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Surface templating by electrostatic surface potentials is the least invasive way to design large-scale
artificial nanostructures. However, generating sufficiently large potential gradients remains
challenging. Here, we lay the groundwork for significantly enhancing local electrostatic fields by
chemical modification of the surface. We consider the hexagonal boron nitride (h-BN) nanomesh on
Rh(111), which already exhibits small surface potential gradients between its pore and wire regions.
Using photoemission spectroscopy, we show that adding Au atoms to the Rh(111) surface layer leads
to a local migration of Au atoms below the wire regions of the nanomesh. This significantly increases
the local work function difference between the pore and wire regions that can be quantified
experimentally by the changes in the h-BN valence band structure. Using density functional theory, we
identify an electron transfer from Rh to Au as the microscopic origin for the local enhancement of

potential gradients within the h-BN nanomesh.

Tailoring the structural and electronic properties of functional materials at
the nanoscale is one of the major challenges of modern nanotechnology and
surface chemistry. From a fundamental point of view, it is the basis for the
realization of artificial nanostructures such as quantum corrals' or metal-
organic (coordination) networks™, which allow the study of quantum
phenomena in model solid-state systems. On the other hand, the design of
nanostructures is also the key to downsizing active functional units for
information technology applications and thus increasing the density of
digital state storage and processing units**.

Various strategies have been explored to reduce the size and dimension
of functional materials and their multilayer structures on solid-state sub-
strates. Smaller vertical film thicknesses can be achieved relatively easily by
exploiting intrinsically ultrathin materials such as van der Waals systems
and their heterostructures®”. The situation is much more complex in the
lateral direction, where different shapes and sizes of nanostructures are often
required for specific functionalities. Here, the molecular or even atomic limit
can only be reached by atomic or molecular self-assembly processes in
combination with surface templating'*"*.

In surface templating, a distinct chemical or electrostatic modulation is
introduced into the substrate materials to influence the growth of molecular

and atomic adsorbates. While chemical surface templating, for example by
partial oxidation'*'* or alloying of metal surfaces'”™"’, can lead to distinct
adsorption sites and geometries of atomic or molecular adsorbates, it very
often alters the inherent properties of the adsorbate due to the chemical
adsorbate-surface interaction. In contrast, surface templating by local var-
iation of the electrostatic surface potential offers the possibility to template
highly inert and passivated (metal) surfaces. This templating effect often
dominates the initial structure formation of aromatic molecules on the
noble metal surface which start to nucleate at the atomic step edges of the
surfaces'*. However, with some exceptions, these local variations of the
surface potential are typically rather small and thus limit the influence of the
templating layer on the structural and electronic properties of adsorbate
films grown on top.

In this paper, we present a strategy to enhance the local gradients of the
surface potential by tuning the local charge distribution in vertically
undulated honeycomb structures on metal surfaces. We have chosen an
atomically thin hexagonal boron nitride (h-BN) layer on the Rh(111) sur-
face as a model system. In analogy to other metal surfaces, the chemical
interaction and the significant lattice mismatch of h-BN and the Rh(111)
surface result in a periodically undulated h-BN layer'>'™. This
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Fig. 1 | Morphology and local electrostatic potential energy map of the h-BN

nanomesh on Rh(111). a Atomic structural model of the nanomesh h-BN/Rh(111)
surface obtained from DFT, where the wire and pore regions of the nanomesh are
indicated. Atomic colors: Rh (gray), B (green), N (blue). b Vertical cut of the local
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electrostatic potential energy map (with black isovalue contours in steps of

0.1 eV) in the vacuum above the nanomesh, spanning the wire and pore regions.
The red horizontal line is 3.8 A above the highest point of the corrugated h-BN
monolayer.

arrangement forms a so called nano-mesh consisting of pore and wire
regions as shown in Fig. la. The h-BN sheet is strongly bound to the Rh
surface in the pore regions by a site-specific interaction of N atoms with top-
site surface atoms and B atoms with triple hollow sites. In contrast, the wire
regions show a much weaker interaction with the substrate. The resulting
periodic undulation of the h-BN nano-mesh leads to local variations in the
surface potential as shown in Fig. 1b, which can control the growth of
selected molecular films such as Cg, naphthalocyanine, phthalocyanines,
and azobenzene'>***. Besides, selective nucleation and growth of metal
nanoparticles in h-BN pores have also been reported in several cases'>*",
which can be used e.g., to model catalytic processes™ .

Here, we show that the local surface potential gradients within the
nano-mesh h-BN structure can be significantly enhanced by changing the
local charge distribution within the wire regions. This is achieved by
changing the chemical composition of the substrate, i.e., by replacing Rh
atoms with Au atoms under the h-BN layer in the wire region, as demon-
strated by core-level spectroscopy. The resulting different changes of the
local surface potential of the pore and wire regions cannot be resolved by
direct space microscopy due to the limited spatial resolution at room
temperature (instrumental resolution in photoemission electron micro-
scopy and thermal drift limited resolution in scanning tunneling micro-
scopy). Therefore, we employ momentum microscopy, a tool for
momentum-resolved photoelectron spectroscopy, and identify the forma-
tion of a mini-gap as a characteristic signature of the different local surface
potentials and local work functions of the wire and pore regions in
momentum space. Finally, our experimental results are complemented by
density functional theory calculations, which theoretically confirm the local
charge transfer in the wire regions as the microscopic origin of the enhanced
gradients in the local surface potential.

Results and discussion

The templating effect of h-BN on the subsurface region

We start by determining the chemical environment and the local position of
the Au atoms at the h-BN/Rh(111) interface. The chemically modified
h-BN/Rh(111) structures were prepared in several steps (see Method sec-
tion). First, a well-defined amount of Au was deposited on the clean Rh(111)
surface at 500 K and subsequently annealed at 1050 K for 5 min. The bulk
immiscibility of Au and Rh in this temperature range™ still allows the
formation of a Rh-Au surface alloy, mostly in the first Rh layer, as
demonstrated in our previous studies””*. We checked by XPS that the
desorption of Au from Rh(111) did not set in at this temperature yet (not
shown). Afterward, the surface is exposed to 2 x 10~® mbar of borazine
(purity: 99.8%) at 1050 K leading to the growth of one atomic layer of h-BN
on the surface. The formation of a closed h-BN layer on top of the Au/Rh
surface alloys is confirmed by core-level spectroscopy, i.e., by the saturation
of the N 1s and B 1s signal.

Moreover, core-level spectroscopy allows us to determine the location
of gold atoms below the h-BN layer. Figure 2 shows the N 1s core-level
spectra for different Au coverages at the h-BN/Rh(111) interface. Without
gold (0 ML Au), the N 1s spectrum reveals two contributions that can be
attributed to the strongly interacting pore and weakly interacting wire
regions'>**’. In our case, the pore and wire components were found at
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Fig. 2 | N 1s core level spectra of the h-BN/Rh(111) interface for various gold
coverages in the top metallic layer. The experimental data are shown as solid black
lines. We analyzed the line shape by a dedicated fitting procedure. The two N 1s
components of the spectrum are attributed to the wire (pink) and pore (green)
regions of the h-BN layer. The envelope of the fitting curve is shown as red solid line.

398.67eV and 397.98 eV, respectively, in accordance with previous
studies’*’. These values were determined by a peak fitting procedure using
two Gauss-Lorentz functions with a slightly asymmetric tail function. With
increasing Au coverage, the position of intensity peak maximum shifts
gradually toward smaller binding energies. At the same time, the peak width
at half maximum (FWHM) decreased stepwise. These line shape changes
are the result of a different response of the two N 1s components with
increasing Au coverage. Our dedicated fitting procedure reveals that the
position of the N 1s wire component shifts to smaller binding energies, while
the position of the pore component is nearly unaffected by Au (Fig. 2 and
Table 1). In addition, the intensity (area) ratio of the pore and wire com-
ponents decreased with Au, because the diameter of the pore region is
smaller due to the presence of gold™. This trend is observed for Au coverages
up t0 0.9 ML. At ®4, = 1.5 ML, however, we find a substantial change in the
N 1s core level signature. The N 1s spectrum only reveals a single compo-
nent at 397.51 eV that can be assigned to an adsorption configuration
similar to the N atoms in the wire region of the h-BN layer at smaller
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coverages. Interestingly, this qualitative change in the N 1s line shape at this
large gold coverage coincides with a flattening of the h-BN layer mor-
phology as demonstrated by previous STM measurements™*'.

Our core level data conclusively show that the Au atoms mainly alter
the chemical environment of the N atoms in the wire region. Hence, we
propose that the Au atoms are predominantly located below the wire regions
of h-BN, at least for Au coverages up to ~0.9 ML. On the one hand, this
inhomogeneous spatial distribution of Au on the surface provides the first
indication that the nano-mesh morphology of h-BN also exists on the Au-
covered Rh surface, at least up to 0.9 ML of Au. On the other hand, it further
implies the occurrence of lateral diffusion of Au atoms during h-BN growth.
The corresponding changes in the Au positions are illustrated in the ball
model in Fig. 3. The lateral diffusion of Au is driven by the bulk immiscibility
of Au and Rh in combination with the qualitatively different interactions
between the h-BN and the Rh surface atoms in the pore and wire region. The
stronger h-BN-Rh interaction in the pore region coincides with a sub-
stantially larger (adsorption) energy gain that would be severely altered and
reduced due to the presence of Au in the surface layer. On the other hand,
the specific chemical surface environment in the weakly interacting wire
region is not expected to have a strong impact on the (adsorption) energy in
this region and thus would not be significantly altered by the presence of Au
underneath h-BN. This overall favors the lateral diffusion of Au atoms into
the h-BN wire regions. Taking into account the higher disorder and thermal
fluctuations at the high synthesis temperature, it is possible that the pre-
ferential arrangement of gold atoms is completed during cooling down of
the sample.

The energetic driving force for the accumulation of gold atoms below
the wire region has been proven by DFT calculations as well. Table 2 reports
relative total energies of eleven systematically constructed atomic config-
urations by taking a fixed composition of 72 Au+ 72 Rh atoms in the
topmost metal atomic layer in direct contact with h-BN, which is denoted by
h-BN/Augsp/Rh(111). The atomic configurations are shown in

Supplementary Fig. 2 in the Supplementary Information. In agreement with
the experimental findings, the energetically favored configuration corre-
sponds to a circular Rh region in direct contact with the circular h-BN pore,
and a Au region below the h-BN wire. Other structures exhibit a much larger
total energy. Note also the correlation between the relative total energy and
the corrugation of the h-BN layer in Table 2. More details of the considered
structures are reported in the Supplementary Information.

A similar change in the chemical composition of the surface layer also
occurs for h-BN on the fully miscible Pt-Rh system on PtRh(111)*. In that
case, however, the periodic lateral modulation of the chemical composition
of the topmost metal layer was attributed to a vertical diffusion of bulk atoms
to the surface. Considering these observations for bulk immiscible’ and
fully miscible metallic alloys, we propose that the downward templating
effect of h-BN on metallic surfaces is a general effect that can be exploited to
tune the local surface potential within the layer.

Band structure and local surface potential gradients

We now turn to the photoemission data of the h-BN/Au/Rh(111)
valence band structure recorded by momentum microscopy, i.e., by
momentum-resolved photoemission spectroscopy. Such data allows us
to unambiguously demonstrate the persistence of the h-BN nanomesh
for moderate Au coverages up to at least 0.9 monolayers. Please note
that flat h-BN monolayers are characterized by one n band and two ¢
bands (o), 0,)"**. Figure 4a-d and e-h show the constant binding
energy (CBE) maps for two binding energies (Eg =9.0 eV and 5.2 eV)
obtained for different Au coverages below the h-BN layer. For these
large binding energies, the CBE maps are dominated by the char-
acteristic emission pattern of the h-BN n— and o— states. In particular,
the (1) state can be attributed to the wire, and the () state to the pore
region. Interestingly, both spectroscopy signatures can be observed for
Au coverages up to 0.9 ML confirming that the nanomesh phase exists
even for these Au coverages. Only for even higher coverages of 1.5 ML,

Table 1|Binding energies and relative intensities of the N 1s core level signatures of the pore and wire region of the h-BN layer on

Rh(111) for different Au coverages

N 1s pore (eV) N 1s wire (eV) pore/wire area ratio
h-BN/Rh(111) 398.67 397.98 0.47
h-BN/0.7 ML Au/Rh(111) 398.62 397.83 0.30
h-BN/0.9 ML Au/Rh(111) 398.58 397.71 0.24
h-BN/1.5 ML Au/Rh(111) - 397.51 0

These values were extracted from the core-level data shown in Fig. 2 using a dedicated fitting model.

Fig. 3 | Ball models to illustrate the templating of
the subsurface. Structural models of the Au/
Rh(111) surface structure before and after the
adsorption and growth of one layer of h-BN.
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Table 2 | DFT-calculated total energies (per supercell) of various optimized configurations of h-BN/Aug sy /Rh(111) relative to

the energy minimum (denoted by zero energy) among the considered set

Configuration shown in Supplementary Fig. 2, and description of the top metal layer

Relative total energy (eV)

Corrugation of the h-BN layer (pm)

Suppl. Fig. 2a: Circular Rh below h-BN pore 0.000 206
Suppl. Fig. 2b: Circular Rh below h-BN pore, 1 Rh replaced by 1 Au in the middle of Rh 0.910 206
Suppl. Fig. 2c: Au-Rh stripe (phase-separated) 2117 202
Suppl. Fig. 2d: Rh-Au stripe (phase-separated) 2.166 195
Suppl. Fig. 2e: Circular Au below h-BN wire maximum, 1 Au replaced by 1 Rh in the middle of Au 4.481 98
Suppl. Fig. 2f: Circular Au below h-BN wire 2nd max., 1 Au replaced by 1 Rh in the middle of Au 4.519 184
Suppl. Fig. 2g: Circular Rh below h-BN wire 2nd max., 1 Rh replaced by 1 Au in the middle of Rh 8.841 75
Suppl. Fig. 2h: Circular Rh below h-BN wire maximum, 1 Rh replaced by 1 Au in the middle of Rh 9.216 59
Suppl. Fig. 2i: Circular Au below h-BN pore, 1 Au replaced by 1 Rh in the middle of Au 9.447 59
Suppl. Fig. 2j: (2 x 1) Rh-Au atomic rows (ordered surface alloy®"*%) 17.758 47
Suppl. Fig. 2k: (2 x 1) Au-Rh atomic rows (ordered surface alloy®”*%) 17.802 47

The obtained corrugation values of the h-BN layers are also indicated. The corresponding atomic structures are reported in Supplementary Fig. 2.
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Fig. 4 | Constant binding energy (CBE) maps of the h-BN/Au/Rh(111) valence band structure for different Au coverages. The data in panels a-d were recorded for
Ep=9.0 eV, the ones in (e-h) for Eg = 5.2 ¢V, and the ones in (i-1) in the energy region of the valence band maximum (Ep = 3.5 eV).

the doubling of the m-state is replaced by a single spectral feature (see
Fig. 4h), suggesting the formation of a uniform and flat h-BN layer. In
contrast, both o-states (i.e., 0; and 0,) can be identified in all CBE maps
with different Au coverage (see Fig. 4a-h). They can, hence, be assigned
to intrinsic states in the h-BN layer with different p,/p, orbital
characters™.

In addition to the characteristic - and o-states, the CBE map at the
Ep =9.0 eV (Fig. 4a) shows momentum space replicas of the o bands for the
bare h-BN/Rh(111) interface. These replicas arise from photoelectron dif-
fraction at the structurally distinct regions of the h-BN layer and have

already been observed for h-BN/Ir(111)*. For this system, they were also
rationalized by the interference of photoelectrons from the pore and wire
regions, where the different local heights of the h-BN layer lead to an
additional phase shift of the emitting electrons®. Thus, these replicas are
clear signatures of the h-BN nanomesh. In contrast, the momentum space
replicas disappear when the coverage is increased to ~1.5 ML, indicating
that the nanomesh pattern of the h-BN layer is lost. The disappearance of
these additional momentum space features coincides with a significant
reduction in the background photoemission signals, both pointing to the
formation of a smooth and very flat h-BN layer.
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Fig. 5 | Cross-sectional band structure maps. a Energy vs. momentum (intensity)
maps of the h-BN/Au/Rh(111) valence band structure for different Au coverages.
The maps were extracted along the M-I'-K-M high symmetry direction of the
Rh(111) surface Brillouin zone. The mini-gap of the h-BN nt-bands can be found in
the regions highlighted by the white box. A close-up of this region is shown in (b) for
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the same Au coverages. The contrast in the right half of these maps shows the
photoemission intensity, and the left half shows the 2nd derivate of the photo-
emission intensity to highlight the evolution of the mini-gap for different Au
coverages.

Next, we turn to the characteristic band structure of the pore and
wire region for different Au coverages in more detail which will allow
us to uncover spectroscopic signatures of the local surface potential
variations in the h-BN/Au/Rh(111) system. For this purpose, we
recorded detailed CBE maps over the entire surface Brillouin zone of
h-BN in the binding energy region of its valence band maximum.
Exemplary CBE maps for different Au coverages are shown in Fig. 4i-1
for a binding energy of Eg = 3.5 V. The most pronounced changes in
these CBE maps are visible after adding Au atoms (see. Fig. 4j-1) to the
bare h-BN/Rh(111) interface (see Fig. 4i). However, these changes are
not related to the morphology and the nano-mesh of the h-BN layer,
but are due to energy shifts of the h-BN valence bands with increasing
Au coverage. To support this conclusion, we use the collection of the
whole 3D data cone (ky, ky, E) to extract energy versus momentum
cuts along the (high symmetry) directions (M-I'-K-M, see Fig. 4i in the
momentum space. Figure 5a shows such cuts along the M-T-K-M
direction for the bare h-BN/Rh(111) interface. We simultaneously
observed pore-wire energetic splitting and “horizontal” (momentum
space) replicas up to a gold coverage of 0.9 ML, both characteristic of
the nanomesh morphology*“*. The energetic splitting can be attrib-
uted to the m band, while the momentum space replicas are char-
acteristic of the o bands. The stepwise shift of the weakly bound n
maximum at the K-point discussed above is well visible in the white-
dashed box in Fig. 5a. Altogether, our momentum-resolved photo-
emission data provides clear evidence that the nano-mesh of the h-BN
layer persists for Au coverages up to 0.9 ML and afterward transforms
into a flat and uniform h-BN layer on top of the Au/Rh(111) sur-
face alloy.

Within this wealth of information of the whole 3D data cone (some of
which has been discussed in the literature'”), the most important feature for
identifying the local potential difference between the pore and wire regions
is the small band splitting (mini-gap) of the  band near its maximum at the
K point that is visible in the white-dashed box in the energy vs. momentum

region in Fig. 5a. A close-up of this region is shown in Fig. 5b. Even for the
bare h-BN/Rh(111) interface, our experimental data show a small band
splitting that is better visible the 2nd derivative contrast in Fig. 5b. This
splitting can be attributed to local potential gradients between the pore and
wire region caused by the vertical buckling of the h-BN layer and the
different chemical environments of the h-BN atoms in these regions. This is
in full agreement with previous photoemission simulations for h-BN/
Ir(111) that identified a locally varying electrostatic potential as the origin of
the appearance of mini-gaps, especially near the n band maximum at the
K-point®.

In our system, the size of this mini-gap gradually increases with
increasing Au coverage as long as the h-BN layer retains its nanomesh
structure. This is the case for Au coverages up to 0.9 ML. The increasing size
of the mini-gap is attributed to the preferential accumulation of gold below
the wire regions, which increases the local work function difference between
the pore and wire regions, as discussed below. For larger Au coverages,
however, the h-BN nanomesh structure disappears and is replaced by an
(almost) perfectly flat h-BN layer for which all spatially inhomogeneous and
local potential gradients disappear. The absence of such gradients leads to
the disappearance of the mini-gaps for Au coverages larger than 0.9 ML,
which is in full agreement with our experimental data for 1.5 ML Au in
Fig. 5a, b.

Before discussing the local work function changes in the h-BN/Au/
Rh(111) system, we turn to the evolution of the laterally averaged work
function for different Au coverages. We determined the average work
function from the full height and position of the photoemission para-
bola in the so-called cut-off region at very small kinetic energies. Table 3
summarizes our findings for h-BN layers on Au-Rh(111) surface alloys
with different Au coverages. For comparison, we have added the lat-
erally averaged work function calculated by density functional theory
for different h-BN covered surfaces. In agreement with previous
literature®, the work function of bare h-BN/Rh(111) interface is
~3.96 eV and hence much smaller than for the clean Rh(111) surface
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(~5.4eV). Adding Au to the interface again leads to a larger work
function, which increases further with increasing Au coverage. Besides,
the 1, (wire) maximum at K shifts significantly in accordance with the
work function change”™’. Our DFT calculation fully supports our
experimental findings. Hence, the changes of the laterally averaged
work function point to a substantial modification of the charge redis-
tribution at the interface between h-BN and the Au/Rh(111) surface
alloy for different Au coverages. This charge redistribution is very likely

Table. 3| The binding energy of m, band maximum at K, as well
as the experimentally and calculated work functions of h-BN/
Au/Rh(111) surfaces at different gold coverages

m, (wire) at K eV WF.,, eV WFac eV
h-BN/Rh(111) 2.99 3.96 4.02
h-BN/0.5 ML Au/Rh(111) - - 4.24
h-BN/0.7 ML Au/Rh(111) 2.57 4.24
h-BN/0.9 ML Au/Rh(111) 2.38 4.28
h-BN/1 ML Au/Rh(111) - - 4.27
h-BN/1.5 ML Au/Rh(111) 2.27 4.60
h-BN/2 ML Au/Rh(111) - - 4.47

the microscopic origin of the spatial variation in the local potential in
the h-BN nanomesh structure.

To support our conclusions drawn from our experimental findings, we
calculated the electrostatic potential energy landscape (from the Hartree
potential) for the h-BN/Au/Rh(111) systems with different Au coverages.
Figure 6a-c shows vertical cuts through these potential landscapes for 0.0,
0.5, and 1.0 ML of Au. In this representation, the potential energy is
visualized using a color code, and black solid lines mark equipotential
contours. It is evident that there are significant differences in the potential
energy above the h-BN wire (the blue bumps) and the h-BN pore (between
the blue bumps) regions. Most importantly, these differences are further
amplified by the presence of Au beneath the h-BN wire region. This is clearly
visible through the increased number of crossings of equipotential contours
along the red line parallel to the surface for 0.5 ML Au compared to the bare
h-BN/Rh(111) interface. On the other hand, when the coverage is increased
to a full Auatomiclayer (1.0 ML), the potential energy variation is much less
pronounced as expected from missing vertical modulation of the h-BN
layer. The local variations in the potential energies can be translated into an
experimentally more quantifiable value, namely the work function of the
system. Figure 6d-f shows maps of the local work function calculated for a
plane located 3.8 A above the highest point of the h-BN layer (illustrated by a
red line in Fig. 6a—c). In accordance with the potential landscape calcula-
tions, the bare h-BN/Rh(111) interface already shows a clear spatial

f 4.46 eV

wire: 4.23 eV wire: 4.46 eV 4.29 eV Work
func-
tion
pore: 3.79 eV pore: 3.88 eV 4.22 eV
g o ]BN wire]

Fig. 6 | Charge transfer and local work function calculations. Local electron
electrostatic potential energy maps (a—c), local electron work function maps (d-f),
and 3D charge transfer maps (g-i) obtained by DFT. a-c Vertical cuts of the local
electrostatic (Hartree) potential energy for h-BN/Au/Rh(111) for gold contents (a):
0.0 ML Au, (b): 0.5 ML Au, (c): 1.0 ML Au. Blue color corresponds to atoms: the
(top) h-BN layer and 2 atomic layers of the metal substrate are shown. The two blue
bumps correspond to the h-BN wire in (a-b), and the region between them is the
h-BN pore. The potential energy is increasing when moving from the material slab
toward the vacuum, and the isovalue potential energy contours in 0.1 eV steps are
indicated in (a—c). d—f Local electron work function maps with indicated maximal
and minimal values and color bar shown on the right. g-i off-side views of the 3D
charge redistribution maps (yellow/cyan: electron accumulation/depletion) upon

attaching the h-BN layer to the metal substrate: isosurfaces of Ap(x,y,z) = ppx
+substrate(xay’z) - PBN(X:Y:Z) - psubstrate(x’y’z) for (g) 0.0 ML Au, AP =46 X 1073 |e|’
(h):0.5 ML Au, Ap =26 x 10*|e[, (i): 1.0 ML Au, Ap = +6 x 10™* |e|. Atomic spheres
and colors: Rh (large, gray), Au (large, yellow), B (small, green), N (small, gray).
Insets in (g-i) show the plane-averaged Ap(z) = [[Ap(x,y,z)dxdy/A,, charge dif-
ference profiles along the surface normal z-direction (yellow/cyan: electron accu-
mulation/depletion, with limits +1 electron (+1e)), where A, is the surface area of
the supercell. The z-position of the top metal atomic layer (Rh, Au/Rh, or Au) is
denoted by dashed horizontal lines, respectively, and the top and bottom z-positions
of the h-BN layer are indicated by dotted horizontal lines in the insets of (g-i): BN
wire and BN pore for (g-h) and BN for (i).
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Fig. 7 | Illustration of the charge transfer between Rh and Au. Summary of the
charge transfer between the Rh and Au atoms in the pore and wire region for the bare
(a) and h-BN covered (b) Au/Rh(111) surface alloy. The B atoms are shown in green,

b
ooe_g00
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the N atoms in blue. The amount of charge transfer was determined by a Barder
charge analysis of our DFT calculation. For the bare Au/Rh(111) alloy, we placed the
Au atoms in the same position as for the h-BN/Au/Rh(111) systems.

variation of the work function with a work function difference of 0.44 eV
between the maximal and minimal values found in the wire and pore
regions, respectively. Adding 0.5 ML Au to the h-BN/Rh(111) interface
leads to an overall increase in the averaged work function in accordance with
our photoemission experiment. However, the increase in the work function
difference between the pore and wire region to 0.58 eV is even more
important. This enhancement of the local work function difference by more
than 30% must coincide with a larger dipolar field between the pore and wire
region that, for instance, is responsible for the N 1s core level shifts and the
opening of the mini-gap at moderate Au coverages. In contrast, the flat
h-BN layer grown on a single Au atomic layer on Rh(111) only reveals a
marginal variation in the local work function of 0.07 eV and a further
increase in the average work function as observed in our experiment. In this
way, our calculations of the potential energy landscape and the local work
function demonstrate that adding Au to the interfaces can substantially
enhance the surface potential’s local gradients. To understand the increasing
average work function values with the increasing Au content in the metal
substrate, we calculate the charge redistributions of the h-BN/Au/Rh(111)
system for the three Au coverages discussed above. The 3D charge redis-
tribution is calculated by Ap = pgn--substrate — PBN — Psubstrate a0d shown as a
3D iso-surface plotted onto a 3D structural model of the h-BN/Au/Rh(111)
systems in Fig. 6g-i. In these plots, electron (negative charge) accumulation
is illustrated in yellow, and electron depletion in cyan. As expected for the
nanomeshes, the charge transfer is strongest between the B and N atoms in
the h-BN pore and the Rh atoms in the topmost metal atomic layer, see
Fig. 6g-h.

First, we focus on the laterally averaged charge redistributions along the
surface normal which are shown as insets in Fig. 6g-i. For the bare h-BN/
Rh(111) interface, we find a substantial vertical charge transfer across the
interface leading to a large interfacial charge dipole. This dipole is respon-
sible for a reduction of the global work function compared to the bare
Rh(111) surface as observed in our experiment. This charge redistribution is
reduced by adding 0.5 ML of Au to the h-BN/Rh(111) interface which is
again consistent with our experimental observation. This reduction is solely
caused by the decrease of the pore diameter for 0.5 ML Au and does not
reflect the local changes in the potential landscape. The smallest vertical
charge transfer is found for the flat h-BN layer on a monolayer Au on
Rh(111) in Fig. 6i, indicating a weak interaction.

Finally, we turn to the influence of the local charge distributions in the
h-BN/Au/Rh(111) systems that are ultimately responsible for the variations
in the local work functions in the h-BN nanomesh structure. Therefore, we
analyzed the Bader charge redistributions within the h-BN layer, the Au
sub-surface, and the different Rh(111) atomic layers in the pore and wire
regions. A detailed description of this analysis can be found in the Sup-
plementary Information. The key finding of the charge distribution is
summarized in Fig. 7. We start with the reference system of the 0.5 ML Au
on Rh(111) surface with the Au atoms located in the wire regions, i.e., in the
same regions as in the h-BN covered case. Our Barder charge analysis reveals
a charge transfer from Rh to the Au atoms of ~0.094 electrons/Au atom.

This charge transfer is attributed to the larger electronegativity of Au
compared to the Rh atoms. Repeating the same analysis for the complete
system, i.e., the h-BN nanomesh on the Au/Rh(111) surface alloy, yields an
even larger charge transfer of ~0.104 electrons/ Au atom from Rh to Au. This
charge transfer is responsible for the substantially larger local electron work
function in the h-BN wire region, which resides above the Au-containing
region of the substrate, compared to the pore region that is located above the
bare Rh surface. Our analysis clearly demonstrates that the presence of the
metal guest atoms, i.e., the Auatoms, with large electronegativity (compared
to the host material) are responsible for the substantial (lateral) charge
redistribution in the metal surface underneath the inserted honeycomb
layers and hence for the enhancement of the local surface potential gradients
above the h-BN layer. The electrostatic potential energy map for the Au/
Rh(111) surface alloy is given in the Supplementary Information (Supple-
mentary Fig. 3).

In conclusion, our study has provided microscopic insights into the
enhancement of local surface potential gradients in vertically buckled
honeycomb structures on surfaces by implanting metal atoms at the
interface. For the exemplary case of the h-BN nanomesh on Rh(111), we
have shown that the introduction of Au atoms at selected positions
within the nanomesh, ie., in the weakly interacting wire regions,
increases the spatial variation of the electrostatic potential and the local
work function of the h-BN/Au/Rh(111) system by more than 30%. This
enhanced spatial variation of the electrostatic potential is reflected by a
characteristic signature in the h-BN valence band structure, namely the
increase of the so-called mini-gap, which we observed in a momentum-
resolved photoemission experiment. Our experimental results are
complemented by density functional theory calculations, which
revealed alocal charge transfer between the Rh atoms and the Au atoms
in the wire regions. This charge transfer is attributed to the larger
electronegativity of the Au guest atoms compared to the Rh host atoms
and is the microscopic origin of the enhanced variations in the local
surface potentials.

Our comprehensive and microscopic understanding of the role of
guest atoms at 2D material/metal interfaces for the local work function can
thus pave the way to the realization of sufficiently large surface potential
gradients for highly efficient surface templating by electrostatic potentials.
This will lay the foundation for the design of artificial and chemically
decoupled nanostructures consisting of building blocks with chemically
engineered optical or spin properties, such as molecular switches or single
molecular magnets.

Methods

Sample preparation

The Rh(111) single crystal (purity: 99.99%), oriented with a precision below
0.1° was a product of MaTeck. It was cleaned with cycles of Ar ion sput-
tering (1.5keV, 300K) and a subsequent annealing at 1250 K. The last
sputtering treatment was performed at 1 keV, 300 K, followed by oxidation
in 5 x 10 mbar of O, at 1050 K for 30 min. The last step of the cleaning was
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annealing in UHV at 1250 K for 5 min. The surface quality was checked by
core-level spectroscopy and low energy electron diffraction (see Supple-
mentary Information). The Rh-Au surface alloys were prepared by depos-
iting Au atoms onto the Rh(111) surface at 500 K and subsequently
annealed at 1050 K for 5 min. The quantity of the ultrathin Au film was
checked by core-level spectroscopy. Photoelectric cross sections calculated
by Scofield”, and the angular correction by Reilman™ and Ebel™ were
applied. The inelastic mean free path (imfp) values were calculated by the
TPP-2M formula™. Since it was demonstrated Au grows pseudomorphi-
cally on Rh(111) at small coverages”’, one monolayer (ML) of gold is defined
as the surface concentration of the topmost atomic layer of Rh(111):
1.60 x 10" cm . Finally, the surface is exposed to 2 x 10~* mbar of borazine
(purity: 99.8%) at 1050 K leading to the growth of one atomic layer of h-BN
on the surface. The formation of a closed h-BN layer on top of the Au/Rh
surface alloys is confirmed by core-level spectroscopy, i.e., by the saturation
of the N 1s and B 1s signal. The presence of sharp LEED features indicates
the formation of good quality h-BN films in all cases (Supplementary
Information).

Photoemission experiments

The experiments were performed at the NanoESCA end station of ELI-
ALPS, in most part manufactured by the companies Scienta Omicron and
FOCUS GmbH. The system consists of a preparation and an analysis
chamber with sample transfer in between the two under ultrahigh vacuum
in the 10" mbar region (UHV). The preparation chamber is equipped with
an IS 40C1 Ar" source of Prevac for sample cleaning, a capillary array gas
doser, a FOCUS EFM3 e-beam heated evaporator for metal deposition, and
an RGA300 quadrupole mass spectrometer of Stanford Research Systems
for gas analysis. The prepared surface can be characterized by a BDL 600IR
back display LEED-Auger of OCI Vacuum Microengineering, and by XPS
using an XM1000 monochromatized Al K, X-ray source and an Argus CU
hemispherical analyzer with 121-23 mm mean radius and 128 detection
channels, both products of Scienta Omicron. The detection angle was 35°
with respect to the surface normal. The binding energy scale was referenced
to the Fermi level.

The analysis chamber hosts a NanoESCA II system, product of FOCUS
and Scienta Omicron®. This is a photoemission electron microscope
equipped with an aberration corrected dispersive energy filter and can be
operated also in momentum microscopy (k space) mode. This operation
mode allows us to record the complete angular (momentum) distribution of
the photoelectrons above the surface as a function of their kinetic energy in a
fixed experimental geometry without rotation of the sample. In order to
produce photoelectrons for NanoESCA measurements, the sample can be
illuminated either by a Mercury Arc UV Source of FOCUS or by a HIS14
HD VUV lamp of FOCUS, equipped with an ellipsoidal mirror to increase
the flux density to ~9 x 10" photons/(ssmm”) when using the He-I line
(21.22 eV). All spectra and images presented in this paper were collected at
room temperature.

Density functional theory calculation

DFT calculations have been performed using the Vienna Ab-initio Simu-
lation Package (VASP)”*, where the projector augmented wave method™
and van der Waals correction (optB86b)***' were employed. For the h-BN/
metal structures the (13 x 13 BN)/(12 x 12 metal) superstructure with the
experimental lattice constant of Rh, a,p = 0.269 nm was used. The asym-
metric slab geometry in the supercell consists of at least two Rh atomic
layers, followed by another metal atomic layer (pure Rh, a 50-50% ordered
mixture of Rh and Au, or pure Au) in direct contact with a h-BN monolayer.
A perpendicular vacuum layer of min. 15.4 A thickness is considered to
decouple the repeating material slabs. During structural optimization the
bottom Rh layer was fixed and the rest of the atoms were freely relaxed to
determine their equilibrium geometry with a force criterion of 0.2 eV/nm.
The energy cutoff of the plane wave expansion was set to 400 eV. The
Brillouin zone was sampled by the I' point in structural relaxations, and by a
3 x3x1 Monkhorst-Pack k-point mesh for calculating the electronic

properties (local electrostatic potential, electron work function) and charge
transfer.

Data availability
The data used in this study are available upon reasonable request from the
corresponding author L.O. (laszlo.ovari@eli-alps.hu).
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