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ABSTRACT

Frequency-modulation atomic force microscopy (AFM) with a qPlus sensor allows one to atomically resolve surfaces in a variety of envi-
ronments ranging from low-temperature in ultra-high vacuum to ambient and liquid conditions. Typically, the tip is driven to oscillate
vertically, giving a measure of the vertical force component. However, for many systems, the lateral force component provides valuable
information about the sample. Measuring lateral and vertical force components simultaneously by oscillating vertically and laterally has
so far only been demonstrated with relatively soft silicon cantilevers and optical detection. Here, we show that the qPlus sensor can be
used in a biaxial mode with electrical detection by making use of the first flexural mode and the length extensional mode. We describe the
necessary electrode configuration as well as the electrical detection circuit and compare the length extensional mode to the needle sensor.
Finally, we show atomic resolution in ambient conditions of a mica surface and in ultra-high vacuum of a silicon surface. In addition to
this, we show how any qPlus AFM setup can be modified to work as a biaxial sensor, allowing two independent force components to be

recorded.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0041369

I. INTRODUCTION

Atomic force microscopy' (AFM) is an established method to
investigate sample properties down to the atomic scale. Most AFM
setups consist of a sharp tip attached to a cantilever. In dynamic
AFM, the sensor acts as a damped driven harmonic oscillator excited
at or near its resonance frequency and the tip-sample interac-
tion influences this oscillation. The two most common dynamic
modes are the amplitude modulation mode’ (AM-AFM) and the
frequency modulation mode® (FM-AFM). In AM-AFM, the sensor
is driven with a constant frequency near the resonance frequency
and a constant drive amplitude. The interaction between the tip
and the sample influences the resonance frequency, and as a con-
sequence, the oscillation amplitude changes. Information about the
surface can be obtained by recording an amplitude map or using
the amplitude as the feedback parameter for the tip—sample dis-
tance. In FM-AFM, the excitation follows the current resonance

frequency and the drive amplitude changes so that the oscillation
amplitude remains constant. Surface information can be obtained
from the shift of the resonance frequency (the frequency shift Af)
and the drive amplitude is a measure of any additional damping.
However, a tip oscillating perpendicular to the surface does not
offer direct access to the lateral forces. These forces are of high
interest for many experiments on the atomic scale such as lateral
atomic manipulation.” Lateral forces can be accessed by oscillat-
ing the tip parallel to the surface [lateral force microscopy (LFM)].
This has been realized with silicon cantilevers by combining the
flexural oscillation with a torsional mode™® and for the qPlus sen-
sor’* by combining LFM with the STM feedback.”!? One less direct
option to determine lateral forces is to integrate the FM-AFM signal
vertically to determine the potential energy and then to take a lat-
eral derivative to determine lateral forces.> However, this method
requires a full three-dimensional dataset of A f values of the observed
area.
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For the many AFM applications, various sensor types have been
developed. The most commonly used types of sensors are microma-
chined silicon cantilevers with integrated tips.'* These sensors offer
the advantage that they can be produced in large numbers with well
defined mechanical properties. The oscillation usually is detected
with a laser beam reflected on the back of the cantilever and a pho-
todiode detecting the laser reflection. A different type of sensor is
the self-sensing sensor based on the piezoelectric effect'” of quartz.
Besides quartz tuning fork sensors,'® the needle sensor'” and the
qPlus sensor”® are well established. The electric detection method
gives the advantage that a qPlus AFM microscope head is very com-
pact and can be used without major adjustments in various envi-
ronments ranging from air, liquid, ultra-high vacuum (UHV) to low
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FIG. 1. Electrode configuration and electric fields resulting from strain due to a
deflection of the beam. (a) A gPlus sensor optimized for using the first flexural
mode. According to the stress (c) increasing linearly from the middle of the beam
cross section in the first flexural mode, origin from the middle of the beam, the
resulting electric field lines (b) go from the two opposite electrodes (A1 and A2) to
the side electrodes (B) or reverse. For the needle sensor (d), the electric field (e) is
almost homogeneous from one electrode to the opposing, according to a constant
stress (f) in each cross section. In (g), the changed electrode configuration for LE
detection of a gPlus sensor is displayed. The top [A1, see (h)] and bottom elec-
trodes (A2) are separated, whereas the electrodes on the side of the beam remain
connected. The electric field for single length extension is shown in (h) resulting
from constant stress (i) in each cross section. For combined length extension and
flexural deflection, a superposition of both situations is sketched in (j) and (k). The
z-direction is defined as the tip direction perpendicular to the surface. Drawing
adapted with permission from F. J. Giessibl, “The gPlus sensor, a powerful core
for the atomic force microscope,” Rev. Sci.Instrum. 90, 011101 (2019). Copyright
2019 AIP Publishing LLC.
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temperatures.>!® The high sensor stiffness k > 1 kN/m has shown
not to be a handicap when imaging soft samples, as demonstrated
by nondestructively imaging biological samples.'® Furthermore, the
qPlus sensor enables using a wide range of tip materials. The ability
to use conductive tip materials enables simultaneous AFM and STM
measurements.

One approach to combine vertical and lateral movement of the
tip was shown by Yamada et al.'” using the second flexural mode
of a qPlus sensor with a long tip. Increasing the tip length and the
moment of inertia results in a shift of the node of the second flex-
ural mode along the beam direction (x-direction).” If the node is
at the free end of the oscillating cantilever, the amplitude in the z-
direction becomes zero, but the curvature of the oscillating beam
results in an arc shaped movement in the x-direction and negligible
z-change. However, it is quite challenging to achieve the exact tip
length needed.

Here, we present a different approach by using biaxial oscilla-
tion of the sensor. Beside the first flexural mode (1F-mode), we excite
the length extensional mode (LE-mode), which means an oscilla-
tion in the beam direction. An established sensor using only the
LE-mode is the needle sensor,”' which is also made of quartz. This
sensor type is a coupled oscillator consisting of two beams oscillat-
ing anti-parallel in the length extensional mode. Schematic drawings
of the qPlus and needle sensor with an electrode configuration are
displayed in Figs. 1(a) and 1(d). The electrode configuration of the
qPlus sensor has to be adjusted for detecting both the flexural and
the length extensional modes, as presented in Ref. 8, Fig. 8 [also see
Fig. 1(g) in this work]. Here, we will include a detailed explanation
and discussion of the required adjustments. During the project, a
new design was developed, providing an optimized electrode config-
uration, which will be described in Sec. III and displayed in Fig. 2.
Finally, the first qPlus LE-mode and combined 1F- and LE-mode
measurements, performed with a single microscope in ultra-high
vacuum (UHV) and ambient conditions, are shown.

Il. THEORY

In this work, we combined the LE-mode of the single beam
qPlus sensor with the 1F-mode to achieve tip oscillations in two
dimensions. In the following text, the physical specifications and
technical adjustments are described.

Each oscillating mode of a cantilever has its own physical prop-
erties. Higher flexural modes provide higher eigenfrequencies and
much higher dynamic stiffnesses.”” Although both modes can be
excited and detected independently, the combined tip movement has
to be considered when interpreting the tip-sample interaction.”***

The properties of both the LE-mode and the 1F-mode are
described in the following.

A. Resonance frequency and stiffness of the modes

The cantilever is a damped, driven harmonic oscillator, vibrat-
ing with its resonance frequency, which is given for the first flexural

mode by
1 kip
=—/ , 1
fore 2m Meff W

with the dynamic stiffness kir and the effective mass being approx-
imately meg = 0.249 m of the total mass of the rectangular beam.”

Rev. Sci. Instrum. 92, 043703 (2021); doi: 10.1063/5.0041369
Published under license by AIP Publishing

92, 043703-2


https://scitation.org/journal/rsi

Review of
Scientific Instruments

ARTICLE scitation.orgljournal/rsi

top
electrode (A1)
side electrode
pair (B)

bottom
electrode (A2)

bottom
electrode (A2)
back-middle
electrode
side electrode
pair (B)
(d) sc4 top
| z-feedback | electrode (A1)
11 or Af ¢ const. [€ (e)
lT‘ X l A1
y R ocClI
z M & : (AFM)
. B ’“ ﬁ‘ B
5 out
i A2| R[] opaes7u ocli
plezo sensor I-V-converter LFM
AEM scanner =
image (f) ' R '
O(TJ | = L 0 :
LE + 1F -mode € i '
g (AFM) drive signal 2 B y & . .

7'y 3 T |-V-converter, ocC|
= full signal (type 1) E’ ' pre-amp ' (AFM)
5 LE-signal (type V) g ’ﬁ ﬁ‘ , R -

@ sensor <] 3 ' '
§ |-V-converter | oscillating g A2l 4 . = .
° type IV piezoelectric @ currgnt [ + '
8 current E amplifier , [Vhosets
E full signal (type 1) o 3 .7 |-V-converter. |
- 1F-signal (type V) , pre-amp o
. — ' R ' oc i
L| ocl ' . LFM
LFM
(LFM) | sample H ' '
l . [Vapssts , I adder,
LFM bias = = subtractor
. ' If ' combining signals
image voltage[™] odieos e AzeAl S o e made
= ' fromA1,A2and B ' B-(A1+A2) for 1F-mode

FIG. 2. Experimental setup for AFM and LFM with a gPlus sensor. (a) Locally removed gold electrode to separate A1 from A2. (b) Image of a biaxial qPlus sensor with
four connections (A1, A2, B, and STM) with an attached Pt/Ir tip. (c) Schematic of the gPlus with a new designed electrode configuration with five different electrodes. (d)
Schematic drawing of the microscope. Two OC modules are used to detect and excite one vibration mode each. They can be used for providing a constant drive signal or
using a phase-locked-loop (PLL) for dynamic excitation following the current frequency as well as controlling the amplitude. (e) Schematic of the type | amplifier consisting
of one single current to voltage converter. Only one of the top/bottom electrodes (here bottom electrode A2) as well the side electrode pair (B) are detected differentially;
the remaining electrode (here A1) is not connected. Image (f) shows the type V amplifier consisting of five I/V-converters. The signals of all three connections (A1, A2, and
B) are separately amplified (green, red, and dark blue I/V-converters). The resulting signals are added or subtracted (black and light blue I/V-converters) and directed to the

OC modules according to the oscillation mode.

The effective stiffness differs by +3 % to the static load stiffness
(k1p = 1.03 kgstatic),”” which can be calculated by the dimensions of
the cantilever,

Ew?®

TER @

kF,static =

with Young’s modulus® E = 7.87 - 10" N/m? for quartz and w, t,
and L being the width, thickness, and length of the beam, respec-
tively [see Fig. 1(a)]. For the resonance frequency, it follows

1.03 | Ewt® 4 t
b — ~0.162— s, (3)
2 413 Lwtp L2

foir=

with v = \/E_/p =5449.6 m/s being the speed of sound in quartz
with density™ p = 2.65 g/cm”.

In the case of the length extensional mode, the base frequency
and static stiffness are given by*’

Vs
= —, 4
fore i 4)
Ewt
kLE,static = T (5)

However, compared to the 1F-mode, the static and dynamic stiff-
nesses differ much more significantly for the LE-mode as the stress
is constant over the beam length for static length extension but not
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TABLE I. Dimensions, resonance frequencies f;, and spring constants k of the used gPlus and the needle sensor. Note that the needle sensor consists of a coupled oscillator
with two beams. The effective stifiness, therefore, is twice the stiffness of a single beam.2! These values are calculated for sensors without a tip being attached. Especially, in
the case of the gPlus S0.6, the frequency of the LE-mode can decrease by almost 50 % when attaching a tip. The dimensions of the needle sensor were taken from Ref. 21.

L (ym) Le (ym) w (/’lm) t (,um) fo (kHZ) kstatic (kN/m) kdynamic (kN/m) Stheory (HC/m)
Needle sensor ~ (LE) 1340 1100 130 70 1016.7 1068.9 1318.7 60.949
(1F) 328 1.813 1.868 3.024
qPlus S1.0 (Lg) 2400 1900 130 214 567.7 9124.2 1431.0 29.390
(1F) 91.1 8.395 8.648 4633
qPlus S0.6 (Lg) 1440 940 130 214 946.1 1520.4 1875.8 24233

for the dynamic case, which is described in the supporting informa-
tion of Ref. 27. The correction term for the nth LE-mode is given by

*(2n-1)*
8

This results in a 23 % higher stiffness for the base LE-mode com-
pared to the static case.

qPlus sensors are available in various types, which mostly differ
in dimension and electrode configuration. Here, we will concentrate
on two of them. The two used versions have the same width and
thickness, w = 130 ym and ¢ = 214 ym, but have different lengths Ly
= 2400 ym (type qPlus S1.0 from Table I in Ref. 8) and Los = 1440 ym
(=0.6- L) (type qPlus S0.6 from Table I in Ref. 8). As a reference, we
compare the resonance frequency and dynamic stiffness of the qPlus
sensor to the needle sensor, which is a well established quartz length-
extension resonator. The dimensions®' are w = 130 ym, t = 70 ym,
and length L = 1340 ym for each arm. The calculated values are listed
in Table I.

kLE,dynamic = kLE,static . (6)

B. Piezoelectric sensitivity

The self-sensing mechanism of the qPlus sensor, as well as other
quartz tuning fork sensors or the needle sensor, is based on the
piezoelectric effect. External stress of a piezoelectric material leads
to polarization of the unit cells and consequently to an electric field.
On the sensor surface, a thin gold film is deposited. The electric
field induces a charge on this electrode, producing an alternating
current when the beam oscillates. This current is measured after
being converted to a voltage signal via a transimpedance amplifier
(current to voltage converter). In Fig. 1, the electrode configuration
and the electric field in a sensor are displayed for the first flexu-
ral mode of a gPlus sensor [(a)-(c)] and for the length extensional
mode of the needle sensor [(d)-(f)], as well for combined flexural
and length extensional deflection of the qPlus sensor [(g)-(k)]. A
deflection perpendicular to the beam direction (flexural deflection)
causes the same charges on the top and bottom electrodes [Fig. 1(b)]
in contrast to the length extensional mode causing opposite charges
[Fig. 1(e)].

The relation between oscillation amplitude A and generated
charge g, on the gold electrodes is given by sensitivity S. For the
first flexural mode, it can be approximated according to Ref. 28,

th el Le(L*Le/z)
SlFeorY: Xe — 12d21kt72’

7)

with L. being the length of the gold electrodes and dy; = 2.31 pC/m
being the transverse piezoelectric coupling coefficient'” according to
the cutting direction of the quartz crystal. This material constant is
equal to the longitudinal coupling constant di;.”

There are two caveats to the above calculation. The first is that
this calculation refers to static deflection. For the two used qPlus
sensor types, the difference is less than 6 % between the sensitivity
for the static and dynamic calculation (for a more detailed calcula-
tion, see the supplementary material). The second is that the electric
field lines are assumed to be parallel, which is not the case for our
electrode configuration.”' The field lines for the given electrode con-
figurations and vibration modes are displayed in Figs. 1(b), 1(e),
1(h), and 1(j). On the sides of the cantilever as well as on the top
and bottom sides are gold electrodes. In the original design, each
electrode is connected to the electrode on the opposing side. Each
electrode pair detects the opposite current to the neighboring pair
when the sensor oscillates.

The sensitivity of the LE-mode is given by*'

i
St = Ewdn sin(iLe). (8)

In the case of the needle sensor, the sensitivity is doubled due to the
second beam. The calculated values are given in Table I.

lll. ELECTRODE CONFIGURATION AND AMPLIFIER
DESIGN

The typical electrode configuration of a qPlus sensor is opti-
mized for flexural detection. As mentioned in the previous part, the
top and bottom electrodes [Al and A2, see Figs. 1(h) and 1(j)] detect
the same charges for flexural deflection and opposite charges for
length extension. The qPlus sensor is designed for detection of the
flexural mode. Therefore, the standard design is with both electrodes
connected. To measure the length of the extensional mode, the top
and bottom electrodes were disconnected as displayed in Figs. 1(g)
and 1(h) (electrodes Al and A2).

We realized this by using a spot welding mechanism and rip-
ping off the connecting gold coating close to the free end of the
beam. The electrode was connected to one pole of a few volts power
supply (~5 to 10V) with sufficient current output (we used a DC
power supply with 15V and 2 A maximum output). A thin wire was
connected to the other pole of the power supply (here, a 50 ym thick
copper wire). When the gold coating of the counter electrode was
touched, a high current density occurred at the contact area. This
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led to the gold attach to the wire and finally the layer around the
contact point was ripped off. An image of a sensor beam with the
gold electrode removed is shown in Fig. 2(a). Afterward, it was tested
if the electrodes have been disconnected or a high-Ohmic contact
remained. In that case, the senor has to be replaced.

Furthermore, in course of the project, a new gqPlus design was
invented, whose electrode configuration was designed for detec-
tion of both flexural and length extensional modes. An image of
the sensor is shown in Fig. 2(b), with a cut Pt/Ir-tip attached. The
new electrode configuration is shown in Fig. 2(c). Here, the top
(A1, green) and bottom (A2, red) electrodes are already discon-
nected by design. On the front side of the sensor, the side elec-
trode (B) is divided by a small middle electrode connected to the
end of the beam. This electrode can be used for connecting the tip
for STM or electrical excitation. To avoid crosstalk between exci-
tation and STM signal on the back side, the electrode is divided
and an additional middle electrode is available, which however is
not connected to the tip. This electrode on the back side is not
relevant for the application of this paper, so it can be left uncon-
nected or reconnected to the side electrode pair (B). This new sen-
sor type only differs in the backside middle electrode from the
sensors with the top-bottom connection removed (Al separated
from A2).

In Fig. 2(d), a schematic drawing of the microscope is shown.
The amplified signal of the sensor is given to two oscillation con-
trollers (OC) (OC4 module from SPECS GmbH), one for each oscil-
lation mode. Each OC module is used to detect the resonance within
a frequency window. They are also used to excite the sensor. For
AM-AFM operation, this is done at a constant frequency and with
a constant magnitude. For FM-AFM, the input is used as the feed-
back to follow the frequency and control the amplitude of the res-
onance. The OCs that we used offer an “add”-option, which adds
the excitation signal of both modes to drive the actuator (a shaker
piezo).

Both the LE- and the 1F-mode can be detected simultane-
ously by a differential current to voltage converter. A simple real-
ization is to connect the side electrode pair (B) and one of the
divided pair (e.g., A2) to the two amplifier inputs. The other input,
here (A1), remains unconnected. A schematic drawing of this con-
figuration is displayed in Fig. 2(e). This type I amplifier consists
of a single current to voltage converter. The output resistor was
installed to prevent railing of the operational amplifier (OPA657u,
here R,qq =2.2 kQ).

An alternative amplifier setup has been designed to make use
of both the Al and A2 contacts. This type V amplifier consists of
five current to voltage converters. We used two AD8616 as they pro-
vide two I/V-converters on one chip. The current of each separated
electrode and the side pair are amplified by a single channel cur-
rent converter [green, red, and dark blue I/V-converters in Fig. 2(f)].
For detection of the LE-mode, the signals of the separated elec-
trodes are subtracted from each other: A2 - Al [black I/V-converter
in Fig. 2(f)]. For the 1F-mode detection, those signals are added
again and subtracted from the side electrode signal: B- (A2 — A1)
[light blue I/V-converter in Fig. 2(f)]. The amplifiers are described
in Ref. 30.

As well as AFM and LFM, the setup allows tunneling current
detection with a separate current amplifier connected to the middle
electrode at the front side of the qPlus sensor [yellow in Fig. 2(c)].

ARTICLE scitation.orgljournal/rsi

IV. RESULTS AND DISCUSSION

We performed FM-AFM in the LE mode (LE-FM-AFM) and
lateral force microscopy in both AM and FM modes using the 1F
mode (1F-AM-LFM and 1F-FM-LEM, respectively). The experi-
mental part of this project consists of three parts. First, we show the
capability of this qPlus setup to achieve atomic resolution in LE-FM-
AFM in ambient conditions. Second, we combined LE-FM-AFM
and 1F-AM-LFM to realize simultaneous biaxial measurements on
mica. However, it was difficult to perform 1F-FM-LFM in ambient
conditions. Therefore, we moved to UHV to demonstrate simulta-
neous LE-FM-AFM, 1F-FM-LFM, and STM results of Si(111)-7 x 7.
Due to thermal drift, calibration of the LE amplitude did not pro-
vide reproducible results in ambient conditions. Therefore, we can
only give a rough estimation of the range being Arg ~ 100-500 pm.
An exact determination using the STM feedback was only performed
for the UHV measurements.

A. LE-FM-AFM measurements in ambient conditions

In this part, we investigated the well-known sample systems
such as potassium bromide’'** [KBr(100), bought from MaTek]
and muscovite mica™ (V1 grade, purchased from Plano GmbH).
KBr crystallizes in the rock salt structure and was cleaved with a
razor blade. Typically, the surface shows many steps with varying
heights from single atomic layers up to some nanometers, and the
terraces have a size up to several 100 nanometers. Figure 3(a) shows
a2x2 ymz KBr(100) surface. Several terraces and monoatomic steps
can be observed.

The muscovite mica sample was cleaved with scotch tape result-
ing in an atomically flat and clean surface without any steps. In
Fig. 3(b), an 8 x 8 nm* area is displayed revealing the atomic
honeycomb structure. To compensate the drift, the scanning was
performed in a quasi-constant-height mode, which means that the
height feedback is too slow to follow the surface structure. Atomic
resolution, therefore, can be observed in the frequency shift image.
Both the step structures of KBr(100) and the atomic resolution of
mica demonstrate the capability of the qPlus sensor to perform

207 Hz T 271 Hz
FIG. 3. LE-AFM scans of KBr (a) and mica (b) in ambient conditions. The gPlus
$1.0 was equipped with a sapphire tip. The resonance frequency is fo ¢ = 466
kHz. (a) 2 x 2 um? large KBr(100) surface. Large terraces and monoatomic steps
can be observed. The frequency shift setpoint is Af = 10 Hz. (b) Atomic resolu-
tion of the mica surface on an 8 x 8 nm? frequency shift image. The honeycomb

structure of mica can be observed. An average frequency shift of (A f) = 24 Hz is
observed in the quasi-constant-height mode.

0 nm [T ]1.8 nm
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AFM measurements in the length extensional mode, which lays the
foundation for the next biaxial measurements.

B. Combined LE-FM-AFM and 1F-AM-LFM
measurements in ambient conditions

As a next step, the first flexural mode was excited additionally.
At imaging distance (Af,; feedback of a few Hz), we performed a
frequency sweep of the first flexural mode (lateral oscillation). How-
ever, no resonance peak was observed. For this reason, we decided
to excite the 1F-LFM-mode at its free resonance frequency (as free
resonance frequency or free amplitude, we consider the resonance
frequency or amplitude when the sensor is far away from the sam-
ple) with constant drive amplitude and the resulting cantilever oscil-
lation amplitude was measured (1F-AM-LEM). When the tip was
distant from the surface, the amplitude was set to 100 pm. At imag-
ing distance, the amplitude dropped to a few tens of picometers. The
atomic structure of the mica sample can be seen in the frequency
shift image of the LE-mode shown in Fig. 4(a). The corresponding
amplitude and phase images of the 1F-AM-LFM mode in (b) and (c)
also show a structure following the atomic pattern. In order to com-
pare the structures in the Af;; and Ar channels, we overlaid both
images by a lattice with the lattice points being arranged according
to the Af, ; image. The amplitude A;r is lower at the atom positions
than between them. This indicates higher dissipation at the surface
atom positions than between them. (As explained above, the sensor
showed no resonance curve in the 1F-mode when close to the sur-
face. Therefore, the LFM amplitude contrast cannot be explained by
a shift of the resonance frequency.)

An interesting question is how both modes influence each
other. For investigation, we took several 6 x 6 nm” images and
changed the excitation strength of the LFM mode. In Fig. 5, the
Af g [Figs. 5(a), 5(c), and 5(e)] and Ayp [Figs. 5(b), 5(d), and 5()]
images are compared. The setpoints (free amplitude) of the LFM
amplitudes are 350 pm [Fig. 5(b)], 250 pm [Fig. 5(d)], and 100 pm
[Fig. 5(f)]. When decreasing the LFM amplitude, the structure in
Af,y images changes from a very unclear and barely visible stripe
pattern in Fig. 5(c) to clear atomic contrast in Fig. 5(¢). However,
atomic structures can be observed in all LFM images. The results
show that if the lateral amplitude is too high, atomic resolution in
Af 5 images cannot be observed.

In Ref. 23, Kawai et al. discuss the mutual influence of the
vertical and lateral modes using a torsional LFM mode in UHV
conditions. They state that as long as the LFM amplitude is small
compared to the surface features, the AFM signal is expected to be
the same with and without oscillation. When the LEM oscillation
starts to get larger compared to the size of the surface features, the
AFM signal will be an average over the tip motion.

C. Combined LE-FM-AFM, 1F-FM-LFM, and STM
measurements in UHV conditions

Considering the difficulties of performing 1F-FM-LEM in
ambient conditions, we transferred our microscope to UHV. There,
it was easier to control the LFM mode with the tip in the interaction
range to the surface, and thus, it was possible to realize 1F-FM-LFM
measurements. We prepared a Si(111)-7 x 7 surface by a standard
cleaning procedure of flashing up to 1350 °C for a few seconds with
an electron beam heater while keeping the pressure during heating
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33.3 Hz

14.8 Hz

136.8 pm

22.5 pm

36.3 deg

14.3 deg I

FIG. 4. Atomically resolved mica surface. (a) The LE-mode frequency shift and
(b)/(c) the corresponding AM-LFM amplitude and phase. The overlaying grid
marks the positions of the scanned atoms. In the LFM-amplitude image, it can
be observed that the positions of the atom centers show the lowest amplitude and,
therefore, the highest dissipation. (c) The atomic pattern in the 1F-AM-LFM phase.
Scan parameters: A fig = 23 Hz and A1gree = 100 pm.
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20.6Hz < Af < 38.5Hz
93pm <A, < 115pm

22.6Hz < Af < 37.8Hz
68pm <A, < 90pm

15.1Hz < Af < 32.6Hz
22pm <A, < 36pm

FIG. 5. Images of simultaneous LE-FM-AFM and 1F-AM-LFM as a function of
excitation of the LFM mode. [(a), (c), and (e)] The LE frequency shift Af g. The
corresponding amplitude images of the LFM modes are at free amplitudes of (b)
350 pm, (d) 250 pm, and (f) 100 pm. The atomic structure can be observed for all
1F-amplitude images, however, only in the frequency shift in (e). We used a qPlus
S0.6 with W-tip, fo e = 453.7 kHz, and fq 1¢ = 43.7 kHz.

below 3 x 10~° mbar. The measurement was taken in quasi-constant
height with a slow STM feedback.

Figure 6 shows the atomic resolution of Si(111)-7 x 7 recon-
struction in the tunneling current (a), length extensional AFM fre-
quency shift (b), and first flexural LEM frequency shift (c) channels.
Since the positive bias was added to the tip, the STM image of Fig. 6
shows the occupied sample states. The 12 protrusions in one 7 x 7
unit cell (marked by the overlaid lattice and the red dots) correspond
to the 12 Si adatoms. By comparing the three images, it is easy to find
that the protrusions in the length extensional AFM frequency shift
image are also located on Si adatoms, the same as in STM. The pos-
itive frequency shift values in Fig. 6(b) indicate less attraction over
the adatoms.

Typically, LFM images show a more complex structure’>° as
shown in Fig. 6(c). When imaging the lateral force gradient of a
repulsive feature, a negative frequency shift at the potential center
surrounded by positive frequency shift is expected. The LFM fre-
quency shift displayed in Fig. 6(c) shows the expected shape (com-
pared to the attractive feature described in FIG. 1 in Ref. 36). How-
ever, we observe a lateral shift of roughly 0.2nm (+0.1 nm) from

35,36
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FIG. 6. 7 x 7nm? sector of a Si(111)7 x 7 surface showing atomic resolution in
current (a), Afie-apm (D), and Afiepm (C). All images are recorded simultane-
ously in the quasi-constant height mode. Images (a) and (c) are processed with a
Gaussian smooth. The overlaid lines mark the 7 x 7 supercells and the red dots
mark the 12 Si adatoms. In image (c), a set of adatoms (transparent, dotted circle)
is displayed with an additional set (transparent, solid circle) shifted by 0.16 nm,
which matches with the Af minima. We used a gPlus S1.0 with a Pt/Ir tip. The
resonance frequencies and estimated spring constants are fo g = 424.465 kHz,
kie = 567.7 kNim, fo4r = 27.441 kHz, and ks = 1.8 kN/m. The amplitude
setpoints of both the modes were A, = A;s = 100 pm. The bias is 300 mV.
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the adatom positions as identified in the STM image in the fast scan
direction that we cannot fully explain.

V. SUMMARY AND OUTLOOK

In this work, we showed that it is possible to excite and
detect the oscillation of the length extensional mode of the qPlus
sensor. This mode is capable of achieving atomic resolution in
UHYV and ambient conditions. Furthermore, atomic resolution was
achieved in biaxial length extensional FM-AFM and flexural AM-
LFM simultaneously.

We presented the modifications required to perform biaxial
AFM on a qPlus setup. This combines the advantage of LFM with
AFM and the compact setup of a qPlus atomic force microscope.
This combination can be valuable, especially for low temperature
microscopes where a compact design is preferred.
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