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Precise Orientation of a Single C4, Molecule on the Tip of a Scanning Probe Microscope
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We show that the precise orientation of a Cg, molecule which terminates the tip of a scanning probe
microscope can be determined with atomic precision from submolecular contrast images of the fullerene
cage. A comparison of experimental scanning tunneling microscopy data with images simulated using
computationally inexpensive Hiickel theory provides a robust method of identifying molecular rotation
and tilt at the end of the probe microscope tip. Noncontact atomic force microscopy resolves the atoms of
the Cg cage closest to the surface for a range of molecular orientations at tip-sample separations where
the molecule-substrate interaction potential is weakly attractive. Measurements of the Cg—Cg, pair
potential acquired using a fullerene-terminated tip are in excellent agreement with theoretical predictions
based on a pairwise summation of the van der Waals interactions between C atoms in each cage, i.e., the

Girifalco potential [L. Girifalco, J. Phys. Chem. 95, 5370 (1991)].
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Tip functionalization via the controlled transfer of an
adsorbed species from a substrate has played a central role
in recent remarkable advances in submolecular resolution
scanning probe microscopy. In a series of pioneering ex-
periments, Gross and coworkers [1,2] have shown that a
CO-functionalized dynamic force microscope tip could be
used to image the internal atomic structure of organic
molecules with unprecedented resolution. This experimen-
tal strategy was subsequently extended to enable quantita-
tive measurements of the intermolecular potential for two
CO molecules [3] where a striking agreement between the
experimental data and the attractive regime of the theoreti-
cal potential for two isolated CO molecules was observed.

Despite these advances, however, the orientation of the
tip-adsorbed molecule responsible for submolecular con-
trast has yet to be directly observed in a dynamic force
microscopy experiment. Although important scanning tun-
neling microscopy (STM) experiments by Schull et al. [4]
have exploited ‘“‘reverse imaging” of a tip-adsorbed Cg,
molecule by Cu clusters to ascertain that a hexagonal face
of the fullerene was exposed to a Cu(111) surface, selec-
tion of different orientational states was not reported, nor
was atomic resolution imaging achieved (because STM
generally yields a spatial map of the local density of states
rather than directly providing atomic resolution, although
there are important exceptions [5]). Given that the contrast
attained in any scanning probe microscope image is criti-
cally dependent on the tip state, and that single-molecule
functionalization of the probe will play an increasingly
important role in state-of-the-art scanning probe micro-
scope imaging, the development of strategies to determine
molecular orientation with the highest possible resolution
at the tip is essential. We show here that detailed atomic-
scale information on the orientation of a single Cgq, mole-
cule adsorbed at the end of a dynamic force microscope tip
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can be attained directly via submolecular resolution imag-
ing using both (dynamic) STM and atomic resolution
frequency-modulation (FM) atomic force microscopy
(AFM).

We use a low-temperature ultrahigh vacuum STM-AFM
system with tips mounted on tuning fork sensors in the
“qPlus” geometry [6] (Omicron Nanotechnology). All
images and spectra reported here were acquired at 77 K.
The high stiffness of the tuning forks used in our study,
2.6(+0.4) kKN/m at the position of the tip [7], enables
operation with low oscillation amplitudes, increasing sen-
sitivity to short range chemical forces. All FM-AFM mea-
surements are carried out at zero bias. Detailed information
on experimental protocols is given in the Supplemental
Material [8].

Our approach to imaging, and selecting, the orientation
of a tip-adsorbed molecule builds on an elegant experi-
mental protocol pioneered by Giessibl ef al. [9,10]. This
exploits the relatively large separation and narrow spatial
extent of the adatom dangling bond orbitals of the
Si(111) — (7 X 7) surface to “reverse image” the tip state
[see Fig. 1(a) for schematic illustrations] [11]. Each dan-
gling bond can be considered a “mini-tip”> which images
the end of the scanning probe because the radius of curva-
ture of the Cq, molecule is larger than that of the adatom
orbitals protruding into the vacuum. Figure 1(b) shows a
conventional STM image of the Si(111) — (7 X 7) surface
acquired before the transfer of a Cqy molecule to the tip.
Following the transfer of a Cg, molecule from the
Si(111) — (7 X 7) surface to the tip [8] [Fig. 1(b)] the
adatom features change significantly.

Figures 1(c)-1(e) are direct comparisons between ex-
perimental (dynamic) STM data and simulated images
calculated on the basis of Hiickel molecular orbital theory
[12] for three primary orientations of the fullerene cage on
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FIG. 1 (color online). Dynamic STM imaging of on-tip Cgp.
(A) Schematic illustrations of the Si(111) — (7 X 7) reconstruc-
tion and the experimental tip-sample geometry. (B) STM images
acquired before (upper), and after, the transfer of a Cgy molecule
(circled) to the tip. Note the change in the shape of the adatoms
following the transfer of the Cgy molecule. (C) Double-bond-
down orientation. The experimental dSTM image [V = +2.3 V;
(I, = 1 nA; oscillation amplitude (Ay) = 1.5 nm] of a silicon
adatom (top of frame) comprises two lobes, as predicted by the
Hiickel theory simulation shown below the experimental data. At
the bottom of this frame (and the other frames) we show a direct
comparison between a single adatom feature imaged experimen-
tally (left) and the Hiickel theory prediction (right). (D) Single-
bond-down orientation. dSTM scan parameters: +1 V, 100 pA,
Ay = 2.25 A. (E) Pentagon-down orientation. dSTM scan pa-
rameters: +2.3 V, 1 nA, Ay = 1.5 nm.

the tip; namely, double-bond-down, single-bond-down,
and pentagon-down. The theoretical STM images have
been constructed using Hiickel molecular orbitals of Cg,
as an alternative to orbitals from the more widely used
density functional theory [8], enabling a computationally
inexpensive investigation of a wide range of molecular
orientations. Despite the Hiickel theory calculations repre-
senting a constant current STM image, rather than a con-
stant mean tunnel current ({/,)) dynamic STM (dSTM)
image, in each case there is excellent qualitative agreement
between experiment and theory. (We discuss this distinc-
tion between traditional constant current imaging and con-
stant mean current feedback in Section III of the
Supplemental Material [8]).

Figure 1 illustrates that the orientation of an on-tip Cg
molecule can be ascertained via a comparison of maps of
the local density of states associated with the fullerene
molecular orbitals (i.e., STM or dSTM images) with
Hiickel theory calculations. Although only three primary
Cg orientations are considered in Fig. 1, both the rotation

PRL 108, 268302 (2012) PHYSICAL REVIEW LETTERS
{

and tilt of the on-tip fullerene can be ascertained for
arbitrary geometries as these directly influence the sym-
metry of the images [8]. We highlight at this point that
while the orientation of a molecule can be adjusted (see, in
particular, Fig. S10 of the Supplemental Material [8]),
orientational switching at the moment is via a trial-and-
error approach.

The ““acid test” to show that the subatomic features in
the images indeed arise from a Cg, molecule—rather than
from, for example, a particular bonding conformation of a
silicon atom, dimer, or cluster at the end of the tip [9,10]—
is, of course, the observation of structure arising from the
fivefold symmetric face of the fullerene cage. The FM-
AFM data discussed below provide extremely strong evi-
dence for a “pentagon-down’’ termination of the tip but, as
shown in Fig. 1(e), it is also possible to observe the
signature of a fivefold symmetric face of the Cg, cage in
STM data. With a pentagon-down orientation the adatom-
related features in the experimental dSTM images are
typically more radially symmetric with a clear node in
the middle. For the highest resolution experimental images
[Fig. 1(e)] the type of pentagonal symmetry observed in the
Hiickel theory simulations for small tip-sample separations
becomes evident.

Much higher resolution, down to the atomic level, is
possible using frequency modulation dynamic force mi-
croscopy (Fig. 2). The origin of atomic-scale resolution for
carbon surfaces and nanostructures has, however, been
debated intensely. It is only recently that systematic density
functional theory calculations (including a semiempirical
inclusion of van der Waals interactions) [13] have eluci-
dated the contrast formation mechanism for FM-AFM
imaging of these systems. The chemical reactivity of
the tip plays a particularly important role. For the
Ceo/Si(111) — (7 X 7) combination used in our experi-
ments, the adatom orbital, by virtue of its partial electron
occupation, is a reactive probe of the fullerene and, follow-
ing both Ondracek et al. [13] and Hobbs and Kantorovich
[14], we might therefore expect to observe strong contrast
at (or close to) the C atom positions in the Cg cage.

Figure 2 comprises a set of FM-AFM images of a tip-
adsorbed Cg, molecule in three different orientations. The
fivefold symmetric pattern observed at each adatom site in
Fig. 2(a) provides compelling evidence that the contrast we
observe is indeed due to a Cgy molecule (rather than a
silicon- or contaminant-terminated tip). Not all five atoms
of the pentagonal face of the C¢y molecule are imaged with
equal “intensity” in the constant frequency shift image.
This is because the molecule is tilted slightly, giving rise to
a preferential interaction with one of the carbon atoms of
the pentagonal face. Despite many repeated attempts with
different tips, we did not observe a “hexagon-down” ori-
entation during FM-AFM imaging with a Cgy-terminated
tip. We outline possible reasons for this in Section XII of
the Supplemental Material [8].
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FIG. 2 (color online). Atomic resolution imaging of a single
molecule probe. The (7 X 7) unit cell dimensions are highlighted
by dashed lines in (A)—(C). (A) Pentagon-down orientation.
(Scan parameters: Ay =2 A, Af set point = —22.3 Hz).
(B) In this case only two atoms of the fullerene cage are
observed—the molecule is oriented such that a single or a double
bond is closest to the surface. (Ag =2 A, Af = —46 Hz).
(C) Here there is a larger molecular tilt so that one atom of
the Cg cage is preferentially imaged. Note also the neighbouring
minima (dark ‘“holes” in the image) which arise from the low
tip-sample interaction at the centre of the pentagonal and hex-
agonal faces. (A = 2 A; Af = —137.4 Hz). (D) Profile along
the dashed line shown in (C). The inset is an FM-AFM image of
the same area as (C) but acquired at a higher frequency set point
(— 150 Hz).

In Fig. 2(b) only two carbon atoms of the Cg, cage are
visible. Ascertaining whether this represents a ‘‘single-
bond-down” or ‘“double-bond-down” orientation is prob-
lematic on the basis of FM-AFM data alone because the
separation of the two maxima comprising each adatom
feature is 180 pm = 20 pm—significantly greater than ei-
ther the C—C or C==C bond length in Cg,. [As described
above, however, (dynamic) STM can be used to determine
whether the molecule is in a single-bond-down or double-
bond-down state.] One of course would not expect that the
“bond length” measured in the FM-AFM image would
correspond directly to the accepted values for the Cg, cage
because, as described below, the maxima in the image arise
from the chemical interaction of the Si adatoms and the
carbon atoms of the fullerene.

Figure 2(c) is an image showing a single strong maxi-
mum and only weak subsidary maxima for each adatom
feature. At higher frequency set points [see inset to
Fig. 2(d)], however, the other atoms of the pentagonal
face become visible. It is clear that the molecule is tilted
such that one atom of the pentagon is significantly closer to
the surface, so as to yield a greater frequency shift. It is also
intriguing to note that the Si—Cgj, interaction underpinning
the intramolecular atomic contrast is sensitive to the slight
difference in electronic structure and chemical reactivity
between the faulted and unfaulted halves of the (7 X 7) unit
cell [15], as shown in the line profile of Fig. 2(d).

In order to elucidate the origin of the intramolecular
atomic contrast observed in the images of Fig. 2 we have
extracted force-distance [F(z)] curves from measurements
of the change in frequency shift, A f, of the qPlus sensor as
a function of displacement of the tip (Fig. 3). To remove
the long range van der Waals and electrostatic contribu-
tions to the tip-sample interaction we have adopted the
procedure introduced by Lantz et al. [16]. In this approach,
spectra taken at the centre of a corner hole, which have a
negligible short-range chemical force contribution, are
used to determine the background Af(z) spectrum.
Following extraction of the short range Af(z) curve we
use the Sader-Jarvis method [17] to invert the frequency
shift measurements to force data.

Figure 3 shows an F(z) curve determined using this
procedure for one of the intramolecular maxima in the
“pentagon-down’ orientation of Fig. 2(a). The first im-
portant piece of information to be gleaned from the short
range Cg—Si F(z) curve is that the maximum attractive
force is 1.6(*0.3) nN. This far exceeds what one would
expect for a (short range) van der Waals interaction [13]
but is entirely consistent with a covalent, or, more accu-
rately, ionocovalent [18], interaction between a silicon
adatom and a carbon atom of the Cgqy cage. In addition,
there is a clear, and highly reproducible (from sensor to
sensor), jump (“‘discontinuity’’) in the tip-sample force
below a threshold displacement. As discussed below, the
origin of this discontinuity becomes clear when the experi-
mental data are compared to the results of density func-
tional theory (DFT) calculations.

We have used an ab initio DFT method as implemented
in the SIESTA code [19]. Double-zeta polarized basis sets
and norm-conserving pseudopotentials were used to de-
scribe the atoms within the simulated system and calcu-
lations were performed within the generalized gradient
approximation Perdew-Burke-Ernzerhof density func-
tional approximation. Typically, atomic relaxation was
considered complete when forces on atoms were not larger
than 0.01 eV/A. Due to the size of the calculations only
the I" point was employed in sampling the Brillouin zone
for all of our simulations.

An F(z) curve calculated using DFT for a simple model
of the Cyy-adatom interaction is shown alongside the ex-
perimental force curve in Fig. 3. Here we have used a
simulated cluster which is terminated in a single Si atom
back-bonded to three nearest neighbours so as to produce a
dangling bond orbital geometry which mirrors that at the
(7 X 7) adatom site. We find that this cluster represents a
very good approximation to an adatom in the (7 X 7) unit
cell [8]. The maximum attractive force predicted by the
DFT calculations for a pentagon-down geometry is 1.4 nN,
in excellent agreement with the experimental data. Equally
importantly, the DFT calculations show that the driving
force for Si—C bond formation is extremely strong, lead-
ing to significant distortions in the Cg, cage. The Si—C
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FIG. 3 (color online). Measuring and calculating the chemical
force responsible for submolecular atomic contrast. (A) A com-
parison of an experimentally determined F(z) curve (open
circles) with force-displacement relationships calculated using
DFT calculations for a silicon adatom directly below a carbon
atom (dotted line) and a C—C single bond (dashed line). The
arrows highlight a “‘jump-to-contact” event in the experimental
and theoretical data, respectively. Insets: Left: Small section of
Fig. 2(a) showing position of experimental spectrum in main
figure. Right: Experimental F(z) curves determined with a
different tip and sensor for measurements above the primary
maximum (squares) and a secondary lobe (circles) of a pen-
tagonal adatom feature. We also include in the inset the F(z)
spectrum for a site at the center of the pentagonal face showing
only a very weak attractive interaction before the repulsive
regime of the Cq—Si potential is entered. (B) A charge density
difference plot showing the formation of a Si—C bond at a tip-
sample separation of 3.8 A (see also Ref. [8]). [This separation
is highlighted with an arrow in (A)]. The red contours represent
a charge density difference of —0.005 A3 (density depletion)
and the blue contours a difference of +0.005 A® (density
excess). (C) A cartoon representation of the distortion of the
Cyp cage induced via the formation of a bond with a silicon
adatom. The solid line represents the carbon atom and bond
positions for the molecule at a position before the sharp jump in
F(z) [marked by the blue arrow in (A)]; the dotted lines
represent the corresponding positions immediately after the
jump in F(z), corresponding to a Cg position 0.1 A closer to
the adatom.

100 T T T T T T T T
P Girifalco potential
50 - ‘ig O U(z) - position 1 :
r S 0 U(z) - position 2 1
0 gg A U(z) - position 3
S &
Q 50 &
E &
> 100 4l
<
g 150
w L
-200 -
-250 -
.300 I " 1 " 1 n 1 n 1 "
9 10 1 12 13 14

Z(A)

FIG. 4 (color online). Determining the Cgy—Cgy pair poten-
tial. After confirming the Cg, termination of the tip (lower inset,
FM-AFM image with Ag =2 A and Af = —43 Hz), a buck-
minsterfullerene molecule adsorbed on the Si(111) — (7 X 7)
surface was located (upper inset, Af = —18.5 Hz) and Af(z)
spectra measured at the positions shown in the upper inset. From
these measurements we extracted the Cg, pair potential at
various positions on the surface-adsorbed molecule. For com-
parison we have also plotted the analytical Girifalco potential for
the Cgqp—Cgy intermolecular interaction (solid line) with no
adjustment or fitting other than an alignment of the minima of
the experimental and theoretical curves.

interaction produces an effective ‘“‘snap-to-contact” for a
variety of orientations of the on-tip Cgy, an example of
which is highlighted by the blue arrow in Fig. 3. This type
of sharp jump in the F(z) curve is also repeatedly observed
in experiment (black arrow in Fig. 3). That the tip-sample
interaction is underpinned by Si—C bond formation is
highlighted even further by the density difference plot
shown in Fig. 3(b) while Fig. 3(c) illustrates the extent to
which the fullerene cage is distorted due to the change in
hybridization of the C atom involved in bonding to the
underlying Si adatom.

The ability to image—and, indeed, switch [8]—the ori-
entation of a single molecule terminating a scanning probe
enables the direct measurement of interfullerene interac-
tions (Fig. 4). Up to this point we have considered the Cgq-
on-Si system; we now move to address the interaction of
the on-tip C¢y molecule with a surface-adsorbed molecule.
We have first ascertained the orientation of the tip-
adsorbed Cgy molecule (lower inset to Fig. 4) via the
adatom “‘inverse imaging”’ technique described above. A
Cgo molecule on the Si(111) — (7 X 7) surface was sub-
sequently located (upper inset to Fig. 4) and Af(z) spec-
troscopy measurements made at a number of positions on
the molecule. In Fig. 4 we show a number of the U(z)
curves extracted from these Af(z) data [8], alongside the
most frequently used model pair potential for Cq—Cgg
interactions, derived by Girifalco [20].
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The analytical Girifalco potential has been compared to
the results of DFT calculations [21] and has been shown to
provide an excellent description of Cg interactions. Our
experimentally determined Cg pair potential [8] is in very
good agreement with the Girifalco model, particularly
given the experimental uncertainties and that Girifalco’s
potential cannot account for relaxation of the molecule on
the tip (or surface) nor for the presence of dipoles or
variations in polarizability due to adsorption on the tip or
surface. The relaxation of the Cgy molecules leads to a
shallower gradient in the repulsive regime of the intermo-
lecular potential than that predicted by the Girifalco poten-
tial. A similar reduction in gradient was observed for both
Cgo—Cu [22] and CO—CO [3] interactions.

Small changes in the position of the probe molecule (see
inset to Fig. 4) produce reproducible variations in both the
profile of the intermolecular potential and the depth of
the well. The intermolecular binding energy predicted by
the Girifalco potential exclusively arises from short range
dispersion forces. Nonetheless, the magnitude of the varia-
tion we observe (~ 50 meV) is in line with that predicted by
the DFT calculations of Tournus, Charlier, and Mélinion
[23] using the local density approximation and taking no
account of van der Waals forces. Hexagon-hexagon vs
pentagon-pentagon (or hexagon-pentagon) interactions
give rise to different intermolecular binding energies due
to the difference in the electron density for the 6:6 and 5:6
bonds in the fullerene cage. The spatial variation of the pair
potentials extracted from our data reflect this intramolecular
modulation of the electron density.

Direct atomic resolution imaging of the orientation of a
molecule at the end of a tip facilitates a variety of exciting
“next generation” scanning probe experiments. These in-
clude the mapping of the orientational dependence of inter-
molecular force fields and interaction potentials, and the
analysis of the influence of the ‘““rotational probe state” on
molecular manipulation. The ability to control on-tip mo-
lecular orientation will be of especial value for the analysis
and manipulation of systems exhibiting anisotropic force
fields, including, in particular, hydrogen-bonded assem-
blies [24].
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