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Chemical bond imaging using torsional and
flexural higher eigenmodes of qPlus sensors+

Daniel Martin-Jimenez, &2 Michael G. Ruppert, 2 € Alexander Ihle,?®
Sebastian Ahles,*® Hermann A. Wegner, © 9® André Schirmeisen @ 2° and

Daniel Ebeling @ *2®

Non-contact atomic force microscopy (AFM) with CO-functionalized tips allows visualization of the

chemical structure of adsorbed molecules and identify individual inter- and intramolecular bonds. This

technique enables in-depth studies of on-surface reactions and self-assembly processes. Herein, we

analyze the suitability of gPlus sensors, which are commonly used for such studies, for the application of

modern multifrequency AFM techniques. Two different gPlus sensors were tested for submolecular

resolution imaging via actuating torsional and flexural higher eigenmodes and via bimodal AFM. The tor-

sional eigenmode of one of our sensors is perfectly suited for performing lateral force microscopy (LFM)

with single bond resolution. The obtained LFM images agree well with images from the literature, which

were scanned with customized gPlus sensors that were specifically designed for LFM. The advantage of

using a torsional eigenmode is that the same molecule can be imaged either with a vertically or laterally

oscillating tip without replacing the sensor simply by actuating a different eigenmode. Submolecular

resolution is also achieved by actuating the 2™ flexural eigenmode of our second sensor. In this case, we
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1. Introduction

Since its invention in 1986," atomic force microscopy (AFM)
has experienced great progress by enhancing the resolution
and performance for surface characterization.”® One of the
most recent developments is the so-called “bond imaging AFM
technique”, which allows the visualization of individual
organic compounds with submolecular resolution.” With this
method, sequential chemical reaction steps can, for example,
be followed with single bond resolution.*® Therefore, the
bond imaging technique became an inevitable tool for deci-
phering the mechanisms of on-surface synthesis.”**!
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observe particular contrast features that only appear in the AFM images of the 2" flexural eigenmode but
not for the fundamental eigenmode. With complementary laser Doppler viborometry measurements and
AFM simulations we can rationalize that these contrast features are caused by a diagonal (i.e. in-phase
vertical and lateral) oscillation of the AFM tip.

Experimentally, submolecular resolution is commonly
achieved by utilizing qPlus sensors®® with CO-functionalized
tips®*?* that are mechanically actuated close to their funda-
mental resonance (f;) in ultra-high vacuum conditions at low
temperature (p < 107" mbar, T ~ 5.2 K). The images are
usually obtained in constant-height or constant-current
mode®® by tracking changes in the fundamental frequency of
the sensor*® that are caused by short range interactions
between the CO tip and the atoms of the imaged molecule.
The qPlus type sensors are nowadays used in most commercial
low temperature AFM systems since no laser is required for the
signal read out and they have proven their high-resolution
capabilities.>” In contrast to conventional silicon cantilevers
the spring constants of qPlus sensors are relatively high (1800
N m™") and relatively small oscillation amplitudes on the order
of 50 pm are accessible.

In case of conventional silicon cantilevers the simultaneous
actuation of their fundamental and higher flexural or
torsional eigenmodes can offer, for example, more channels of
information, higher image contrast or increased force
sensitivity.>**” The suitability of qPlus sensors for the appli-
cation of such modern multifrequency operation modes has,
however, only been scarcely studied until now.**>* For
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example, it has been observed that flat crystalline NaCl and
KBr surfaces can be imaged with atomic resolution using a
higher eigenmode or bimodal AFM in UHV and ambient
conditions.*®** It has also been reported that higher eigen-
modes can lead to lateral movements of the tip that could be
useful for dynamic lateral force microscopy (LFM).>® Recently,
we demonstrated that higher eigenmodes of qPlus sensors
allow bond imaging of individual organic compounds.**

Here, we systematically analyze the bond imaging contrast
that can be obtained by actuating higher torsional and flexural
eigenmodes of qPlus sensors and by using bimodal AFM. Two
different qPlus sensors with slightly different fundamental
resonance frequencies of 25.87 kHz and 26.97 kHz, respect-
ively, were used. While sensor 1 only offered submolecular
resolution at a torsional eigenmode at 118.44 kHz, sensor 2
only offered submolecular resolution at the 2™ flexural eigen-
mode at 163.96 kHz. In both cases, the imaging performance
was analyzed for different oscillation amplitudes and average
tip-substrate distances. The torsional eigenmode of sensor 1
is ideally suited for performing dynamic LFM. It delivers high-
quality submolecular resolution images that are in good agree-
ment with the results obtained with special qPlus sensors
designed for LFM (sensor and tip rotated by 90°).>>>® Here,
the advantage is that one can easily switch between conven-
tional bond imaging and lateral bond imaging by using either
the fundamental or the torsional eigenmode of the same
gPlus sensor without changing the sensor. In case of sensor 2,
we observe that the image contrast of the 2™ flexural eigen-
mode is affected by lateral tip oscillations. These image arti-
facts are discussed in the context of complementary laser
Doppler vibrometry measurements, which reveal that the tip
oscillations of qPlus sensors possess vertical and lateral com-
ponents at the 2™ flexural eigenmode.”” This is underpinned
by AFM simulations with the so-called probe particle model.”®

2. Materials and methods
2.1 Atomic force microscope

AFM images in this article were taken with a commercial
LT-AFM/STM (Scienta Omicron, Germany) at a pressure below
107'° mbar and a temperature of about 5.2 K. An external lock-
in amplifier electronics (MFLI, Ziirich Instruments, Switzerland)
was connected to the AFM to operate the qPlus sensor in FM
and AM mode. For the detection of torsional and 2™ eigenmode
resonances, the qPlus sensors were mechanically actuated with
frequencies ranging from 105 kHz to 195 kHz inside the
LT-AFM. Fig. S1f shows the spectra of both sensors. Their fre-
quency responses at high frequencies can be rather complex
and may contain several peaks. Only at frequencies of 118.44
kHz for sensor 1 and 163.96 kHz for sensor 2 imaging of
organic compounds with submolecular resolution was possible.
For FM mode, the phase-locked loop was set to give an
effective bandwidth of the frequency shift channel of 10 Hz. The
AM mode was operated with a bandwidth of the amplitude
and phase channel of 10 Hz. All images in this article corres-
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pond to raw data that were captured with the mentioned band-
width and scan speed given in the figure’s captions. Only in
Fig. 4g the noise was removed using a 2D FFT filter (see details
in Fig. S37). The vertical amplitudes of the flexural eigenmodes
were calibrated by applying the method described in Simon
etal™

2.2 Sample and tip preparation

Molecules imaged in this article were prepared from 2-iodotri-
phenylene (ITP) as a precursor deposited onto Ag(111) and Cu
(111) substrates (Mateck GmbH, Germany). The synthesis of
ITP is described in Ref. 25. Ag(111) and Cu(111) were cleaned
by multiple Ar' sputtering cycles (E = 1.5 kV, I =2.5-3 uA, p =6
x 107® mbar) and annealing cycles with 7= 900 K for Ag(111)
and T = 1000 K for Cu(111). ITP molecules were deposited
onto the precooled substrates (T below 30 K) using a home-
built evaporator.®® Triphenylene (TP) was found as a product
after one hour annealing of ITP on Ag(111) at T = 116.8 K.
Bistriphenylene (Bis-TP) was detected after one hour annealing
of ITP on Ag(111) at room temperature. ITP on Cu(111) were
directly imaged after molecule deposition.

The tungsten tip of the qPlus sensors were sharpened in
the LT-AFM/STM by voltage pulses and indentations into the
sample substrate. For tip functionalization CO was dosed onto
the Ag(111) and Cu(111) surfaces. For Ag(111) the tip was func-
tionalized by applying voltage pulses of —1 V for 500 ps above
the adsorbed CO molecules, while for Cu(111) the CO-tip was
achieved by applying the procedure described in Bartels et al.>®

2.3 Analysis of laser Doppler vibrometer data

Frequency responses of the qPlus sensors were taken by a laser
Doppler vibrometer (MSA-100-3D, Polytec). The gPlus sensors
were electrically actuated using periodic chirp signal.””** The
laser was moved across the top and lateral sides of the free
prong. Frequency spectra from 15 kHz to 200 kHz were
extracted from different positions on the prong. The mode
shapes of the free prong were extracted from the Polytec soft-
ware by evaluating magnitude and phase of the frequency
spectra for each point at selected frequencies.

3. Results and discussion

3.1 Torsional eigenmode

Fig. 1a-d shows constant height frequency shift (Af) AFM
images of triphenylene (TP) on Ag(111) taken with sensor 1 at
the torsional eigenmode (fr = 118.44 kHz) with four different
oscillation amplitudes of 28, 56, 112 and 224 pm, respectively.
The gPlus sensor was operated in the frequency modulation
mode (FM-mode).”® The image in Fig. 1a was taken with an
amplitude of 28 pm and clearly reveals the chemical structure of
the TP molecule (see structure in Fig. 1d), i.e. the C-C bonds of
the molecular backbone appear as dark lines in the frequency
shift image. The darkest bonds (see blue arrows in Fig. 1a) are
perpendicular to the lateral tip oscillation, which is in good
agreement with LFM bond images reported in the literature.’®

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a—d) Frequency shift images of TP on Ag(111) at constant height by using sensor 1, which is operated in FM mode at the torsional eigenmode
with fr = 118.44 kHz and oscillation amplitudes of (a) 28 pm, (b) 56 pm, (c) 112 pm and (d) 224 pm. Scan speed: 625 pm s~ (d) Chemical structure of
TP. (e) Profiles along the TP molecule (dashed red line in panel a) for the AFM images a-d.

Fig. 2 (a—d) Frequency shift images of TP on Ag(111) at tip—sample separations of (a) 70 pm, (b) 50 pm, (c) 20 pm and (d) O pm. Images were taken
with sensor 1 in FM mode with fr = 118.46 kHz and lateral tip amplitudes of 28 pm. Scan speed: 250 pm s~*. Reference for z = 0 pm: | = 20 pA U =
7 mV on Ag(111). (e) Chemical structure of Bis-TP. (f-g) Frequency shift image of Bis-TP deposited on Ag(111) at constant height of (f) 60 pm and (g)
35 pm by using sensor 2 in FM mode with f» = 163.96 kHz and a flexural amplitudes of 21 pm. Scan speed: 500 pm s~ . Reference for z = 0 pm: | =
20 pA U =7 mV on Ag(111).

This journal is © The Royal Society of Chemistry 2022 Nanoscale, 2022, 14, 5329-5339 | 5331
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By increasing the amplitude, the features perpendicular to the
tip oscillation become wider (see blue arrows in Fig. 1b-d),
which also agrees well with previous LEM results.>® At lateral
oscillation amplitudes of 112 pm and 224 pm, the widening is
on the order of 220 pm and 445 pm, respectively, which makes
it difficult to identify the molecular structures (Fig. 1c and 1d).

In Fig. 1e, corresponding single line profiles of the images
in Fig. 1a-d are depicted. The path of the line profiles is exem-
plarily indicated in Fig. 1a by the dashed red line. These pro-
files also reveal widening of image features with increasing
lateral oscillation amplitudes. This agrees well with previous
findings for customized LFM sensors.” The length of the blue
arrows in Fig. 1c and 1d was correlated to the peak-to-peak
amplitude of the lateral tip oscillation, revealing a sensitivity
of the torsional eigenmode of 1.12 pm pv— "%

Fig. 2 shows LFM images that were obtained with sensor 1
at the torsional eigenmode and with a lateral oscillation ampli-
tude of 28 pm for four different average tip-substrate distances.
The dependence of the LFM contrast on the average tip-substrate

Sensor 2: f, =26.97 kHz or f, = 163.96 kHz

A=15pm A=25pm

(b)

Af,

A =50 pm
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distance™ is rather strong as illustrated by the images in Fig. 2a-
d, which use the same contrast scaling. This also indicates that
the tip oscillates predominantly in the lateral direction.

3.2 Second flexural eigenmode

Sensor 1 did not offer a good frequency shift response at any
of the spectral peaks with frequencies around 6.3 times f; *>°
(see amplitude vs. drive frequency spectra for the sensors 1
and 2 in Fig. S17). Therefore, it was not possible to perform
bond imaging experiments at the 2" flexural eigenmode of
sensor 1. By contrast, sensor 2 did offer an excellent peak in
the spectrum at 163.96 kHz with a Q-factor of Q ~ 30000
(Fig. S1bt). Operating sensor 2 at this peak, enabled imaging
of bistriphenylene (Bis-TP, see structure in Fig. 2e) on Ag(111)
in constant-height mode. Fig. 2f-g displays images of Bis-TP
with an oscillation amplitude of 21 pm at average tip-substrate
distances of z = 60 pm and z = 35 pm with respect to a tunnel-
ing current setpoint of 7 = 20 pA at U =7 mV on Ag(111). The
contrast of the Af, images is very similar to conventional bond

(a)

-0.5 Hz

Fig. 3 (a) Chemical structure of ITP. Images of ITP on Cu(111) taken (b) by using the frequency shift (Af;) signal in FM mode with f; ~ 26.97 kHz, (c)
frequency shift (Af,) signal in FM mode with f, ~ 163.96 kHz, and (d) the phase shift (¢,) signal in AM mode with f, = 163.96 kHz. Images were taken

with sensor 2 and oscillation amplitudes of 15, 25, 50, 75 and 100 pm. Scan speed: 333 pm s

5332 | Nanoscale, 2022, 14, 5329-5339
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images for the fundamental eigenmode. The C-C bonds
appear as bright lines in the frequency shift images for rela-
tively large tip-substrate distances (see Fig. 2f) and the con-
trast inverts when the tip is getting very close (Fig. 2g) (as
reported in detail e.g. in ref. 25).

Next, we compared the image quality of the fundamental
and 2™ flexural eigenmodes of sensor 2. Fig. 3b and 3c display
constant height frequency shift images of 2-iodotriphenilene
(ITP, see structure in Fig. 3a) on Cu(111) for both eigenmodes in
a range of oscillation amplitudes from 15 to 100 pm.
Apparently, the images at the 2" flexural eigenmode reveal the
same structural information of the imaged ITP molecules,
however, their signal-to-noise performance is much lower com-
pared to using the fundamental eigenmode. A direct compari-
son of single frequency shift scan lines above the molecules and
the bare Ag(111) surface can be found in Fig. S2 in the ESLY
This comparison reveals almost the same absolute level of noise
of the frequency shift signal of the fundamental and 2™ flexural
eigenmode for all tested oscillation amplitudes (compare the
blue curves in Fig. S21). The absolute frequency shift values

View Article Online
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above the imaged molecule are, however, about one order of
magnitude lower in the 2"® flexural mode, which leads to the
lower image quality (compare the red curves in Fig. S27).

The image quality of the 2™ flexural eigenmode can be sig-
nificantly increased by operating the AFM in amplitude
modulation (AM) mode (see Fig. 3d). It was recently reported
that the signal-to-noise performance can be increased by
approximately 30-60% by actuating the fundamental eigenmode
in AM mode, which is related to the simpler electronics setup
(without a phase-locked loop) and the slightly higher slope of
the phase shift vs. distance curves.®® In case of the fundamental
eigenmode this usually requires a moderate reduction of the
effective Q-factor via the Q-control method.®*® This is not
needed in case of the 2" flexural eigenmode due to the smaller
absolute frequency shift values (which lead to minor changes of
the oscillation amplitude during scanning).

In Fig. 4 we directly compare the image contrast and signal-
to-noise performance of single line profiles that were obtained
by exciting the fundamental eigenmode (in FM mode) and the
2" flexural eigenmode (in FM and AM mode). The oscillation

0.4 0.6 0.8 1.0 1.2 1.4 1.6
Profile (nm)

0.4 0.6 0.8 1.0 1.2 1.4 1.6
Profile (nm)

0.4 0.6 0.8 1.0 1.2 1.4 1.6
Profile (nm)

AF,
012
AF,
0i2
6,
012
8, (FFT)

Fig. 4

0.4 0.6 0.8 1.0 1.2 1.4 1.6
Profile (nm)

(a—f) Images of ITP on Cu(111) and profiles along the molecule (as indicated by the red line in the AFM images) taken by sensor 2 (a and b) by

using Af; signal in FM mode, (c and d) Af; signal in FM mode, and (e and f) 6, signal in AM mode (same images as in Fig. 3 for an oscillation amplitude
of 50 pm). (g and h) Same image as in panel e after applying a 2D FFT filter and corresponding profile along the molecule.

This journal is © The Royal Society of Chemistry 2022
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amplitude was 50 pm in all cases. The line profiles for the 2"
flexural eigenmode (Fig. 4d and 4f) reveal a lower signal-to-
noise performance for both operational modes. A significant
advantage of AM mode over FM mode operation is revealed by
these line profiles since the typical image features (see blue
arrows) appear more clearly in the AM mode. In Fig. 4¢ and 4h
we present filtered versions of the image and line profile in
Fig. 4e and 4f. The image noise was removed by applying a 2D
FFT filter®® (see details in Fig. S3t). The structural features
observed in filtered line profile in Fig. 4h (2"¢ flexural eigen-
mode, AM mode) and in the profile in Fig. 4a (fundamental
eigenmode, FM mode) are in good agreement (see blue arrows).

A closer look at the 2™ flexural eigenmode images (Fig. 2f-g
and 3c-d) reveals some asymmetric background features in the
frequency shift (Af;) and phase (6,) signals across the scanned
molecules. These appear as bright and dark features at the cir-
cumference of the imaged molecules, as highlighted by yellow

Torsional eigenmode: f+ = 151.5 kHz
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and red arrows, respectively. The dashed blue lines in Fig. 2f-g
indicate the axis of this background asymmetry. We conclude
that these background features in the Af, signal do not stem
from the sample or the CO tip since they vanish when the qPlus
sensor is actuated at the fundamental eigenmode (compare
Fig. 3b and 3c, which were taken with the same CO-tip).
Furthermore, these features appear for this qPlus sensor always
at the same locations of the scanned molecules (please note
that the images in Fig. 2f and 2g were scanned with a scanning
angle of 0°, while 180° was used for Fig. 3).

These bright and dark features in the bond images are
likely caused by an additional lateral component of the tip
oscillation. Recently, we systematically analyzed the tip
vibrations at the fundamental and higher eigenmodes of qPlus
sensors using a laser Doppler vibrometer in ambient con-
ditions.”” Fig. 5 shows the measured mode shapes for a qPlus
sensor whose geometry is similar to the sensors used in this

2 flexural eigenmode: f, = 186.1 kHz

Inst. Val. at X+180 deg

$

-2.039 nm/V -3.069 nm/V

-7 nm/V m w7 nm/V

(d) Inst. Val. at X deg
1.155 nm/V
[l

Inst. Val. at X+180 deg

-1.155 nm/V .o
]

)
-5.048 nmIV 5.049 nm/V

-7 nm/V mm 7 nm/V

Fig. 5 (a—d) Eigenmode shapes of a qPlus sensor at the torsional and 2™ flexural eigenmode taken by laser Doppler vibrometer scans across the
top and lateral side of the free prong. The panels a, b, ¢, d display the instantaneous sensitivities in nm V™! at two oscillation positions, which are

shifted by 180°.
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study. For this sensor we found a torsional eigenmode at 151.5
kHz (Fig. 5a and 5c) and the 2" flexural eigenmode at 186.1
kHz (Fig. 5b and 5d).

An analysis of torsional mode shape reveals that the tip
moves almost exclusively in the lateral direction. The deter-
mined sensitivities at the location of the AFM tip (see black
arrows) are approximately 1.2 nm V' for the vertical oscil-
lation (Fig. 5a) and 9.7 nm V' for the lateral oscillation
(Fig. 5c). Furthermore, the nodal line (dashed red line in
Fig. 5a) is located at the end of the prong of the qPlus sensor,
which indicates a low vertical movement at the torsional
eigenmode.

For the 2™ flexural eigenmode, however, the node (dashed
red line in Fig. 5b) is not located at the very end of the prong
and not perpendicular to the long axis of the prong, leading to
simultaneous vertical and lateral oscillations. The vertical and
lateral oscillation sensitivities are 2.0 nm V™" and 5.0 nm V!,
respectively (black arrows in Fig. 5b and 5d). Hence, for this
sensor, the amount of lateral vs. vertical oscillation at the 2™
flexural eigenmode is on the order of 250% resulting in a diag-
onal movement of the tip. Please note that this behavior of the
2™ flexural eigenmode depends strongly on the size and posi-
tion of the tungsten wire at the end of the prong of the qPlus
sensor. For other qPlus sensors with different tip geometries,
we measured lateral movements ranging from 80% to 175%
via laser Doppler vibrometry.”” Hence, it is likely that the
sensor 2 we used for the bond imaging experiments also oscil-
lates diagonally at its 2"¢ flexural eigenmode, although it is
difficult to estimate its precise lateral movement without per-
forming laser Doppler vibrometry measurements for exactly
this sensor.

For analyzing the effect of such a diagonal tip movement
(superposition of in phase vertical and lateral movements) on

_—
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the submolecular image contrast, we performed AFM simu-
lations with the so-called probe particle model.”® This simu-
lation method is frequently used in the literature and has
shown that it can adequately reproduce the basic features of
bond images.®®7° As illustrated in Fig. S4,} the vertical move-
ment of a tilted CO-tip is similar to a diagonal movement of a
straight CO-tip. Since the original probe particle model as pub-
lished by Hapala et al.>® already provides an input parameter
for adjusting the tilt of the CO tip, we simply simulated AFM
images of adsorbed ITP molecules for tilted and non-tilted tip
geometries to compare these with our experimental AFM
images.

Fig. 6a and 6b show an experimental AFM image and a line
profile of ITP on Cu(111) that were obtained with sensor 2 at
its fundamental eigenmode (same images as in Fig. 3 for an
oscillation amplitude of 100 pm). Fig. 6d and 6e show a corres-
ponding simulated AFM image and line profile that were
obtained with a non-tilted vertically oscillating CO-tip. In view
of the simplicity of the applied probe particle method the
agreement between the experimental and simulated line pro-
files is remarkable. In particular, the subtle difference in
brightnesses of the three C-C bonds which are crossed by the
line profile (dashed red line) are reproduced by the simulation
(see the three blue arrows in Fig. 6b and 6e).

In case of the 2" flexural eigenmode, these differences in
brightness are much more pronounced, ie. at the left side of
the scan line in Fig. 6g, the C-C bonds appear much brighter
than at the right side (see blue arrows). It looks as if the ITP
molecule assumes a tilted adsorption conformation, which is
obviously not the case as confirmed by the images and scan-
lines of the fundamental eigenmode (Fig. 6a and 6b). The
apparent tilt in the scanline in Fig. 6g can be reproduced by
the AFM simulation if a tilted CO-tip is considered (compare

_—
@

T T T
)-0.5
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Fig. 6 (a) Afy images of ITP on Cu(111) with A = 100 pm taken with sensor 2. (b) Profile along the dashed red line in image a. (c) Scheme depicting
the setup for the AFM simulation with the probe particle model: A non-tilted tip oscillates vertically above the substrate. (d) Simulated AFM image of
ITP for a straight tip. (e) Profile along the dashed red line in image d. (f) 6> images of ITP on Cu(111) with A = 100 pm taken with sensor 2. (g) Profile
along the dashed red line in image f. (h) Here a tilted tip (16° vs. z-axis) that oscillates vertically was considered for the probe-particle-model simu-
lation. (i) Simulated AFM image of ITP for a tilted tip. (j) Profile along the dashed red line in image i.

This journal is © The Royal Society of Chemistry 2022
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Sensor 2: f; = 26.97 kHz and f, = 163.96 kHz

A, =75pmA=25pm
(a) . = £

A;=375pm A, =25 pm

A, =375pm A, =75 pm

=41 (h)
£\

Fig. 7 (a—h) Bimodal FM;—AM; (Af; and 6,) images of ITP on Cu(111) at constant height with (a, b) A; = 75 pm, A, = 25 pm, (c, d) A; =25 pm, A, =75

pm, (e, f) Ay = 375 pm, A, = 25 pm and (g, h) A; = 375 pm, A, = 75 pm. Scan speed: 333 pm s

blue arrows in Fig. 6g and 6j). As a tilted tip has a similar
effect as a diagonal tip oscillation (see illustration in Fig. S47)
we can rationalize that this observed apparent tilting of the
ITP is an image artifact caused by the diagonal tip movement
at the 2™ flexural eigenmode of the qPlus sensor.

3.3 Bimodal AFM

Finally, we used qPlus sensor 2 to perform bimodal bond
imaging AFM by simultaneously exciting its fundamental and
its 2™ flexural eigenmode. The fundamental mode was oper-
ated in FM mode while the AM mode was used for the 2" flex-
ural mode. Fig. 7 shows images for four different combi-
nations of oscillation amplitudes. In case of relatively small
amplitudes (Fig. 7a-d) the bimodal images look rather similar
to the corresponding images for single mode excitation (cf:
Fig. 3). However, a detailed look at the images of the funda-
mental eigenmode (Fig. 7a and c) reveals some slight distor-
tions that are presumably caused by the lateral component of
the 2™ flexural eigenmode. For larger amplitudes of the funda-
mental mode (Fig. 7e and 7g) these distortions become more
severe. In that case, the images of the 2" flexural mode
(Fig. 7f and 7h) are heavily distorted.

Conclusions

We systematically analyzed the bond imaging performance of
gPlus sensors when using torsional and flexural higher eigen-
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modes. In particular, the torsional eigenmode of qPlus sensor
1 seems perfectly suited to perform LFM with single bond
resolution. As in previous studies, we found that the tip oscil-
lates almost exclusively in the lateral direction at the torsional
mode.”” This is very promising for future studies, since it
enables an easy switching between vertical and lateral bond
imaging without changing qPlus sensors. The image quality at
the torsional eigenmode is comparable to that of customized
qPlus sensors specifically designed for LFM operation. When
using the 2" flexural eigenmode of qPlus sensor 2 we
observed a lower image quality as well as dark and bright
image features and an apparent tilting of the molecules. The
lower signal-to-noise performance could be somewhat
improved by applying the AM mode instead of the FM mode,
however, it was not as high as for the fundamental eigenmode.
The additional dark and bright image features were assigned
to diagonal oscillations of the tip. These results are useful for
designing new qPlus sensors in the future. The lateral com-
ponent of the tip oscillation may, for example, be significantly
reduced by using smaller tips and adjusting their position at
the end of the prong of the qPlus sensor. Furthermore, by cus-
tomizing the layout of the electrodes of the qPlus sensors it
should be possible to improve the signal quality at the 2 flex-
ural eigenmode. In general, we see a very high potential for
future applications of multifrequency AFM techniques in the
case of gPlus sensors. Since chemical bond resolution is
already observed in case of our conventional non-optimized
gPlus sensors, we believe that with the mentioned tweaks one

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2nr01062c

Published on 23 March 2022. Downloaded by UNIVERSITAT GIESSEN on 4/7/2022 11:57:46 AM.

Nanoscale

could achieve comparable or even increased signal-to-noise
performance at higher eigenmodes.
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