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We demonstrate the ability of resolving the chemical structure of single organic molecules using non-contact
atomic force microscopy with higher normal eigenmodes of quartz tuning fork sensors. In order to achieve
submolecular resolution CO-functionalized tips at low temperatures are used. The tuning fork sensors are
operated in ultrahigh vacuum in the frequency modulation mode by exciting either their first or second
eigenmode. Despite the high effective spring constant of the second eigenmode (on the order of several ten
kN/m) the force sensitivity is sufficiently high to achieve atomic resolution above the organic molecules.
This is observed for two different tuning fork sensors with different tip geometries (small tip vs. large tip).
These results represent an important step towards resolving the chemical structure of single molecules with
multifrequency atomic force microscopy techniques where two or more eigenmodes are driven simultaneously.

Recently, the so-called “bond imaging” atomic force
microscopy (AFM) technique was introduced by Gross
et al.1, which allows to resolve the chemical structure of
single adsorbed molecules on surfaces. This technique is
based on functionalizing the AFM tip with a single CO
molecule at low temperatures in order to boost the lateral
resolution. This has attracted attention, in particular, in
the field of on-surface chemistry, since it allows to study
molecules and molecular structures at a new level of pre-
cision. Researchers have applied the method, e.g., to
identify unknown molecular species, measure the length
of inter- and intramolecular bonds, determine the bond
order, and to investigate complete reaction pathways.2–15

Another recent development regarding dynamic AFM
are the so-called “multifrequency” techniques, which are
able to improve the imaging capabilities in different ways
(see e.g. Ref.16 for a review). In an early theoretical
work Rodriguez et al.17 proposed that the compositional
image contrast can be enhanced by simultaneously excit-
ing two normal eigenmodes of a standard silicon AFM
cantilever. Shortly thereafter, the improvement of imag-
ing capabilities was demonstrated experimentally on soft
sample systems such as molecular islands or antibod-
ies in air and liquids18,19. To date it has been shown
that the multifrequency method is adaptable to differ-
ent sample systems in various environments. Notably,
for high resolution imaging in ultrahigh vacuum20 and
in liquids21–23 it has been presented that driving the
second eigenmode of silicon cantilevers at small ampli-
tudes can significantly increase the signal-to-noise ratio.
In general, these measurements require a careful choice of
imaging parameters depending on the environment and
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sample system. In particular, the amplitude ratio of the
first and second eigenmodes plays an important role for
the image contrast. Amplitude ratios in the range of
A2/A1 = 1 : 1 − 1 : 200 (see e.g.,18,20,21,24,25) have been
reported to be beneficial for achieving optimal imaging
conditions.

To resolve the chemical structure of single molecules
via the bond imaging technique mainly low tempera-
ture AFMs equipped with quartz tuning fork sensors26

are used (see Refs. above and Refs.27,28 for rare excep-
tions). The normal stiffness of tuning fork sensors is,
however, ≈ 50 times higher than typical values of stan-
dard silicon cantilevers (1800 vs. 40 N/m), which leads
to an exceptionally high stiffness of the second eigen-
mode (k2 ≈ (f2

2 /f
2
1 )k1 ≈ 40k1 ≈ 72 kN/m, where f1,

f2 are the resonant frequencies of the first and second
eigenmodes16).

Since the force gradient in the repulsive regime of the
tip-sample interaction is usually on the order of a few
N/m30,31 the effective stiffness of the second eigenmode of
a tuning fork sensor seems rather high for achieving force
sensitivities that are needed for submolecular resolution
imaging. However, Tung. et al.32 studied the character-
istics of higher-order eigenmodes of tuning fork sensors
using theoretical modeling and scanning laser Doppler vi-
bromety. The authors suggest that driving higher eigen-
modes of quartz tuning fork sensors is promising due to
their unique properties (as discussed below). Moreover,
it has been demonstrated that tuning fork sensors driven
at higher eigenmodes are suitable to resolve the lattice
structure of ionic crystal surfaces in vacuum33 and in
ambient conditions34.

Here, we are presenting AFM measurements with CO-
functionalized tips of single aromatic molecules at 5 K,
which have been performed by exiting either the first
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FIG. 1. (color online) Schematic drawing of the shapes of the first (a) and second (b) eigenmodes. The oscillation node of the
second eigenmode is indicated by a red dot. (c) Chemical structure of 4-bromo-3-iodo-p-terphenyl. (d,g) AFM frequency shift
images of first eigenmode at ∆z = −40 pm and −60 pm showing a single 4-bromo-3-iodo-p-terphenyl molecule on Cu(111). (j)
Corresponding line profiles at ∆z = −40 pm (red line) and −60 pm (blue line). (e,h,k) Corresponding images and scanlines
of second eigenmode. (f,i,l) Low pass 2D FFT filtered version of second eigenmode images (cutoff frequency ∼ 6 nm−1).
Parameters: Quartz tuning fork sensor operated at 5 K in UHV conditions. Amp1 = 50 pm, f1 = 27.0 kHz, Amp2 = 50 pm,
f2 = 163.9 kHz. The ∆z-offsets are given with respect to the tunneling gap at Usample = 100 mV and Iset = 10 pA (with
oscillating tip). The oscillation amplitudes have been calibrated using the “constant current method” as described in Ref.29.
PLL-bandwidth = 10 Hz, scanning velocity = 470 pm/s.

or the second normal eigenmode of two different quartz
tuning fork sensors. We demonstrate, that the chemical
structure of an adsorbed molecule can be clearly resolved
by exciting higher eigenmodes. This paves the way for
future studies on molecular systems using multifrequency
techniques where two or more eigenmodes are driven si-
multaneously.

In general, multifrequency imaging offers a wider range
of setting options, i.e., the imaging parameters of the
different eigenmodes can be separately optimized for dif-
ferent purposes. In bimodal imaging, e.g., the two eigen-
modes can be used for topographical imaging and compo-
sitional mapping, respectively17. This concept can even
be extended to further eigenmodes, which are simultane-
ously driven.35–37 As high-resolution scans with CO-tips
are mainly performed in the constant height mode, this
feature of the multifrequency method is in particular in-

teresting for studies of molecular systems. The multifre-
quency technique opens up the possibility of achieving
submolecular contrast while simultaneously tracking the
sample topography.

All measurements have been performed at 5 K using
a commercial low-temperature AFM (ScientaOmicron,
Germany) and quartz tuning fork sensors. The aromatic
molecules (4-bromo-3-iodo-p-terphenyl, cf. structure in
Figure 1 (c) and Supplemental Material for detailed infor-
mation about the synthesis) have been evaporated onto
a clean and cold (< 100 K) Cu(111) substrate with a
home-built evaporation setup (see Refs.15,38 for further
experimental details). Prior to CO-functionalization (as
described by Bartels et al.39) the tungsten tip has been
covered with substrate material and sharpened by several
tip-sample indentations and voltage pulses.

Figure 1 (a,b) depicts schematic drawings of the shapes
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of the first and second eigenmodes. For the used tun-
ing fork sensor the following resonance frequencies and
quality factors have been measured for the first and
second eigenmodes: f1 = 27.0 kHz, f2 = 163.9 kHz
and Q1 = 20700, Q2 = 18400. Figure 1 shows con-
stant height frequency shift images of a single 4-bromo-3-
iodo-p-terphenyl molecule on Cu(111), which have been
obtained by either exciting the first (d,g) or the sec-
ond eigenmode (e,h) for two different imaging heights
(∆z = −40 and -60 pm with respect to tunneling gap at
100 mV gap voltage and 10 pA current setpoint). Corre-
sponding line profiles for both eigenmodes at both imag-
ing heights are presented in (j,k). In order to directly
compare the imaging capabilities of the two eigenmodes
the same imaging parameters and, in particular, the same
oscillation amplitude of 50 pm and tip-sample distance
has been used for the measurements.

The chemical structure of the 4-bromo-3-iodo-p-
terphenyl molecule is revealed in both eigenmodes, i.e.,
both eigenmodes allow for identifying the position of
the three phenyl rings and the precise location of the
attached bromine and iodine atoms. As can be deter-
mined from the images and the corresponding scanlines
the signal-to-noise ratio is significantly lower for the sec-
ond eigenmode, which is due to its higher effective stiff-
ness. The information about the chemical structure of
the molecule, which is contained in the images, however,
is comparable to the scans in the first eigenmode. This
is illustrated by the 2D FFT filtered versions of the sec-
ond eigenmode images (cf. Figure 1 (f,i,l)), which are
in good agreement with the first eigenmode scans. Even
the slight tilt of the middle phenyl ring with respect to
the surface plane is revealed in both eigenmodes. Please
note that the appearance of the dark halos around the
molecules, however, is slightly different in the two eigen-
modes. In the first eigenmode this dark halo is somewhat
stronger at the bottom side of the molecule (cf. Figure
1 (g)), which is due to a slightly tilted CO-tip. For the
second eigenmode the dark halo is more pronounced at
the top side of the molecule.

As reported by Tung et al.32 the added mass of the tip
and even its geometry can have a significant influence on
the force sensitivity of the second eigenmode, since it al-
ters its shape. The authors observed that the oscillation
node of the second eigenmode (see Fig. 1 b) is systemat-
ically moving outwards with increasing tip mass, which
is accompanied by a reduction of oscillation amplitudes.
Besides, it was found that the piezoelectric sensitivity of
the tuning fork sensor is significantly affected by the tip
geometry. The authors conclude that especially larger
tips open up the possibility of obtaining unique proper-
ties but require a careful optimization of tip geometries.
Hence, we performed additional experiments with a dif-
ferent tuning fork sensor with a different tip geometry.
In this case the resonance frequency of the first eigen-
mode was f1 = 19.3 kHz, which indicates that the mass
of the attached tip was significantly larger than for the
other sensor (27.0 kHz). According to the nomenclature

introduced in Ref.32 the two tip geometries used here
are within the range of “regular” (29.7 kHz) and “large”
(14.0 kHz) tips. Hence, in particular for the sensor with
the larger tip an influence of the described effects is ex-
pected.

In Figure 2 we are presenting constant height frequency
shift images, which are measured with the second tuning
fork sensor (large tip, 19.3 kHz). The images are obtained
by either exciting the first or the second eigenmode. In
this case, our goal was to achieve the best imaging per-
formance for each eigenmode independently. Hence, each
eigenmode was driven with its smallest stable oscillation
amplitude at an imaging height where good submolecu-
lar contrast is achieved. For the first eigenmode image an
oscillation amplitude of 140 pm and a ∆z-offset of -20 pm
with respect to the tunneling setpoint (200 mV, 10 pA)
was used. The second eigenmode images were taken with
Amp2 = 10 pm at two different ∆z-offsets (-120 and
-95 pm). Please note, as the excitation was switched
on before stopping the STM feedback the ∆z-offsets are
not directly comparable in this case due to the differ-
ent amplitudes of the different eigenmodes. The selected
imaging region contains two 4-bromo-3-iodo-p-terphenyl
molecules, which have been covalently coupled via the
on-surface Ullmann reaction (see e.g., Ref.15,40). To trig-
ger the Ullmann coupling between the two molecules the
substrate was heated to 700 K for 10 min and subse-
quently cooled down to 5 K for imaging. Bromine and io-
dine atoms are homolytically cleaved from the terphenyl
molecules during the Ullmann reaction and represent the
majority of adsorbed atomic species on the surface.

Also with this sensor it is possible to image the chemi-
cal structure of the coupled terphenyl molecules (cf. Fig-
ure 2 (f)) with both operation modes, i.e., either by ex-
citing the first or the second eigenmode. A direct com-
parison of the second eigenmode performance of the two
different tuning fork sensors (cf. Figure 1 (e,h) and Fig-
ure 2 (b,c)) reveals an increased image quality for the
sensor with the larger tip. In particular, for the second
eigenmode image at ∆z = −120 pm (Figure 2 (b)) a re-
markable image contrast is achieved. In this case certain
features in the images such as the transitions between
bright and dark regions or single bromine and iodine
atoms next to the molecules (indicated by red an blue
arrows) appear even somewhat sharper than in the first
eigenmode image. In particular, the two atoms marked
by blue arrows are clearly discernible in Figure 2 (b),
which is barely the case for Figure 2 (a) or (c).

The line profiles in Figure 2 (d,e) reveal that the abso-
lute frequency shift noise is higher for the second eigen-
mode. However, also the magnitude of the frequency shift
contrast, which is observed above the molecules is higher
for the second eigenmode operation (cf. black dashed and
solid lines in (d,e), which indicate the average frequency
shift and the observed range of the frequency shift values
above the molecules). Overall, the imaging performance
for the tuning fork sensor with the larger tip is promising
for the used imaging conditions. For a final classifica-
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FIG. 2. (color online) Constant height frequency shift images of terphenyl molecules obtained by either exiting the first (a) or
the second (b,c) eigenmode. Please note that (b,c) are displayed with inverted color scheme (see text for details). Bromine and
iodine atoms are marked by red and blue arrows. (d,e) Line profiles extracted from images (a-c). The red and blue solid lines
in the corresponding images indicate the profile path. The dashed and solid black lines indicate the average frequency shift
above the molecule and its upper and lower bounds, respectively. (f) Molecular structure of two coupled terphenyl molecules.
Parameters: Amp1 = 140 pm, f1 = 19.3 kHz, ∆z1 = −20 pm, Amp2 = 10 pm, f2 = 177.9 kHz, ∆z2 = −120 pm (b) and
-95 pm (c). The ∆z-offsets are given with respect to the tunneling gap at Usample = 200 mV and Iset = 10 pA (with oscillating
tip). PLL-bandwidth = 10 Hz, scanning velocity = 330 pm/s.

tion of the performance, however, a more comprehensive
study with a systematical variation of imaging parame-
ters is needed (see e.g., Ref.21).

This tuning fork sensor (large tip) offers the possibil-
ity to use extremely small oscillation amplitudes in the
second eigenmode (∼ 10 pm). Presumably this is re-
lated to the mentioned movement of the oscillation node
for large tip geometries and responsible for the remark-
able image contrast in the second eigenmode. Increased
experimental sensitivity for decreasing oscillation ampli-
tudes has been reported before (see e.g., Refs.21,22,31,41).
Apparently, the sensitivity of an harmonic oscillator is,
in first approximation, determined by the product of
spring constant and amplitude kA. This can be followed
from inspecting the dimensionless equation of motion of
a damped harmonic oscillator (as discussed in Ref.35).
Thus, the small amplitude, which can be used in the sec-
ond eigenmode of this respective tuning fork sensor is
compensating for its high effective stiffness.

Please note, while the tuning fork sensor with the
larger tip offers a remarkable imaging performance in
the higher eigenmode we also observe contrast inver-
sion in the frequency shift signal. In order to directly
compare the imaging capabilities of the first and second
eigenmodes the images in Figures 2 (b,c) are displayed
with an inverted color scheme (please see Supplemen-
tary Material for non-inverted image). When imaging
single molecules using the bond imaging method the in-

tramolecular bonds usually appear as bright lines (cf.
Figure 2 (a)), which is attributed to short range repul-
sive tip-sample forces (i.e., induced by Pauli repulsion
or short range electrostatics1,42–45), which lead to pos-
itive frequency shifts. In the second eigenmode image,
however, we observe more positive frequency shift val-
ues above the center of the phenyl rings than above their
rim (cf. Figures 2 (b,c) and Figure S1 in supplementary
material).

At this point the underlying process of the contrast
inversion in the second eigenmode remains unclear. Pre-
sumably, the observed effect is related to a number of
different experimental parameters such as the extremely
small oscillation amplitude, the accompanying small av-
erage tip-sample distance, the tip geometry which influ-
ences the mode shape, and the flexibility of the CO tip
(see e.g., Refs.4,46,47). Hence, systematic studies with
different experimental parameters are needed in order to
reveal under which circumstances this contrast inversion
occurs and if it is of general nature or if it is just a feature
of the specific tuning fork sensor used. Next to identify-
ing the underlying process of the contrast inversion such
a study is also needed to reliably determine the optimum
imaging conditions of the second eigenmode.

In conclusion, we were able to image the chemical
structure of single molecules by driving a higher eigen-
mode of two different tuning fork sensors with different
tip geometries (small tip vs. large tip). In particular,
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for the larger tip and optimized imaging parameters a
remarkable image contrast was achieved. Gaining deeper
understanding about the underlying mechanisms (opti-
mum imaging conditions, influence of tip geometry, con-
trast inversion, ect.) will be very useful for designing
further experiments.

The results presented here are interesting for future
AFM studies with submolecular resolution using multi-
frequency techniques, where two or more eigenmodes are
driven simultaneously. The technical implementation of
this method is rather simple since no changes in the ba-
sic experimental setup are needed. An additional drive
electronics is sufficient to run those experiments. Since,
bond imaging experiments are usually performed in the
constant height mode the multifrequency technique will
offer the experimentalist additional control parameters,
which could, e.g., be used to track the sample topog-
raphy while simultaneously achieving submolecular con-
trast. This would be an important advancement for the
exciting field of chemical structure analysis on surfaces,
in particular, for imaging small 3D objects such as bulky
molecules.

See Supplementary Material for non-inverted second
eigenmode image and detailed information about the syn-
thesis of 4-Bromo-3”iodo-p-terphenyl.
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P. Jeĺınek, Phys. Rev. B 90, 085421 (2014).

http://dx.doi.org/10.1063/1.4982801


- 60 pm
-0

.3
 H

z
-7

.2
 H

z
0.5 nm

- 40 pm

-1
.6

 H
z

-7
 H

z

- 60 pm

0.
3 

H
z

-1
.2

 H
z

- 60 pm

0.
2 

H
z

-1
.2

 H
z

- 40 pm

0.
15

 H
z

-1
.2

 H
z

- 40 pm

0 
H

z
-1

.2
 H

z

Br
I

first eigenmode second eigenmode 4-bromo-3"iodo-p-terphenyl

-6

-4

-2

Δ
f (

H
z)

2.01.51.00.50.0

profile length (nm)

 -40 pm
 -60 pm

-0.8

-0.6

-0.4

-0.2

2.01.51.00.50.0

profile length (nm)

 -40 pm
 -60 pm

-1.0

-0.5

0.0

2.01.51.00.50.0

profile length (nm)

 -40 pm
 -60 pm

(j) (k) (l)

Δf1 - raw data Δf2 - raw data Δf2 - 2D FFT filtered

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

node

http://dx.doi.org/10.1063/1.4982801


-95 pm

2.
0 

H
z

-1
.8

 H
z

-2.0

-1.5

-1.0

Δ
f (

H
z)

2.01.51.00.50.0

profile length (nm)

 -20 pm

-120 pm

2.
0 

H
z

-1
.8

 H
z

-3

-2

-1

0

1

2

2.01.51.00.50.0

profile length (nm)

 -120 pm
 -95 pm

0.5 nm

-20 pm

-0
.8

 H
z

-2
.2

 H
z

(a) (b)

(d) (e)

(c)

(f)

http://dx.doi.org/10.1063/1.4982801

	'Manuscript File'
	 
	 

