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ABSTRACT: The van der Waals interactions are responsible for a large diversity of structures
and functions in chemistry, biology, and materials. Discussion of van der Waals interactions has
focused on the attractive potential energy that varies as the inverse power of the distance
between the two interacting partners. The origin of the attractive force is widely discussed as
due to the correlated fluctuations of electron charges that lead to instantaneous dipole induced
dipole attractions. Here, we use the inelastic tunneling probe to image the potential energy

surface associated with the van der Waals interactions of Xxenon atoms.
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Chemical interactions underpin the formation of molecules from atoms and the
self-assembly of extended atomic and molecular structures. The van der Waal’s (vdW) bond is
the weakest compared to the other types of bonds: covalent, ionic, metallic, and hydrogen.
While individual vdW bond is weak, the interactions are additive and can become a significant
binding force for an ensemble of atoms and molecules. Current description of the vdW bond
does not implicate the sharing of electrons. The vdW potential energy arising from fluctuating
charges and instantaneous dipoles exhibits inverse power law decays on the distance between
the interacting partners. Despite the prevalence of vdW interactions, a proper experimental
visualization combined with theoretical description remains elusive.'

For the inert gas atoms with spherically symmetric closed shells, vdW interactions are
dominant in their bonding. In comparison, bonds involving carbon atoms are described by
hybridized orbitals that have well-defined bonding directions, both in the number of bonds and
angles between them. Consequently, molecules with carbon bonds are depicted schematically
by skeletal structures that convey the locations of atoms and connections between them. The
nature of such structures has only recently been experimentally shown by imaging the
connections between atoms as lines in cyclic organic molecules by the atomic force microscope
(AFM),”™ and cyclic organometallic molecules by the scanning tunneling microscope (STM).’
Images of such lines indicate the presence of anisotropic potential associated with the charge
distribution in the chemical bond. Self-assembly of Xe atoms on a metal surface presents an
ideal vdW system for fundamental studies. The fact that they form a close packed hexagonal

structure suggests the presence of interatomic attraction that is responsible for the self-assembly.
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This paper provides new understanding into the nature of the vdW interactions through real
space imaging of the potential energy surface (PES) and analyses by density functional
calculations.

The inert gas atoms interact predominantly through vdW interactions. The large
polarizability of Xe leads to favorable interaction strengths with its neighbors to form stable
adsorption structures. Numerous studies have shown that Xe atoms form close packed
self-assembled monolayer when dosed onto metal surfaces with different crystallographic
orientations.®’ This behavior suggests that the self-assembled Xe structure is insensitive to the
substrate symmetry and driven by interatomic interactions.

The adsorption of Xe monolayer on Ag(110) has been studied by low energy electron
diffraction® and He atom scattering.’ In the present experiment, islands of ordered Xe atoms are
formed on the Ag(110) surface, as shown in Figure 1a where the Xe atoms can be seen to cover
over a step. A zoom-in of the monolayer island in Figure 1b shows clearly the individual Xe
atoms, their adsorption sites, and the larger unit cell for the Xe monolayer compared to the
underlying unit cell of Ag(110). The Xe atoms are not in perfect registry with the Ag(110)
lattice, indicating that the interaction within the Xe layer competes with the binding to the
substrate. Contrary to previous DFT calculations with vdW interactions, the Xe atoms do not
adsorb on top of a Ag atom,'®!! but prefer the higher coordination sites.

When the bare tip is set closer to the surface (close set point), individual Xe atoms remain
well resolved in Figure 1c and Figure 1d. Using the same set point defined by the bias voltage

and current for Figure le as in Figure 1a and Figure 1b (far set point), no significant change is
4
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observed with a CO-tip. However, the topographic image with the CO-tip in Figure 1f is
qualitatively changed when the CO-tip is set closer to the surface as in Figure 1c. Specifically,
each Xe atom is imaged as a dot and additionally a line appears and joins the centers of each
pair of nearest neighbor atoms. These features cannot be due to effects of the substrate since the
Xe overlayer has hexagonal symmetry while the underlying Ag(110) substrate has rectangular
symmetry.

Another method to image the pattern of lines connecting the Xe atoms uses the itProbe,’ as
illustrated schematically in Figure 2a. In itProbe, a CO molecule is transferred from the surface
to the tip and its presence at the end of the tip is confirmed by changes from the bare tip in the
enhanced topographic images of adsorbed molecules and the characteristic CO vibrational
spectrum by inelastic electron tunneling spectroscopy (IETS). The lowest energy vibrational
mode of the CO-tip corresponds to the hindered or frustrated translational mode depicted in
Figure 2a. The CO-tip can be positioned directly over a Xe atom or above the three-fold hollow
site, as indicated in Figure 2b. The spectrum for the hindered translational mode of the CO
shows spatial variations, as is exemplified by the spectra in Figure 2¢ for these two sites. This
spatial dependence gives rise to itProbe images that derive from the spatial variations of the
vibrational intensity of CO at a selected energy, as illustrated for 1.6 meV in Figure 2d. Similar
to the topographic image shown in Figure 1f, a hexagonal pattern is revealed by the itProbe,
with lines connecting the centers of nearest neighbor Xe atoms. Such a pattern extends over the

entire island of self-assembled Xe atoms, as shown by the itProbe image in Figure 2f.
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Disorder of the Xe atoms in the island can be induced by coadsorption with
hexafluorobenzene (CgFs), as shown by the topographic image in Figure 3a and a close-up view
in Figure 3b. When the CO-tip is set closer to the surface, lines connecting the nearest neighbor
Xe atoms appear in the topographic image at constant current (Figure 3c) and in the current
image at constant height (Figure 3d). The same pattern of lines is seen in the differential
conductance dI/dV image (Figure 3e) and the itProbe d°I/dV’ image (Figure 3f). These images
show lines connecting nearest neighbor Xe atoms, following their disordered positions. In
contrast to covalent bonds involving carbon atoms, interactions among Xe atoms are not
constrained by the angle subtended between adjacent lines.

Spectroscopy has shown the binding of a noble gas atom with a benzene molecule by vdW
forces to form a stable complex in a molecular beam.'? A noble gas atom can also bind to an
acid via the acidic hydrogen.”” Xenon compounds have been synthesized, including xenon
fluorides'* and complexes with a metal atom."> Xenon hydrides have also been documented'®
that reveal its chemical versatility. The nature of the vdW interactions is visualized in the
present study by probing a single Xe atom bonded to a single cobalt-phthalocyanine (CoPc)
molecule, as shown by the topographic image in Figure 4a. The adsorption site of the Xe-CoPc
complex is determined by resolving the surface atoms of Ag(110) with the CO-tip set closer to
the surface compared to the tunneling gap in Figure 4a. The differential conductance dlI/dV
image in Figure 4b suggests lines connecting the Xe atom to the CoPc molecule. The Xe-CoPc
interactions are more clearly seen in the itProbe image in Figure 4c, as three lines connecting

the center of the Xe atom to its three nearest neighbors: the H atoms in the two C-H bonds and
6
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the N lone electron pair of the CoPc. A schematic diagram of the itProbe image is illustrated in
Figure 4d. Similar to the disordered Xe atoms in the island of Figure 3, vdW interactions are not
constrained by valence and angle as in covalent bonds formed by carbon.

Images of Xe atoms in self-assembly have been obtained on graphite'’ by the AFM and on
Cu(110)"® and Cu(111)"° by the STM. In these and the present studies, growth of Xe islands
initiates at step edges. Here using itProbe, the observed lines corresponding to the CoPc
covalent structure and those connecting a Xe atom to its nearest neighbors in Xe islands and
Xe-CoPc complex suggest a similarity in the description of covalent and vdW bonds.

Calculations for a free-standing Xe monolayer without substrate by DFT provide insights
into the interactions within the Xe self-assembled layer and the origin of contrast in itProbe
images. As shown in Figure 5a, the vdW interactions dominate the attractive forces within the
Xe layer. The binding energy increases from 17 meV to 86 meV by including the vdW
correction. The optimized distance between adjacent Xe atoms is 4.52 A, in close agreement
with the measured values of 4.60 A to 4.67A along different directions of the STM image in
Figure 1b. The nature of the weak interactions between Xe atoms can be understood from the
charge density difference shown in the inset of Figure 5a, 0y, e = Pxe—aom - 1t 1S @pparent that
the electron density shifts from each nuclear region toward the region between two Xe atoms.

Chemical interactions between atoms are associated with the warp in space of the
electrostatic potential. Consequently charges rearrange and bonding is correlated with an
electronic shift to the region between two interacting atoms. Indeed, the nature of the vdW bond

has been described in terms of the rearranged charge density,” such as the Ar dimer*' and CH,4
7
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dimer.”* The lines observed for Xe interactions in the present work can be associated with the
anisotropic charge arrangement in vdW bond as described by the vdW density functional
theory, 2122

The various images of the topography (z), current (/), differential conductance (dl/dV’), and
itProbe (d°I/dV?) reflect the spatial variations of the interaction potential energy surface for the
combined system of the CO-tip and the adsorbed species. The lines connecting Xe to CoPc in
the itProbe image of Figure 4c have the same origin as the lines defining the skeletal structure
of the covalent bonds in the CoPc molecule.” Additionally, the lines involving vdW interactions
among Xe atoms are resolved in the z, , and dI/dV images besides the d°I/dV? itProbe images,
as shown in Figure 1 to Figure 3 for the Xe islands.

In itProbe, the CO-tip is scanned over the adsorbed species and the d’I/dV’ signal is
monitored at a chosen bias within the hindered translational mode of CO. The contrast in the
itProbe d’I/dV’ images originates from variations in the peak position and intensity of the
hindered translational mode of CO at different positions over the adsorbed species compared to
over the Ag(110) substrate (background). These variations arise from the emergence of the
coupling of the adsorbed species to the CO molecule attached to the tip. Instead of bonding
only to the tip, the CO molecule is additionally influenced by the potential associated with the
charge density of the species it probes.”* In Figure 5b, a straight line prevails between two

adjacent Xe atoms and corresponds to a ridge, or local maximum at least in one direction in the

PES for the Ag-CO tip over the Xe layer. The CO bonded to the tip is under the influence of an
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elastic restoring force —k,u , with u representing a small lateral displacement for the hindered
translational vibration. Interaction with the Xe layer adds a new restoring force on CO,—k,u,
and the vibrational energy changes to hm , Where m is the effective mass of the
motion. The negative curvature associated with ridges of PES implies that £, is negative and
reduces the vibrational energy of CO by the diverging force on it over the Xe-Xe linkage. In
contrast, a valley in the PES (positive curvature and £, ) is seen at each triangular hollow site of
the Xe lattice, with a corresponding increase in the measured vibrational energy. Indeed, the
spatial distribution of the PES curvature in Figure Sc, as related to k,, maps well with the
itProbe images in Figure 2d and 2f. By recording the inelastic electron tunneling signal at a
reduced vibrational energy, the spatial map of the intensity for the CO hindered translational
vibration yields contrast in the itProbe image that can be compared to the chemical structure
and intermolecular interactions.

There have been recent debates on the origin of the intermolecular line features in nc-AFM
images. A mechanical model has been introduced to account for the nc-AFM and itProbe
images.”>** This model considers the tip-CO relaxation and describes the tip-sample interaction
as the sum of pairwise Lennard-Jones potentials between the atoms constituting the molecule
adsorbed on the substrate surface and the CO on the tip. However, further justification is
required for the main conclusion of the model that intermolecular lines are merely the result of
CO-tip relaxation without considering the enhanced electron density in the intermolecular
region. For the total interaction energy, this model doesn’t explicitly include contributions from

the charge distribution of the molecule adsorbed on the substrate surface. However, the fact that
9
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vdW coefficients (radius and energy) vary for the same elemental atom in different molecules
or even at different sites in a molecule® indicates that these empirical parameters contain
information on how that elemental atom is bonded differently with other atoms. Thus this
model contains implicitly information on the charge distribution. In addition, results from the
simulation sensitively rely on the various input parameters, such as atom positions, vdW
coefficients, probe stiffness, and charge on the probe particle. The effects of CO relaxation
could be easily overestimated if the empirical parameters are not fitted properly. This
mechanical model cannot completely rule out the effect of the repulsive interaction caused by
the enhanced charge density on either intermolecular bonds or intramolecular covalent bonds.

Héamalédinen er al. studied a self-assembled bis(para-pyridyl)acetylene (BPPA) molecular
layer with nc-AFM and a sharp intermolecular line feature was observed between two nitrogen
atoms of adjacent BPPA molecules.”® This experiment is often cited to show that an
intermolecular line feature in nc-AFM image does not represent a bond as suggested by the
mechanical model. However, later studies have shown the existence of enhanced electron
density distribution between the nitrogen atoms caused by the spatial overlap of electron lone
pairs of the nitrogen atoms.”’*® The short distance between these two nitrogen atoms on the
Au(111) was induced by a surface mediated N-Au-N covalent bond that was not recognized
previously.”® Therefore this experiment cannot rule out the role of intermolecular electron
density distribution on the sharp line features observed between nearby molecules.

In this paper, the itProbe images reflect the profile of the potential energy surface for a

CO-tip interacting with assemblies of adsorbed species bonded together by vdW interactions.
10
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The patterns resolved in the itProbe images reflect atoms in close proximity of each other in the
formation of molecules through intramolecular interactions and in the self-assembly of atomic
and molecular systems through much weaker vdW interactions. The tilting of the CO on the tip
sharpens the contrast in these images and it should not be considered as the sole origin of the
line features.

In summary, the positioning of a CO-tip over an adsorbed species sandwiches the CO
molecule between the metal tip and the adsorbed species. Consequently, the CO molecule
bonded to the metal tip experiences an additional interaction with the adsorbed species that can
be tuned by adjusting the width of the tunneling gap. This additional interaction would cause a
shift in the CO vibrational energy that is most clearly resolved for the lowest energy hindered
translational mode. The magnitude of the shift exhibits an atomic-scale spatial dependence over
different points of the adsorbed species. The vibrational energy of the CO relates to the
curvature of the potential energy surface in the tunnel junction. The itProbe with a
CO-terminated tip of a 600 mK STM measures the CO hindered translational vibration that
senses the spatially varying potential of the adsorbed species. An image of the contour of
constant curvature is obtained by mapping the vibrational intensity at a chosen vibrational
energy. These itProbe images correlate with the skeletal structure of the adsorbed molecules and
reveal perturbations of the PES in space that emerge from interactions among atoms and
molecules.

In the present study, itProbe has been used to image the vdW interactions of Xe atoms in

self-assembled islands and a Xe atom bonded to a Co-phthalocyanine molecule. Most notably,
11
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lines of interactions are revealed, similar to those imaged for covalent bonds, except weaker in
contrast.

Traditionally, vdW bond has been associated with charge fluctuations that lead to
interactions of the instantaneous dipole with its induced counterpart in an adjacent entity. On
the other hand, when atoms are in the vicinity of each other and the associated spatial
anisotropy of the charge distribution, electron redistribution is bound to occur. Calculations by
DFT with vdW correction reveal shift of electron density toward the region between adjacent
Xe atoms. The itProbe images can be correlated with the ridges of the potential energy surface
associated with the charge density. These results provide an understanding into the nature of
chemical interactions as charge rearrangement between atoms and the associated perturbation of
potential in space. Unlike covalent bond formed by carbon, the angle between two adjacent
vdW interactions is not constrained and takes on values that depend on the positions of the
adjacent atoms.

EXPERIMENTAL AND COMPUTATIONAL METHODS

All of the experiments were performed in ultrahigh vacuum (< 5x107'" torr) with a
home-built STM. The microscope was adapted in design from the one described in Ref. 29.
Chemically etched sliver tips were used. The Ag(110) sample was repeatedly sputtered with
Ne' and annealed at ~750 K. The tip was etched from polycrystalline silver wire and similarly
sputtered and annealed in ultrahigh vacuum. For imaging the Xe-CoPc complex, cobalt
phthalocyanine (CoPc) molecules were deposited onto the surface at ~25 K by thermal

sublimation, followed by Xe and CO dosing. For forming disordered Xe islands,
12
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hexafluorobenzene molecules were first dosed through a variable leak valve at ~25 K, followed
by Xe and CO. Following dosing and prior to experiments, the STM scanner and the sample
were further cooled to 600 mK with a single-shot “He sorption cryostat (Janis Research Co.).
The transfer of CO from the surface to the tip follows a procedure similar to that described in
Ref. 5, either with the tip stationary or scanning over the adsorbed CO. Detection of vibrational
energy shifts for CO at different positions over the adsorbed species requires high energy
resolution that is achieved by lowering the temperature to below 1 K for single-molecule
IETS.*® The image in Figure 2a is processed with WSxM software.”'

We use two different operational modes of itProbe in this study: constant current mode and
constant height mode. In constant current mode, feedback is turned off at the same tunneling set
point for every pixel, followed by setting the sample bias to the imaging value, such as in
Figure 2d. In constant height mode, feedback is turned off at a chosen location and sample bias
is set to the imaging value prior to scanning. The feedback remains off during the whole
imaging process. Tip can approach a chosen offset distance to the surface before imaging and
retract by the same amount at the completion of imaging, such as in Figure 2f and Figure 3f.
Alternatively, the tip can move toward the surface before data acquisition at each pixel and
retract by the same distance prior to moving to the next pixel. This constant height mode
minimizes the perturbation to the Xe-CoPc complex during the tip movement for Figure 4c. A
detailed description of the different itProbe operational modes is given in Ref. 5.

First-principles DFT calculations were carried out by using the Vienna ab initio simulation

package (VASP).*> The exchange-correlation interactions among electrons were described at
13
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the level of the generalized gradient approximation (GGA) with the Perdew, Burke, and
Ernzerhof functional.”® The optimized vdW correction term (optB86b-vdW) was invoked in all
the calculations.>® The energy cutoff for the plane wave basis expansion was set to 700 eV and
the structures were fully relaxed until the forces on all atoms were smaller than 107 eV/A. For
the determination of the PES, we used a 2x2 supercell for the hexagonal Xe lattice and the
CO-tip was modeled by a CO molecule attached to the vertex of a tetrahedron of four Ag
atoms. The initial height of the O atom of CO before relaxation was set at 3.0 A above the plane
of the Xe layer. The Brillouin zone was sample by a 4x4x2k-mesh.

Two principal curvatures can be calculated at every point on a 2D surface.”” We plot the
smaller principal curvature of 2D PES in Figure 5c to highlight the apexes and ridges. The
curvature mentioned in the main text without specification refers to the smaller principal

curvature.
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High

Figure 1. Constant current topographic images of self-assembled Xe island next to a step edge
on Ag(110). (a) Bare-tip. Tunneling gap set with tunneling current 0.1 nA and sample bias 0.1 V.
Brighter dots correspond mostly to C¢F¢ in the second layer. (b) Bare-tip. Zoom-in with the
same set point of the area shown by the square in a. The large rectangle (blue) denotes the unit
cell of the Xe monolayer; the unit cell of the Ag(110) substrate is indicated by the small
rectangle (red). A step separates the two rectangles. The Ag atoms in the underlying substrate
are indicated by the smaller open circles, as determined by resolving the Ag(110) lattice next to
the Xe island with the CO-tip and extrapolating the Ag lattice positions to the Xe island. (c)
Bare-tip. Tunneling gap decreased with set point 0.1 nA and 10 mV. (d) Bare-tip. Tunneling gap
further decreased with set point 4 nA and 10 mV. (e) CO-tip. Set point 0.1 nA and 0.1 V (same
as a and b). (f) CO-tip. Set point 0.1 nA and 10 mV (same as c¢). Most strikingly, the CO-tip
reveals lines connecting the centers of adjacent Xe atoms; each Xe atom is connected to 6 Xe
atoms in a close packed hexagonal symmetry.
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Figure 2. Imaging connectivity of vdW interactions with itProbe. (a) Schematic of itProbe
showing the CO-tip over a self-assembled Xe monolayer (topographic image) while monitoring
the hindered translational vibration of CO (C: black ball, O: red ball). (b) A topographic image
obtained by a CO-tip with the tunneling gap set at 0.1 nA and 0.1 V, showing the hexagonal
close pack arrangement of Xe atoms. (¢) STM-IETS of CO-tip at set point 0.1 nA and 10 mV,
showing the hindered translational mode, recorded at the two positions indicated in b: directly
over a Xe atom (black dot) and over the triangular hollow site (red dot). (d) Constant current
itProbe image of Xe atoms in b with bias set at 1.6 mV. At each pixel, the tunneling gap is
chosen with set point 0.1 nA and 10 mV. Feedback is then turned off, followed by decreasing
the bias to 1.6 mV for recording the @’I/dV? vibrational signal. (¢) Topographic image for part
of a self-assembled island with set point 0.1 nA and 0.1 V. (f) Corresponding constant height
itProbe image of the same area as e. The constant tunneling height is chosen with set point of
0.1 nA and 0.1 V over the central Xe atom, followed by turning off the feedback. Signal
acquisition is initiated after decreasing the bias to 1.5 mV and bringing the tip 1.6 A closer to
the surface. For ease of visualization, the positions of the Xe atoms are indicted by the blue
dots.
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Figure 3. Imaging connectivity in disordered monolayer of Xe atoms with a CO-tip. (a)
Topographic image of an island of Xe atoms with disorder caused by the coadsorption of
hexafluorobenzene (CgFs), recorded with set point 0.1 nA and 0.1 V. (b) A zoom-in image of the
area indicated by the square in a. Dots indicate the positions of the Xe atoms and dashed lines
connect the centers of Xe atoms, showing different coordination numbers and angles subtended
between adjacent Xe-Xe lines of interaction. (c) Topographic image with set point 0.1 nA and
10 mV for the same area as in b, revealing lines connecting Xe atoms. (d)-(f) Simultaneously
acquired constant height imaging at -1.0 mV with set point 0.1 nA and 0.1 V over the center of
the Xe atom indicated by the red dot in b, followed by turning the feedback off and advancing
the tip 1.6 A closer to the surface prior to imaging: (d) constant height current image, (e)
differential conductance dI/dV image, and (f) itProbe d°I/dV’ image with blue dots indicating
the positions of the Xe atoms. Figure 2d and Figure 3f have opposite contrast because they are
imaged at opposite polarity of +1.6 mV and -1.0 mV, respectively.
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Figure 4. Interaction of a Xe atom with a cobalt phthalocyanine molecule. (a) Topographic
image recorded with a CO-tip at set point 0.1 nA and 0.1 V. (b) Constant height dI/dV image
with set point 0.3 nA and 0.1 V over the cobalt atom in CoPc, followed by turning the feedback
off, lowering the bias to 1.5 mV, bringing the tip 1.3 A closer to the surface prior to recording
the image at each pixel, and retracting by the same distance before moving to the next pixel. (c)
Simultaneously acquired itProbe image of the d’/dV” signal. (d) Schematic diagram of the
interaction of Xe atom to its three nearest neighbors in CoPc: the lone pair (yellow segment)
and the two H atoms in two nearest C-H bonds. The three dashed lines emanating from the
center of Xe atom correspond to the lines seen in the itProbe image of c. Away from the region
of the Xe atom, the other dashed lines indicate the interactions of H atoms in the two C-H
bonds with each nitrogen lone pair of electrons.
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21 Figure 5. DFT analyses of Xe self-assembled monolayer. (a) Binding energy per unit cell of Xe
22 atoms versus the hexagonal lattice constant: with (bottom black curve) and without (red curve)
o vdW correction. Inset shows the three dimensional isosurfaces of the charge density difference

between Xe lattice and isolated Xe atoms, defined as p,, = Pxe—aom, Where red and blue

—lattice

28 colors indicate electron accumulation (+2.5x10™ e/A”) and depletion (—2.5x10™* e/A%),

29 respectively. (b) The potential energy surface (PES) for Ag-CO tip and underlying Xe lattice,
showing a ridge between adjacent pair of Xe atoms. (c) The smaller principal curvature of the
32 2D surface of PES in (b), showing lines of negative curvature between adjacent Xe atoms.
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