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With recent advances in dynamic scanning probe microscopy techniques, it is now routine to image the
submolecular structure of molecules with atomically engineered tips, which are prepared via controlled
modification of the tip termination and are chemically well defined. The enhanced spatial resolution is
possible as atomically engineered tips can preserve their integrity in the repulsive interaction regime.
Although the mechanism of improved spatial resolution has been investigated both experimentally and
theoretically, the ultimate temporal resolution while preserving picometer-scale spatial resolution still
remains an open question. We computationally analyze the temporal resolution of atomic force microscopy
imaging with atomically engineered tips. Our computational results reveal that nonmetal terminated tips,
for example, oxygen-terminated copper, are well suited for enhanced temporal resolution up to video-rate
imaging velocities while preserving picometer-range spatial resolution. On the other hand, the highest
attainable spatial resolution of atomically engineered tips with low stiffness, for example, CO terminated,
deteriorate with increasing imaging velocity. Our results reveal that when atomically engineered tips ter-
minated with molecules are in use, imaging velocities of the order of nanometers per second at most are
inevitable even for atomically flat surfaces to retain atomic resolution and avoid slip-stick motion. In addi-
tion to shedding light on the temporal resolution of atomic force microscopy imaging with atomically
engineered tips, our numerical results provide an outlook to the scalability of atom-by-atom fabrication

using scanning probe microscopy techniques.
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I. INTRODUCTION

Dynamic AFM is an analytical surface characterization
tool where a sharp probe tip is mounted on the end of an
oscillating probe and serves as a sensing element to dis-
close surface properties with picometer and piconewton
resolution [1-3]. In recent years, imaging the submolec-
ular structure of molecules has become popular with the
advent of AFM and related techniques [4,5]. The termi-
nation of the tip apex is modified on purpose, that is,
atomically engineered, either by picking up a molecule
or a chemically identified atom [4-9]. One of the most
widespread ways to engineer the tip apex is to pick a CO
molecule, although other molecules can also be used [4,6,
7]. Nonmetal terminated tips such as oxygen-, chlorine-,
or bromine-terminated tips are alternatives to tips termi-
nated with molecules [5,8,9]. Due to their inert nature,
atomically engineered tips can preserve their integrity even
in the repulsive tip-sample-interaction regime [4,5]. To
understand a material’s properties as a function of both
their structural and chemical environments as well as its
responses to external stimulations in ambient or liquid
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environments, video-rate AFM has been developed but is
currently limited to a lateral resolution of the order approx-
imately equal to 10 nm [10—16]. In contrast, spatial charac-
terization at atomic length scales is common practice under
ultrahigh vacuum conditions; however, video-rate imaging
is achieved only in scanning tunneling microscopy mode
and thus is restricted to electronic properties [17]. We
computationally explore the prospects of video-rate AFM
imaging with atomically engineered tips while preserving
picometer-range spatial resolution.

Our numerical results reveal that the temporal resolu-
tion depends on the tip-sample-interaction kinetics, which
is dictated by the tip termination, tip-sample interaction
force, and imaging velocity. The structural deformation
of the tip apex, that is, the closest atom to the surface,
upsurges with increasing imaging speeds and with decreas-
ing stiffness of the tip apex. Our computational results
disclose that nonmetal terminated tips such as oxygen-
terminated copper tips, in principle, can display temporal
resolution up to video-rate imaging velocities, while pre-
serving picometer-range spatial resolution. However, tips
with lower stiffness such as molecule-terminated tips are
confined to slower imaging velocities that result in orders
of magnitude longer image acquisition times. In addition
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to systematically examining the limits of temporal reso-
lution in high-resolution AFM imaging with atomically
engineered tips, our numerical analysis also provides an
outlook of the scalability of atom-by-atom fabrication with
dynamic scanning probe techniques and possible pathways
for enhanced capability.

II. COMPUTATIONAL METHODS

Theoretical tools for high-resolution imaging with atom-
ically engineered tips are well developed [5,18] (also
see Ref. [19] by Jelinek for a review). Although more
advanced kernels (see Refs. [5,18,19]) are available to
model the tip-sample interaction of atomically engineered
tips, we used Prandtl and Tomlinson (PT) to explain the
interaction of a sharp probe tip with the surface [20-30].
The PT model has been successfully implemented to elu-
cidate the interaction of an atomically sharp probe tip
with flat surfaces, atomic steps, and alkali halide surfaces,
and most recently to reveal the effect of surface disor-
der, load, and sliding velocity on friction at small length
scales [21,26,31-34]. Most recently, Pawlak et al. (Ref.
[7]) experimentally and theoretically demonstrated that the
PT model can explain the tip-sample interaction of a sin-
gle molecule attached to the end of an oscillating probe
tip, which is modulated using noncontact AFM (also see
Ref. [20] for a perspective). In this journal article, we
apply the PT model to investigate the tip-sample interac-
tion kinetics. As Fig. 1 summarizes, the change in the tip
termination induces a change in the stiffness of the tip apex
of an atomically engineered tip, which ultimately changes
the tip-sample interaction kinetics and dictates the limits of
spatial and temporal resolution of AFM imaging.

To disclose the tip-sample interaction kinetics of atomi-
cally engineered tips, the first step is to model the local tip-
sample interaction. We use the 6—12 Lennard-Jones (LJ)
interaction potential for our calculations [35]:

Ups = 4el(a/r)'? = (a/r)°]. (1)
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FIG. 1. The summary of computational methods. We use the
two-dimensional PT model to investigate the kinetic interaction
of the atomically sharp probe tip with the surface as a function
of tip stiffness, normal load, and imaging velocity. The tip apex
is connected to the microscope body, M, with an elastic spring
constant of ¢ (x, y, z). The body of the microscope moves along
the fast scan direction with the velocity v),. The position of the
tip apex (xy, s, z;) during the relative motion is determined by the
tip-sample interaction kinetics.

In Eq. (1), Uy is the interaction potential of two atoms, »
denotes the distance between the centers of the two atoms,
€ is the depth of the potential well, and o is the distance at
which the potential well vanishes (6 = d/1.12 , where d is
the hard sphere diameter of the atom). We implement the
periodic boundary conditions along the lateral directions
to a simulation cell with a cross section of 33 x 33 atoms
and a thickness of five atoms. The fast-scan direction is
along the (110) direction of the simple cubic lattice [36].
We use typical parameters for metal atoms (¢ = 415 meV,
d=2.6 A, Ref. [37]). The tip-sample interaction potential,
Unnt, 1s the summation of interaction potentials of all atoms
within the simulation cell.

The next step is to model the probe tip. As Fig. 1 shows,
the atomically sharp scanned probe is modeled as a sin-
gle atom that is connected to the macroscopic body of the
probe tip with an elastic spring (cy, ¢, c: spring constants
along the x, y, and z directions). The stiffness of the spring
changes with the termination of the atomically engineered
tip and is different from the cantilevers used in scanning
probe microscopy experiments [7,21,32,38].

We calculate the potential energy landscape in vacuum
up to 6.5 A with respect to the lattice position of the top
layer with 2.5-pm steps for an area of 2.6 x 2.6 nm? in the
center of the calculation slab. The distance between the tip
and the sample is modulated to keep the force constant in
most scanning probe microscopy experiments [2,3]. The
vertical position of the tip can be expressed as:
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In Eq. (2), zys is the position of the macroscopic body of
the tip along the vertical direction. The stable position of
the single-atom asperity along the z direction, z,, for a
fixed lateral coordinate (x;, y;) is calculated by equating the
force acting on the spring-mass system along the vertical
direction, F, [the left-hand side of Eq. (2)], to the vertical
component of the tip-sample interaction force for the fixed
lateral coordinate (the right-hand side), which is calculated
as the negative gradient of the total tip-sample interac-
tion potential, Uy The vertical height profile, the surface
topography, is calculated for an area of 2.6 x 2.6 nm? in
the center of the calculation slab. With the calculation of
the equilibrium position of the apex atom along the z direc-
tion, the three-dimensional tip-sample interaction potential
can be reduced to a two-dimensional interaction poten-
tial. The following two-dimensional system of coupled
second-order differential equations is solved to calculate
the motion of the atomically sharp tip along the lateral
directions (x and y directions):

AU,y
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Equation (3) is solved by using the ode45 function in
MATLAB and restricting the relative error of the numeri-
cal solution to 107'° [39]. In Eq. (3), m, and m,, 1078 kg,
are the effective masses of the system [26,31]. Coordinates
of the tip-apex along the lateral directions are expressed
as x; and y;, the time derivatives of the lateral positions’
present velocity are (x;, y:), and the acceleration of the
atomically sharp probe tip is (X;, J;). The total tip-sample
interaction potential (Ujy) is calculated numerically by
adding up the contributions of all atoms in the simula-
tion cell. We numerically calculate the negative gradient of
the tip-sample interaction potential along the lateral direc-
tions, which produces the lateral force components of the
interaction potential [40].

When the tip traces the surface, the kinetic energy [41]
of the tip will be dissipated [28,42—44]. Different mecha-
nisms, such as electronic [42,43,45—48], electromagnetic
[49], van der Waals friction [50,51], and phononic [52—
55], have been proposed for the energy dissipation due
to kinetic tip-sample interaction. We include the effect of
energy dissipation due to the motion of the tip with the
damping coefficient term, y, in Eq. (3). Figure 2 summa-
rizes the numerical solution of Eq. (3) for the average slip
length as a function of the damping coefficient. As Fig. 2
discloses, under the critical damping condition (2+/c x M,
¢ and M are the spring constant and effective mass of
the system), the average deformation is of the order of
the unperturbed lattice constant (2.6 A) of the model sys-
tem. Tip oscillations are evident for the underdamped case.
For the strongly overdamped case, however, the tip sticks
to a lattice site before slipping by multiple lattice con-
stants, that is, the intrinsic contribution of the surface to the
motion of the tip disappears. We use the critical damping
coefficient in our calculations to eliminate tip oscillations
and preserve contributions of the sample to the motion of
the tip with our choice of damping coefficient. This choice
of damping coefficient ensures that all slip events occur
between adjacent unit cells, enables efficient computation,
and is consistent with former experimental and theoretical
studies [21,32].

Depending on the kinetic tip-sample interaction, the tip
apex can either follow the minimum energy path or slip-
stick motion may be evident, which impedes tracing the
minimum energy trajectory and results in large structural
deformations of the tip apex [33]. For this reason, the
deformation length of the apex can be used as a caliber
to quantify the kinetic tip-sample interaction between the
tip and the sample. The total perturbation of the spring
system from its equilibrium position, that is, the defor-
mation length, is calculated by subtracting the position
of the tip apex (x;, y;) from the unperturbed position of
the macroscopic body of the microscope (xps, yar). This
assumption is valid as long as the lateral stiffness of the
cantilever probe is significantly larger than the stiffness of
the tip apex. Experiments with atomically engineered tips
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FIG. 2. The choice of damping coefficient, y, to model the
kinetic energy dissipation of the tip due to interaction with the
surface. When the system is underdamped, strong tip oscillations
are induced. while the contribution of the surface is diminished
for the overdamped case. For these reasons, we use a critical
damping condition to eliminate the tip oscillations while preserv-
ing the effect of the surface on the kinetic tip-sample interaction.
We solve Eq. (3) for a model tip with a stiffhess of 10 N/m and
the effective mass, M, is equal to 10~® kg for a normal load of
0.25 nN and a sliding velocity of 1000 nm/s for the calculations
presented in Fig. 2.

are usually conducted with tuning forks in the qPlus con-
figuration [4—7,56], which has a stiffhess that ranges from
a few kN/m to tens of kN/m [57,58]. For this reason, the
contribution of the deflection of the cantilevers is neglected
in our analysis. At the end of the scan frame, y,, is changed
and a new line is calculated. To simulate the movement of
the scanning force microscopy experiments, the tip starts
with zero velocity at the left border of the scan area (x; = 0,
v = 0) with relaxed springs (x; = 0, y) = 0). The tran-
sient part of the solution disappears within the first 56 A
for the initial conditions defined for our calculations
(1 nm/s < x3; < 10000 nm/s). We exclude the transient
part of the solution and use 2.0 x 2.6 nm? at the center of
the calculation slab for our statistical analyses. It has been
shown that the mean value of the deformation length may
not give statistically significant results [25]. To statistically
evaluate the magnitude of the oscillating deflection, we use
the rms deflection, which is the measure of the equivalent
constant deflection over the calculation area.

ITI. RESULTS AND DISCUSSIONS

We analyze the interaction of the atomically sharp tip as
a function of imaging velocity, the tip stiffness, and a nor-
mal load for an area of 2.0 x 2.6 nm? at the center of the
calculation slab. As Fig. 3 reveals, three distinct regions
can be identified. In region I, the deformation length of the
atomically sharp probe is less than 0.1 pm, which is sig-
nificantly smaller than the highest spatial resolution that
can be achieved with scanning probe techniques [40]. As
highlighted in region I, the imaging velocity is less than a
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FIG. 3. The rms of the deformation length of an atomically
sharp tip as a function of imaging velocity and tip stiffness. Three
distinct regions are evident. The spatial resolution is restrained
due to instrumental limitations in region I in which the deforma-
tion length is less than 0.1 pm. In region II, the stiffness of the
atomically sharp tip is of the order of tens of nanonewtons and
the picometer-range spatial resolution is preserved up to video-
rate imaging velocities for nanometer size scans. The slip length
limits the spatial resolution in region III, that is, slow imaging
speeds are inevitable with the upsurge of the deformation length.
The total vertical force acting on the tip is 200 piconewtons for
the calculations presented in Fig. 3.

few hundred nanometers per second for atomically sharp
tips with stiffness values that are of the order of hundreds
of nanonewtons per meter. Although the atomically sharp
probe tip sustains its integrity with subpicometer deforma-
tion in region I, the spatial resolution is constrained due to
instrumental limitations such as readout noise and mechan-
ical stability [59]. In region II, the spatial resolution is
also preserved for high-resolution imaging. The deforma-
tion length of the tip apex is between 0.1 pm and 10.0 pm,
which fits in the range of atomic-resolution images, and
video-rate imaging velocities for atomic resolution images
(1000 nm/s, roughly 400 lines per second) are attainable.
On the contrary, in region 111, the tip reveals deformations
comparable to the lattice constant and the slip-stick motion
is evident. The slip length also inflates with decreasing tip
stiffness and slow imaging velocities of the order of sub-
nanometers per second are inevitable to preserve the spatial
resolution.

To elucidate the kinetic interaction of the atomically
sharp probe tip and the surface, we investigate the defor-
mation length as a function of normal load, tip stiffness,
and the imaging velocity. As Fig. 4 reveals, we first explore
the interaction of a tip with a 5-N/m stiffness, which is
a comparable to atomically engineered tips with a por-
phyrin derivative molecule [7]. We conduct calculations
for this relatively stiff molecule as softer molecules such

as CO lead to trivial results with significant deforma-
tions according to our calculations (Fig. 3). Experimental
and computational results are available for an atomically
engineered tip with a 5-N/m stiffness (Ref. [7]) to com-
pare the findings of our model. As Figs. 4(a) and 4(b)
show, the interaction of the atomically sharp tip displays
slip-stick motion [for details, see inset in Fig. 4(a)]. It is
worth noting that slip-stick motion is commonly observed
for friction force microscopy studies [20—30]. Our results
disclose that single-atom contacts can also reveal slip-
stick motion, which is consistent with constant-height
frequency modulation-based AFM experiments conducted
with atomically engineered tips terminated with molecules
at small oscillation amplitudes (less than 50 pm) [7]. In
passing, it is important to mention that the nature of the
tip, the tip-sample interaction length scale, and the oscil-
lation amplitude may impede the use of the PT model to
explain the AFM experiments. Also, as Fig. 4(c) shows,
multiple slip-stick events are evident with increasing load
for imaging speeds of the order of 1000 nm/s. In addition,
we examine the kinetic tip-sample interaction of a tip with
a stiffness of 50 N/m. This stiffness value approximates the
springiness of an oxygen-terminated copper tip, which has
two orders of magnitude larger stiffness [5,9] compared
to CO-terminated copper tips (approximately 0.5 N/m,
Refs. [19,60]). As highlighted by Figs. 4(d)—4(f), slip-stick
events are not evident for the stiffer tip [for details, see inset
in Fig. 4(d)]. Even though the deformation length increases
with the load, the rms of the deformation length is of the
order of 10 pm even for repulsive forces acting on the tip
and the smooth tip motion is preserved with the absence of
slip-stick motion.

Imaging velocities of the order of subnanometers per
second are inevitable to achieve picometer spatial res-
olution “soft” atomically engineered tips, that is, tips
terminated with a molecule. Otherwise, the spatial reso-
lution attenuates due to slip-stick motion. As our numeri-
cal results demonstrate, with increasing imaging velocity,
“stiffer” atomically engineered (e.g., oxygen-terminated
copper) tips favor the preservation of the spatial resolution.
As the slip-stick motion is eliminated with stiff atomically
engineered tips, the atomically sharp tip can follow the
lowest energy path [33]. For this reason, it is important
to note that the tip deforms along both of the lateral direc-
tions. The deformation of the tip-apex along the slow-scan
axis, that is, the direction perpendicular to v;,, may alter
the interpretation of multidimensional force measurements
or measured forces [61] and measured energy barriers of
manipulation experiments [62].

In this work, we provide the ultimate theoretical limit
for the imaging speed with atomically engineered tips. Our
computational analysis does not take into account the addi-
tional noise sources and limitations of the measurement
electronics, which may further scale down the maximum
attainable imaging velocities. Also, the deformation of
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FIG. 4. Calculation of the deformation length as a function of tip stiffness, normal load, and imaging velocity for two different tip
stiffnesses. (a)-(c) The stiffness values that are comparable to the stiffness of a molecule-terminated tip discloses slip-stick motion
(e.g., profile of the dashed line in the inset in a), which is consistent with experimental results. With increasing stiffness (d)—f), for
example, an oxygen-terminated copper tip, the slip-stick motion is eliminated, for example, the profile of the dashed line in the inset

in (d). White arrows show the center of surface atoms (a)—f).

the surface or structures imaged (e.g., molecules) can
constrain the imaging velocity. The effect of sample relax-
ations and the limitations induced by measurement elec-
tronics can be investigated in a further study using AFM
simulation tools [63].

As an outlook, we want to mention that our results
imply that the imaging chemical evolution of surfaces
(i.e., chemical reactions) in real time with conventional
AFM imaging have potential challenges with the available
set of atomically engineered tips and due to instrumental
constraints. Moreover, our results infer that scaling atom-
by-atom fabrication with atomically engineered tips may
have limitations if the atomic structure of the scanning
probe is important.

IV. SUMMARY

We conduct numerical analysis to investigate the kinet-
ics of tip-sample interaction of atomically engineered tips
to reveal the limits of temporal resolution while pre-
serving picometer-range spatial resolution by using the
two-dimensional PT model. Our numerical results show

that the maximum temporal resolution of AFM imag-
ing with atomically engineered tips is dictated by the
stiffness of the tip apex. The structural deformation of
the apex inflates with decreasing stiffness of the tip and
increasing imaging speed and normal load. Our calcula-
tions show that “stiff” atomically engineered tips, such as
oxygen-terminated copper tips, can withstand video-rate
imaging velocities for atomic resolution images. On the
contrary, tips with lower stiffhess, for example, molecule-
terminated tips, are confined to slower imaging velocities
of the order of nanometers per second at most to preserve
picometer-range spatial resolution. In addition, our results
highlight that the scalability of atom-by-atom fabrication
with dynamic probe techniques may face challenges if the
atomic structure of the probe is important.
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