolution spectra were analyzed using the LG4X-V2 Python
package [58], which applies non-linear least-squares fitting based
on the Levenberg-Marquardt algorithm using the LMFIT [59]
and 1mfitxps [60] python libraries. Each spectrum was modeled
using Doniach-Sunji¢ line shapes [61], convoluted with a Gaus-
sian function. For all spectra, a Tougaard background was used
and included in the fit model to allow simultaneous optimization
of peak and background parameters.

Identical values for full width at half maximum (FWHM) and
asymmetry parameter § were applied to both components of each
spin-orbit doublet. All obtained fit parameters are reported in
the respective tables. All binding energies are referenced to the
Fermi level. The position of the Fermi level was determined by
fitting the Fermi edge, which was measured before and after each
high-resolution data set. A detailed description is provided in the
Supporting Information (Section S9).

The Gaussian contribution to the broadening of the Fermi edge,
caused by the instrumental broadening, was used in core-level
peak fitting, allowing only minor adjustments of less than 5%. Fit
quality is indicated using the normalized residual R(E) and the
reduced chi-squared value . , for each fitted spectrum.
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44 | STM

Scanning tunneling microscopy (STM) was carried out at room
temperature using a Scienta Omicron LT-STM [62, 63]. Tung-
sten tips were chemically etched in a 20% NaOH solution and
sharpened further in situ by applying voltage pulses. STM images
were recorded in constant current mode, with tunneling current
and bias voltage set for each scan. Values for these parameters
are provided in the corresponding figure captions. All images
were recorded at a resolution of 400 x 400 pixels; the scan scale
in [nm/Pixel] was adjusted for each measurement. The image
processing, including plane correction, drift compensation, and
Fourier transformation, was performed using the Gwyddion
software package [64].
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