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ABSTRACT: Imaging of individual protein molecules at the single amino acid
level has so far not been possible due to the incompatibility of proteins with the
vacuum environment necessary for high-resolution scanning probe microscopy.
Here we demonstrate electrospray ion beam deposition of selectively folded
and unfolded cytochrome c protein ions on atomically deﬁned solid surfaces in
ultrahigh vacuum (10−10 mbar) and achieve unprecedented resolution with
scanning tunneling microscopy. On the surface folded proteins are found to
retain their three-dimensional structure. Unfolded proteins are observed as
extended polymer strands displaying submolecular features with resolution at
the amino acid level. On weakly interacting surfaces, unfolded proteins refold
into ﬂat, irregular patches composed of individual molecules. This suggests the
possibility of two-dimensionally conﬁned folding of peptides of an appropriate
sequence into regular two-dimensional structures as a new approach toward
functional molecular surface coatings.
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crystallography is the conventional method, allowing for a highresolution determination of the atomic positions.8 The
preparation of protein crystals however, is often tedious
sometimes impossible. Alternatively, the computational alignment and averaging of many transmission electron micrographs
of the same protein for tomographic reconstruction yield
submolecular resolution of its 3D shape, yet requires similarly
large eﬀorts.9,10
Scanning probe microscopy (SPM) is capable of achieving
atomic resolution and should in principle be capable of imaging
individual proteins at this resolution.11,12 However, only on
atomically clean samples, preferably in an ultrahigh vacuum
(UHV) environment to avoid any contamination, molecular
orbital or even atomic resolution of an adsorbate molecule can
be achieved.13 Since proteins, in particular in the folded state,
are delicate with respect to environmental inﬂuences like heat,
lack of water, or ill solvent conditions, their processing is
limited to solutions or ambient conditions. Thus vacuum
processing by thermal evaporation that could produce welldeﬁned samples for high-resolution SPM imaging is hindered
by the nonvolatile nature of proteins.

roteins, macromolecules of almost unmatched complexity,
display highly speciﬁc functionalities only when folded into
a distinct three-dimensional (3D) conﬁguration. Protein
folding, a complex self-assembly process, thus links the
protein’s functionality to the atomic arrangement of the
peptide chain.1,2 Consequently the protein’s 3D shape as well
as its peptide sequence are of pivotal importance for the
understanding of the processes in the living cell. Moreover, due
to their exquisite functionalities, proteins are very interesting
for the applications in biotechnology. Especially the immobilization of proteins at surfaces, controlled with respect to
structure and ordering, is of great importance.3
Electrospray ionization (ESI) produces intact protein gasphase ions, which allows to employ mass spectrometry for the
identiﬁcation and sequencing of biological molecules like
proteins with great precision.4 However, from gas-phase protein
ions, only limited information about the complex 3D structure
can be extracted by ion mobility spectrometry (IMS), which
condenses the complexity of the protein’s shape to just one
number, the collision cross section.5,6
While the identiﬁcation and sequencing of proteins is very
eﬃciently done using modern mass spectrometry techniques,7
the imaging of the 3D shape of a protein is a highly complex
task, which remains a challenge on the individual particle scale.
Averaging over many molecules of a protein crystal, X-ray
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Figure 1. Scheme of the ES-IBD experiment. The protein CytC, displayed in ribbon representation, is ionized by ESI. Ion optics, such as an ion
funnel, quadrupoles, and lenses are used to collimate, mass select, and focus the beam. TOF-MS allows access to the chemical composition. Ion
beam deposition takes place in ultrahigh vacuum (10−10 mbar). The deposition energy can be adjusted, and the ion current is monitored. Samples
are investigated in situ by STM (see Supporting Information A for details).

In this study we are aiming at the characterization of
individual proteins on surfaces by STM at the amino acid
resolution level. To place the molecules on atomically deﬁned
crystalline surfaces in UHV, we use electrospray ion beam
deposition (ES-IBD), a technique also known as ion soft
landing.14−19 Similar to atoms or small molecules from an
evaporator source used in conventional molecular beam
epitaxy, our advanced ES-IBD setup generates intact molecular
gas-phase ions through ESI and conveys them as fully
controlled, highly pure ion beams to surfaces in UHV.20−22
With this approach, folded or unfolded proteins can be
deposited selectively by speciﬁcally acidifying the electrospray
solution and ﬁltering appropriate low- or high-charge states,
respectively.
Soft landing of proteins has been demonstrated in high
vacuum.23 It was demonstrated that the protein functionality
can be retained16,24 and that even complex entities like whole
viruses can be deposited intactly.25 Since the deposition process
itself is highly complex, the detailed picture of surfaces coated
with proteins by ES-IBD/soft landing will allow to optimize
that process toward applications of selectively coated functional
protein surfaces.
In the following we show that folded proteins were deposited
intact on metal surfaces in vacuum and, despite their large size
and insulating nature, can be imaged by STM as globular
structures. For unfolded proteins, we achieved the mapping of
the electronic density of states with submolecular resolution at
the amino acid level. This enables us to study the complex
interaction of the peptide strands with the surface and probe
their microscopic properties and self-assembly behavior.
Steered by the interaction with the surface, we obtain diﬀerent
structures that could be useful for approaching various
questions: We will show that protein ions, fully immobilized
upon deposition, yield information about the gas-phase ion’s
conformation with unprecedented resolution. Submolecular
features related to single or few amino acids (AA) observed
along extended unfolded protein strands suggest to probe the
AA sequence by scanning probe spectroscopy. Two-dimen-

sional (2D) folding into disordered compact patches was
found, which suggests a surface conﬁned, 2D equivalent to
protein folding as a new approach toward complex, functional
surface coatings.
Like in mass spectrometry, in ES-IBD molecular ions created
by ESI are transferred into vacuum and proceed through several
ion optics for collimation, mass selection, and focusing before
they can be detected with the mass spectrometer or used for
deposition onto a surface (Figure 1).20,23 The feasibility of ESIBD for intact deposition has been demonstrated in several
cases including peptides,26,27 dye molecules,20,28 coordination
compounds,21,29 fragile molecular magnets,22,30 and even whole
viruses.25 The gentle deposition of protein ions on liquid and
solid surfaces in vacuum has been reported to be capable of
retaining the functionality of the molecule.16,24 With the
prototype of our ES-IBD setup, nanostructures of bovine serum
albumine (BSA), a large protein, were formed on a graphite
surface in high vacuum (10−6 mbar).23 The ambient condition
characterization with atomic force microscopy (AFM),
however, was limited in resolution to the level of the single
globule, of 1−5 nm in diameter.
In the present study, we investigate cytochrome c (CytC), a
protein central in electron-transfer processes in mitochondria
and in apoptosis.31 It consists of 104 AA adding up to a
molecular weight of 12 384 Da.32 For comparison, BSA, a
protein of more then 66 kDa mass, is studied.23 ESI charges
proteins by the addition of multiple protons, a process which
can be enhanced by acidifying the solution, e.g., with formic
acid (FA).33 Figure 2a shows mass spectra of CytC from
aqueous solutions that contain 0.1% and from H2O/MeOH
solutions containing 5% FA. The characteristic peak pattern
corresponds to several charge states of CytC: +5 to +12 are
detected at low FA concentration (blue curve). Upon
increasing the FA concentration to 5% and adding the organic
solvent, the characteristic red color of the solution vanishes,
indicative of protein denaturation. TOF-MS yields higher
charge states of up to +20 (Figure 2a, red curve). Still, the mass
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Figure 3 shows the three surfaces after the deposition of a
submonolayer coverage of low-charge state, folded CytC ions.

Figure 2. Electrospray TOF-MS of equine CytC from an aqueous
solution containing 0.1% FA (blue) and from a H2O/MeOH solution
with 5% FA added (red): (a) without mass selection low-charge states
from +5 to +12 are found for low FA concentration. High-charge
states up to +20 are observed for high FA concentration. (b) Mass
selection of high- (z = +12 to +18) and low- (z < +10) charge states
yields beams that contain preferably unfolded or folded protein ions,
respectively.

of (12 385 ± 6) Da measured conﬁrms that the CytC
molecules are intact.
The relation between the charge state of the gas-phase ion
and the conformation of the protein has been intensively
studied for CytC by measuring ion-neutral collision cross
sections and examining H/D exchange studies.34−36 The results
suggest two main conformational states: unfolded proteins
preferably form high-charge state ions (z > +10), while folded
and partially unfolded proteins are found in low-charge states
(z < +8). ES-IBD thus oﬀers to choose the type of protein
conformer to deposit by adjusting the solution conditions to
promote folded or unfolded proteins, and select the m/z range
of the desired charge states.
To explore the molecular structure of individual folded and
unfolded proteins at surfaces, beams of high- and low-charge
state were prepared for deposition. This was achieved by mass
selecting the ranges of 600−1200 Th (z = +12 to +18) and
m/z > 1250 Th (z ≤ +10) with a quadrupole ion guide in
addition to the adjustment of the pH value (see Figure 2b). For
the UHV deposition, currents of 15−60 pA can be achieved at
the target, which relate to a deposition time of 0.5−3 h for a
submonolayer coverage of 5−20% of the total surface area,
which is ideal for the investigation of the individual molecules
by STM. Higher coverage can be achieved by collecting more
charge, with results equivalent to low coverage imaging.
However, the imaging quality is reduced as the ﬁlms become
more and more insulating.
Low-charge state, folded CytC beams were deposited on
three surfaces (for details see Supporting Information A).
Cu(001) is a strongly interacting surface, on which the
molecules are expected to be fully immobilized already at
room temperature. Au(111) is less interactive, except at the
elbow sites of the reconstruction, which act as pinning
centers.37 Finally an insulating, monatomic boron-nitride
nanomesh (BN) layer on Rh(111) interacts weakly, yet oﬀers
a regularly modulated surface of approximately 3.2 nm pitch,
which can serve as a template for ordered organization.38

Figure 3. STM topography of folded proteins after the deposition of
low-charge state CytC ion beams: (a) on Cu(001); inset: individual
globular features at improved resolution due to a modiﬁed tip; (b) on
Au(111); and (c) on BN/Rh(111) boron nitride nanomesh. (d) Line
proﬁles showing completely and partially folded proteins as high (1.0−
1.8 nm), globular features, and unfolded proteins as features of low
height (0.2−0.3 nm). (e) Sketch of possible protein conﬁgurations:
several nanometer high features result from partially or completely
folded proteins, ﬂat laying strings, or patches correspond to unfolded
protein strands.

On all surfaces two types of structural features can be
distinguished: (i) high, globular structures of 1.0−1.8 nm
apparent height, with lateral dimensions of 2−4 nm and (ii)
low height, string-like features on Cu and BN or patches on Au
with a height of 0.2−0.3 nm (see line proﬁles, Figure 3d). It is
evident that the strings found on Cu(001) and BN correspond
to unfolded protein strands, which on Au(111) agglomerated
into compact patches.
To identify the nature of the globular features, the entire
deposition and imaging process has to be considered, as both
random coils or folded proteins are possible explanations for
the observed structures. In STM large organic structures appear
less high due to a lower electronic density of states as compared
to the metal, while the lateral dimensions of high aspect ratio
structures are overestimated due to the convolution with the tip
shape. Taking into account these limitations imposed by the
STM imaging method, the structures resemble the shape and
size of the three-dimensionally folded CytC39 fairly well, while
for random coils a larger variety of shapes could be expected.
According to IMS studies, our ion beam of low-charge state
CytC ions contains folded along with partially and completely
2454
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Figure 4. STM topographies of unfolded CytC deposited from ion beams of high-charge state: (a) CytC on Cu(001), large scale image and (b)
magniﬁed topograph showing two peptide stands on Cu(001) with molecular substructure. (c) Other proteins, here BSA, reproduce equivalent
structural features on Cu(001). High-resolution topograph of a section of an unfolded BSA molecule showing lobes separated by 0.5−0.8 nm along
the chain. (d) Histogram of the chain length on Cu(001) yielding an average of 25 ± 3 nm, which ﬁts an unfolded protein with intact α-helices. (e)
The second and fourth moment of the intrachain distance measured from STM images (hollow circles) ﬁts the predictions of a worm-like chain
model for a noninteracting polymer (straight lines). R4(s) data shifted by 1 for clarity. (f) Unfolded CytC on Au(111). (g) Magniﬁcation of compact
patches of CytC. Two small patches of approximately 40 nm2 represent one protein each, the large patch of 80 nm2 comprises two strands. (h) The
histogram of the patch area. Feature heights in panels a−c 0.15−0.25 nm and for panels f, g 0.15−0.35 nm.

unfolded proteins.34,36 Refolding of unfolded protein strands in
the gas phase is unlikely due to the short transfer time between
ionization and deposition and was further avoided by choosing
gentle conditions in the high-pressure part of the ion source
where collisions with the background gas occur.40,41 That this is
successful, is evidenced by the absence of globular features in
experiments with purely unfolded beams (see Figure 4) and it
further shows that refolding into globular structures does not
occur on the surface either.
Thus the diﬀerent structures observed by STM after the
deposition of low-charge state CytC ion beams can be

rationalized by the conﬁgurations illustrated in Figure 3e:
Globular features of heights above 1 nm are observed where a
folded or partially folded protein is present, while the features
of 0.15−0.35 nm height correspond to unfolded proteins
appearing as isolated, strand- or patch-like agglomerations.
Partially unfolded proteins are imaged as a mixture of ﬂat and
globular structures in the vicinity of each other. We note that,
as a consequence of the transfer into vacuum, the intramolecular interactions in the protein are altered due to the
removal of the solvent. The missing hydrophobic interaction
stabilizes the protein’s secondary structure through stronger
2455
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folding into a 3D structure or even into the protein seems
highly unlikely to occur due to the binding to the metal surface.
The results of the deposition of high-charge states resemble
the observations after the deposition of low-charge state ions
but with the globular structures entirely absent. String-shaped
adsorbates are observed on the otherwise clean Cu(001)
surface after the deposition of a 0.05 ML coverage of highcharge state CytC (z ≥ 12) (Figure 4a,b). A statistical analysis
yields a length of 25 ± 3 nm (Figure 4d), which is signiﬁcantly
shorter than the expected length of 35.5 nm of the entirely
unfolded protein. Considering, however, that the high stability
of the secondary structure in vacuum leads to intact αhelices,43,44 the expected length is 27 nm, which agrees well
with our observation. Moreover the narrow length distribution
shows that unfolded highly charged proteins are soft landed at
energies of up to 90 eV, which is in agreement with the literture
on the topic.16,19,24
On Cu(001) at room temperature, no pair of CytC
molecules with the exact same adsorption conﬁguration can
be found. The ﬂexibility of the polymer chain allows for an
enormous number of possible conﬁgurations in three
dimensions. The same is true even when the conﬁnement to
a surface reduces the degrees of freedom. The formation of the
observed random structures cannot be attributed to thermal
diﬀusion or collision induced motion since no sign of surface
mobility, such as step edge decoration, agglomeration, or
molecular ordering, is found for purely unfolded CytC on
Cu(001). We conclude that unfolded CytC protein ions are
immobilized immediately upon contact with the strongly
interacting Cu(001) surface. Due to it is softness, the gasphase structure is only weakly perturbed by the strain induced
by the collision with the surface. The observed geometry thus is
a close approximation of the gas-phase ion’s conﬁguration
projected to the surface.
Caused by Coulomb repulsion, highly charged protein ions,
without disulﬁde bonds like CytC, have an extended chain
conformation in the gas phase. To justify this argumentation,
we have performed molecular dynamics simulations of CytC in
vacuum. The calculated characteristic conformations of highly
charged CytC are indeed similar to the ones shown in Figure
4a,b (Supporting Information E, Figure S4). Our data from the
analysis of the distribution of intramolecular distances on the
surface match the behavior of a 3D worm-like chain, with a
persistence length of 6 nm, projected onto a surface (see Figure
4e and Supporting Information B).45 Since this model does not
take the AA sequence into account, it predicts the general
behavior of unfolded proteins on the Cu(001) surface. And
even though the full complexity of the protein deposition
process, including hyperthermic energies and the mechanical
properties of the peptide, is not reﬂected by our model, the
structures observed for the much larger protein BSA resemble
what we ﬁnd for CytC and conﬁrm the application of the
wormlike chain model (Figure 4c and Supporting Information
D).
In contrast to the extended chains observed on Cu(001),
after the deposition of high-charge state CytC ion beams on
Au(111), compact patches corresponding to individual
molecules, covering an area of approximately 39 ± 4 nm2, are
observed (Figure 4f,g). They are found at the step edges and at
the elbow sites of the reconstruction, indicating surface mobility
of the unfolded protein stands on gold. These ﬂat, compact
structures are the result of attractive intramolecular interactions.
In contrast to the gas phase, on a metal surface charged sites are

polar interactions and the electrostatic repulsion results in a set
of folded conformers that is expected to be close yet not equal
to the folded protein in solution.36,42
While we can exclude refolding of unfolded strands into
globular structures mediated by the surface, an inﬂuence on the
molecular ion’s conformation on the distribution of the
deposited material is obvious. Our low-charge state ion beam
collides at an energy of 10−50 eV with the surface. For this
energy range former protein soft-landing studies reported
enzymatic activity after deposition, which suggests that a
signiﬁcant amount of folded proteins survives the impact.16,24
Unfolding as a consequence of the contact to the metal or BN
surface seems unlikely as well, since a similar ratio of folded and
unfolded proteins is found either on the strongly interacting
Cu(001) surface or on weakly interacting Au(111) and BN
surfaces. However, since in the low-charge state ion beam
folded and unfolded proteins are present, the unfolding due to
the impact or due to the surface cannot be dismissed entirely.
On Cu(001) the CytC molecules are immobilized where
they have landed. At room temperature, almost no step edge
decoration is observed on Cu(001), indicative of inhibited
diﬀusion. Few, small agglomerations of globular features
suggest some surface mobility for folded as compared to
unfolded proteins (see inset of Figure 3a and Figure 3b).
Intuitively, the smaller contact area of the surface with a folded
protein rationalizes this observation.
On the less interactive Au(111) and BN surfaces, STM
measurements have to be performed at low temperature (40 K)
to reduce the surface mobility enough to observe individual
proteins. Step edges and the elbow sites of the Au(111)
reconstruction act as pinning centers, where folded and
unfolded molecules are found. The surface mobility also
accounts for the observation of the compact patches that can be
better observed when only unfolded proteins are deposited,
which is discussed in detail later. In contrast to Au(111), the
BN nanomesh reconstruction provides a template of much
smaller length scale, trapping the molecules on the terraces and
moreover limiting the free motion of the unfolded protein
strands, which hinders the formation of compact patches.
The considerations above suggest that the folded proteins are
not strongly perturbed by the adsorption at the surface.
Unfortunately, the relatively large height of the globular
structures combined with their insulating nature induces
frequent contact with the STM tip, i.e., the tip crashes. As a
consequence, the tunneling junction is not always well-deﬁned,
often reducing image resolution and quality. A newly prepared
tip, for instance, would image the unfolded strands with good
resolution and show fuzzy protrusions at the sites of the
globules. A tip that sometimes gets modiﬁed by the attachment
of a molecule may resolve the individual folded proteins, while
the unfolded strands are imaged badly (see inset of Figure 3a).
In the absence of the folded proteins, much better tunneling
conditions would allow for molecular orbital resolved imaging
by STM. Since ES-IBD promotes isolating high-charge state
ions by mass selection (see Figure 2b, red spectra), we
deposited purely unfolded proteins to the surface, exposing the
entire molecule to be imaged by the STM. Moreover, the selfassembly behavior of a peptide chain on the surface, governed
by complex intermolecular, intramolecular and moleculesurface interactions, is fundamentally interesting and may
serve as a new way to fabricate surface supported nanostructures. In principle, the manifold of interactions promotes selfassembly at a surface given suﬃcient mobility, whereas the
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either neutralized or eﬀectively screened. While initially the
protein binds at one or only few points, for instance, via opened
disulﬁde bonds or a carboxylic acid group binding strongly to
the gold, the rest of the chain remains mobile. It will be fully
immobilized at an energetically favorable position, which is
most likely in the vicinity of another part of the same chain.
The characteristic pseudodiameter of these patches in the plane
of the Au(111) surface is determined by the aforementioned
persistence length of the unfolded CytC proteins. This
mechanism is suﬃcient to explain the occurrence of irregular
patches and suggests that the intrachain interactions are
nonspeciﬁc, since no identical patches are found.
Without disturbances imposed by the large insulating
globules, a better resolution can be achieved compared to the
STM measurements of folded proteins. The primary structure
of CytC is imaged as a set of protrusions. The height of the
patch structures on Au(111) of 0.15−0.35 nm is found to be
higher than the height of the string-shaped adsorbates on
Cu(100) of 0.15−0.25 nm. In the close-packed patches, not all
side groups of the AAs are laying ﬂat on surface. Protrusions
above 0.3 nm height are thus attributed to the side groups of
AAs pointing out of the surface plane. Individual peptide chains
on Cu(001) are shown in Figure 4b,c, each composed of many
protrusions of varying size (or pitch equivalently) of 0.5−0.8
nm. This length, measured for BSA as well as for CytC,
corresponds to the size of one to three AAs. Accordingly, the
number of 30−60 lobes is found to be a fraction of the number
of 104 AAs for CytC. On Au(111) the distribution and size of
submolecular protrusions are consistent with CytC on copper.
However, since the CytC chain interacts with itself, the number
of observed protrusions is reduced to 20−30 per patch. The
variation of the intensity in the lobes is related to the local
density of states, which depends on the AA sequence.
Our results show that ES-IBD is a method to eﬃciently
prepare high-quality surfaces selectively coated with unfolded as
well as folded proteins. Such samples can be useful for many
high-performance measurement methods targeting fragile,
complex molecules like proteins. Present high-resolution
AFM is capable of imaging the topography of insulating
objects without the limitations imposed by tunneling and thus
could be able to provide valuable data about the shape of a
folded protein.46 Local force ﬁelds, mapped with AFM, can
provide chemical information; in combination with functionalized tips, this could address the question how much of the
original functionality is present in vacuum.47 Extended unfolded
proteins immobilized, for instance, on the copper surface could
be used to identify single AA using vibrational ﬁngerprints from
inelastic tunneling spectroscopythe sequencing of an
individual protein as the ultimate goal (see Supporting
Information C, Figure S2).48,49
Apart from SPM, many other high-resolution techniques will
beneﬁt from the capability of sample preparation provided by
ES-IBD. For instance, free electron lasers provide coherent Xray pulses that are in principle capable of probing the structure
of a single protein, a well prepared sample provided.50 Similarly,
transmission electron microscopy is capable of imaging
individual atoms or molecules at submolecular resolution
immobilized on a well-deﬁned substrate.51 Finally, the SPM
data of proteins fully immobilized immediately after deposition
are closely related to the structure of gas-phase protein ions and
can thus complement IMS measurements to gain additional
insights.5,6

Besides the analytical capabilities, 2D self-assembly of
oligopeptide- or even protein chains is another vision arising
from this study. Up to now peptide self-assembly at surfaces in
vacuum was limited to mono- and dipeptides, due to limited
thermal stability. Nevertheless, complex behavior and eﬀects,
such as chiral recognition, could be demonstrated.52−54
The self-assembly of the peptide strands into compact, albeit
irregular, patches observed on the Au(111) surface illustrates
the possibility of 2D folding. Unsurprisingly, the CytC
sequence, which evolved to be folded in physiological solution,
did not yield regular assemblies on surfaces. However, other
sequences might do so.43 Compact patches of CytC are formed
by weak unspeciﬁc intrachain interactions and are thus only
stable at low temperatures. However, this suggests that it might
be possible to form deterministic structures at room temperature by exploiting a hierarchical self-assembly approach that
leads to an overall stronger bonding in the folded structure.
Finding appropriate sequences will require substantial theoretical and experimental eﬀort, yet it promises to add to the
understanding of self-assembly by folding as well as opening the
possibility for protein-like 2D functional structures at surfaces.
Methods. For deposition and in situ characterization in
UHV we used our ES-IBD source20,21 in situ connected to a
variable temperature STM (Omicron VT-STM, Omicron
Nanotechnology GmbH, Germany). The setup is described
in Supporting Information A in more detail.
CytC (Aldrich D7752) was dissolved in solutions of water or
water/methanol mixtures to which formic acid (FA, Fluka
94318) was later added. From these solutions, CytC gas-phase
ions are created by pneumatically assisted ESI at a ﬂow rate of 1
mL/h. The ions are transferred into vacuum and guided
through six diﬀerentially pumped stages to reach a pressure
below 10−10 mbar at the sample position. A rf-quadrupole ion
guide in the third pumping stage is used to select the required
m/z-section of the protein ion beam, which is monitored by the
time-of-ﬂight mass spectrometer downstream. On the substrate
position in UHV, mass selected ion currents of 20−100 pA
were detected and decelerated to a kinetic energy of 2−5 eV
per charge before deposition. The coverage is monitored via a
current measurement at the sample position using electrometers (Keithley 617).
Three diﬀerent surfaces were used for deposition: Cu(001),
Au(111), and BN/Rh(111). All surfaces were prepared in an
integrated UHV preparation setup at a base pressure of 3 ×
10−10 mbar. The metal crystals were repeatedly sputtered by
argon ions and annealed. The BN nanomesh on the Rh(111)
surface was prepared by purging the sample at 1300 K with
10−6 mbar borazine gas (B3N3H6). The samples are transferred
in situ to the deposition chamber and subsequently to the STM
without ever breaking the ultrahigh vacuum.
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