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”The Lab on a Tip”

Surface physicists need imaging surfaces with atomic resolution
to investigate local electric properties, topography, charge distribution, ...

The tool of the choice: Scanning Probe Microscopy (SPM)
A large family: numerous variants

sensor = probe tip with atomically sharp apex

signal =


current I = f (x , y ; d) : STM (1981) ⇒ Nobel prize (1986)

force F = f (x , y ; d) : AFM (1986) ⇒ non-conducting samples

capacitance C = f (x , y ; d)

. . .

Manipulation

www.tcd.ie (Henger’s webpage)
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What is really imaged at atomic scale?

STM = Orbital Imaging: Tersoff-Hamann I (r) ∝
Ef∑

Ef −eVtip

|Ψi (r)|2

Measuring the Local Density Of electronic States (LDOS) at position r,
⇒ No direct connection to the chemical structure!

AFM = Electron Density Imaging: due to Pauli repulsion
Sensing the force on the tip-apex by total electronic density at position r,
⇒ More directly related to chemical structure

J. Repp et al. PRL (2005); L. Gross, Nature Chem. (2011)
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Not so Easy to Explain Imaging Mechanism

CO Tip Functionalization Inverts Atomic Force

Microscopy Contrast via Short-Range

Electrostatic Forces

M. Schneiderbauer et al. PRL (2014)

Forces and currents in carbon nanostructures:

are we imaging atoms?

M. Ondracek et al. PRL (2011)

Obtaining Detailed Structural

Information about Supramolecular

Systems on Surfaces

S. Kawai, AS, et al., ACS Nano (2013)
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Not so Easy to Explain Imaging Mechanism
Experiment:

How can we accurately detect the signal?
How can we enhance the resolution?
Can we develop imaging methods based on new mechanisms?
...

Theory:
How to interpret the image as a signature of local interactions?
⇒ atomistic calculations are required on an atomic scale.
How to translate tip-sample local interactions to surface properties?

The common practice:

Experimental-Theoretical-
Computational Joint

I Piquero-Zulaica, J. Lobo-Checa, AS, Z. M. Abd

El-Fattah, C. Mitsui, T. Okamoto, R. Pawlak, T. Meier,

A. Arnau, J. Enrique Ortega, J. Takeya, S. Goedecker, E.

Meyer, and S. Kawai, Nature Commun. 8, 787 (2017)

6 / 17

Imaging Noncovalent Bonds; Overinterpretation Criticized by Simulations



Scanning Probe Microscopy Imaging Intermolecular Bonds Mechanism of Intermolecular Contrast in AFM Summary

Outline

1 Scanning Probe Microscopy

2 Imaging Intermolecular Bonds

3 Mechanism of Intermolecular Contrast in AFM

7 / 17

Imaging Noncovalent Bonds; Overinterpretation Criticized by Simulations



Scanning Probe Microscopy Imaging Intermolecular Bonds Mechanism of Intermolecular Contrast in AFM Summary

Intermolecular Bonds
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Imaging Intermolecular Bonds
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Extended X-Bonding

Experiment:
Directional self-assembly despite F-F repulsion
High contrast inter-molecular bonds (X-bonds) in filtered AFM images

DFT calculations:
No conventional σ-hole in case of F atoms
vdW attraction + directional ES repulsion
No electron accumulation on X-bonds

S. Kawai, AS, et al. ACS Nano, 9 (2015)
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Imaging H-Bonding

J. Zhang, et al. Science, 342 (2013)
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Imaging H-Bonding
Claiming:

Real-space visualization of the formation of H-bonding in 8-hq molecular
assemblies on a Cu(111) substrate, using AFM
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Halogen Bond Imaging Explanation
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AFM Contrast with no Chemical Bonds!

High-resolution STM & AFM of stereochemically resolved dibenzo[a,h]thianthrene

molecules, Pavlicek et al, Phys. Status Solidi B (2013)

Experiment: Ridges not necessarily
correlates with chemical bonds

Simulation: Sharp structural resolution, in
AFM & STM, is due to strong lateral
relaxations of the tip apex particle

MECHANISM OF HIGH-RESOLUTION STM/AFM IMAGING . . . PHYSICAL REVIEW B 90, 085421 (2014)

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 2. (Color online) Simulated and experimental
high-resolution AFM and STM images. Experimental images
have been recorded on PTCDA/Au(111) with a CO probe particle.
Simulated images have been obtained with LJ parameters mimicking
the oxygen atom of CO. (a) Map of simulated probe particle positions
after relaxation. (b) Simulated AFM image (the frequency shift !f

is displayed). (c) Experimental AFM images (frequency shift). (d)
Simulated STM images (maps of the TS tunneling process). (e)
Experimental STM images (differential conductance). (f) Vertical
force Fz (left axis) and tunneling probability TS (right axis, arbitrary
units), both as a function of tip-sample distance z, computed over
different sites of the sample as indicated by the red and blue dots
in the PTCDA structure formula. Experimental images in panels (c)
and (e) are taken from Ref. [9]). All simulated images except (a) are
normalized to obtain maximum contrast.

We use our model to simulate the images of the well-known
herringbone monolayer of 3,4,9,10-perylene tetracarboxylic
dianhydride (PTCDA). PTCDA layers, as well as single
PTCDA molecules, have been extensively imaged with func-
tionalized STM/AFM tips [6–9,16,27]. Therefore, a wealth of

FIG. 3. (Color online) Origin of sharp lines in AFM images.
(a) DBTH molecule (sulfur atoms in yellow, carbon atoms in dark
gray, and hydrogen atoms in light gray), with repulsive potential felt
by the probe particle in brown (V +) and attractive basins (V −) in
blue. Probe particle trajectories upon tip approach are also shown.
Sulfur-derived hillocks in the repulsive potential are labeled “S.”
Between them, a repulsive saddle is formed. (b) Surface potential
V Surf (bottom) and AFM frequency shift !f (top) along the central
cross section of the repulsive saddle. In the center the relaxation !x of
the probe particle towards the position xprobe is shown schematically
for a tip position xtip close to the ridge of the saddle. The mapping
of the force at xprobe to the macroscopic tip position xtip explains the
sharpening of the !f curve (“sharp ridge”) even for a smooth saddle
in V Surf (“blunt ridge”). The inset shows a simulated AFM image of
DBTH in the region of the two sulfur atom, clearly exhibiting the
sharp line between the two sulfur atoms.

experimental data is readily available for direct comparison to
the results of our simulations. As mentioned above, the input
atomic structure of the molecular layer was taken from the
data published for PTCDA/Au(111) [19], and the structure was
further optimized with DFT.

The simulated data were acquired by scanning the model
tip laterally over the surface with a step of !x,!y = 0.1 Å.
At each lateral position, the tip was placed at an initial set
point z0 = 12 Å above the molecular layer (cf. Fig. 1 for the
definition of the z coordinate). Subsequently, we approached
the tip vertically towards the sample in steps of !z = 0.1 Å
until z = 6 Å. At each step of the vertical approach the probe
particle position was allowed to relax until the net force

085421-3

Mechanism of high-resolution STM/AFM imaging with

functionalized tips, Hapala and Jelinek, Phys. Rev. B 90

(2014)
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AFM Contrast with no Chemical Bonds!
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Summary
Imaging non-covalent bonds

We Know that
AFM experiment with CO-functionalized tips: H-bonds. X-bonds, ...
Theory: no electron accumulation + lateral relaxation of apex particle
⇒ different from real imaging of chemical bonds

Still

Thank you for your attention!
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