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Atomic force microscopy is being increasingly used to measure atomic-resolution force fields on
sample surfaces, making correct interpretation of resulting data critically important. In addition to
asymmetry, elastic deformations undergone by the microscope tip are thought to affect
measurements. In this study, simple analytical potentials and a model tip apex were used to
theoretically analyze how lateral tip stiffness affects force spectroscopy on the surface of
NaCI(001). The results suggest that lateral deformations experienced by the tip lead to
certain distortions in measured force spectra, the degree of which depends on lateral tip stiffness.
© 2013 American Vacuum Society. [http://dx.doi.org/10.1116/1.4807376]

I. INTRODUCTION

Among the large family of scanning probe microscopy
techniques, noncontact atomic force microscopy (NC-AFM)
has special significance due to its ability to image both con-
ducting and insulating surfaces with atomic resolution, and
also its usefulness in recording tip—sample force interactions
with atomic precision, resulting in atom-specific force map-
ping with pm and pN resolution.'™ In the last few years, the
force spectroscopy capability of NC-AFM has been extended
to two and three spatial dimensions, and multiple research
groups are now able to routinely record 2D and 3D maps of
interaction forces on various sample surfaces with atomic re-
solution (2D/3D-AFM).* As is the case with any experimen-
tal approach that has not yet fully matured, results’
interpretation may become controversial, especially when
the physical mechanisms responsible for distortions and arti-
facts in experimental data are not fully understood.
Accordingly, both experimental and theoretical investiga-
tions continue to be performed by the NC-AFM community
in order to (i) improve the reproducibility of 2D/3D-AFM
experiments and (ii) better understand the physical reasons
as well as the characteristic signatures of certain artifacts fre-
quently encountered during data acquisition.”™” In this arti-
cle, we take a further step toward these goals by
theoretically investigating the influence of lateral tip stiff-
ness on atomic-resolution force spectroscopy measurements.
Calculations were performed with simple analytical poten-
tials using a model tip apex on the sample surface of
NaCl(001). Rather than focusing on atomic-scale displace-
ments at the very end of the tip apex® or normal-force
induced bending of asymmetric tip apices in a preferred
direction,” our present approach investigates the influence
of elastic deformations undergone by a symmetric tip with a
rigid apex due to local lateral forces on atomic-resolution
force spectroscopy.

Like other AFM techniques, the basic operational princi-
ple of NC-AFM relies on measuring the changes in certain
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experimental parameters caused by the interactions of a
sharp probe tip with a sample surface of interest. In the case
of NC-AFM, the sharp (often idealized as terminating in a
single atom) probe tip is usually attached to a microma-
chined cantilever oscillating at resonance. Changes in reso-
nance frequency caused by tip—sample interactions at small
tip-sample distances (often <1nm) are detected during both
imaging and spectroscopy experiments.'® As expected for
experiments performed at the nanometer length scale, phe-
nomena such as thermal drift and variabilities in tip struc-
ture, asymmetry, and chemistry significantly affect the
acquired data and cause difficulties in achieving reproduci-
bility in experiments performed with different probe tips.’
Additionally, lateral relaxations experienced by the probe tip
due to interaction forces are thought to lead to distortions in
atomic-resolution force spectroscopy maps.®”!! The degree
of these distortions would thus ultimately depend on the lat-
eral stiffness of the probe tips employed in the experiments,
as well as tip—sample distance. It is clearly important to form
a basic understanding regarding the relationship between tip
stiffness and related effects on force spectroscopy using a
simple, model tip—sample system and analytical potentials.

Il. MODELING

The results presented here have been obtained using a
model tip apex consisting of three Pt atoms in a close-
packed, planar configuration and a sample NaCl(001) sur-
face comprising 50 x 50 ions (Fig. 1). MaTLAB'? has been
used to compute the vertical and lateral force interactions
between tip apex atoms and those on the sample surface
using well-known Lennard—Jones (L-J) and ionic interaction
models and Lorentz—Berthelot mixing rules.”'* Thereby, at
every point of a 1-pm-step mesh above the surface, the inter-
action force components between each tip apex atom and
surface atom have been summed up to calculate the total
interaction force acting on the model tip apex. Since binary
ionic crystals are frequently used as samples for NC-AFM
experiments® 47 (mostly due to their ease of preparation
through cleaving, as well as attractive features such as

© 2013 American Vacuum Society 041801-1
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Fig. 1. (Color online) (a) Structural model of the NaCl(001) surface, to-
gether with a unit cell and crystallographic directions of interest. Large, blue
spheres represent Cl~ ions, whereas small, red spheres represent Na™ ions.
(b) Simple model of a tip apex consisting of three Pt atoms connected to the
microscope base by an elastic spring of lateral stiffness &y, allowing lateral
deflections of the apex under the influence of interaction forces. Only the
frontmost Pt atom is charged. Please note that vertical deflections are not
currently considered in our analysis as experimentally determined vertical
stiffness values are generally found to be significantly larger than their lat-
eral counterparts in atomic-scale AFM experiments.**

forming large flat terraces and serving as model substrates
for molecular electronic devices), the choice of NaCl(001)
as a model surface is justified. It should be noted that only
the frontmost Pt atom in the tip apex is assumed to be
charged (with a positive unity charge), as this has been found
to be a reasonable assumption in previous studies.>'® Being
inspired by models used in pioneering theoretical studies of
stick-slip in friction force microscopy, the three-atom model
tip apex used in our investigations is assumed to be attached
to the microscope base by an elastic spring with a certain
effective lateral stiffness value k, [Fig. 10" 1t is impor-
tant to indicate that the effective k, value mentioned here not
only comprises the elastic behavior of the cantilever to
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which the tip is attached (through its torsional spring con-
stant) but also the lateral spring constant of the tip itself,
which is often much lower, and thus largely determines the
effective lateral spring constant value k,, with most reported
values in the literature between 5 and 25 N/m.202? Lastly, it
should be indicated that in an actual force mapping experi-
ment performed via NC-AFM, the calculated interactions
will be averaged over the oscillation cycle of the cantilever;
however, the detected frequency shifts will still be largely
dominated by interactions in the small tip-sample distances
covered in the present discussion.

lll. RESULTS AND DISCUSSION

Before switching to an analysis of the effect of lateral tip
stiffness on atomic-resolution force spectroscopy, it would
be useful to study the interaction forces experienced by the
model tip described in Sec. II, under ideal stiffness condi-
tions (ky = o0). Figure 2 displays two-dimensional interac-
tion maps of vertical and lateral forces (F, and F,,
respectively) along two crystallographic directions: [100]
and [110]. While the [110] direction includes only one type
of ion (Na™ for the specific cut described here), the [100]
direction includes both Na™ and Cl~ ions. The interaction
maps, calculated with lateral and vertical step sizes of
~1.5pm and tip-sample distances of 3-6 A, reveal, as
expected, that the positively charged tip apex experiences
the largest attractive vertical forces on top of Cl™ ions, while
the largest repulsive vertical forces are detected on Na™ ions
for both crystallographic directions [Figs. 2(a) and 2(c)].
Tonic interactions dominate L-J for a majority of simulated
heights, quantitatively in line with previous findings on ionic
crystal surfaces.” Simulated lateral forces exhibit a more
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FiG. 2. (Color online) 2D maps of vertical and lateral interaction forces experienced by the model tip apex along [100] [(a) and (b)] and [110] [(c) and (d)]
directions under ideal (k, = 0o) stiffness conditions. The positions of Na™ and Cl~ ions are labeled and indicated with dashed and dotted lines, respectively.
For vertical force maps [(a) and (c)] positive forces are repulsive, and negative forces are attractive. For lateral force maps [(b) and (d)], positive forces point
to the right and negative forces point to the left, as indicated with arrows. Please note that the color scales have been approximately set to the maximum and
minimum force values observed in each map to better reflect the differences between atomic sites.
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Fic. 3. (Color online) 2D maps of vertical interaction forces experienced by the model tip apex along [100] and [110] directions with lateral tip stiffness (k)
values of 0o, 25 N/m, 15 N/m, and 5N/m. The positions of Na* and Cl~ ions are labeled. Map sizes and respective color scales are identical with those of
Figs. 2(a) and 2(c). The broadening and narrowing of local force fields associated with Cl1~ and Na™ ions, respectively, as tip stiffness decreases, is clearly

observable.

peculiar structure and distinct differences in interaction
maps along the two directions:

(1) Lateral force values experienced by the tip apex vanish
on top of individual Na* and Cl ™ ions, in line with previ-
ous experimental results on KBr(001).!” The reason for
this finding is structural symmetry: For both crystallo-
graphic directions, the tip apex, when situated exactly on
top of an ion, is exposed to the same number and type of
ions on both sides, thus leading to a vanishing lateral
force.

(2) The lateral force values between individual ions, how-
ever, feature contrasting characteristics for the two direc-
tions: For the [100] direction, again in accordance with
experimental work performed on the ionic surface of
KBr(001),"” the apex is either pushed to the left or right,
based on whether a Cl™ ion is situated to the left (and a
Na™ ion to the right) or right, with the lateral force value
reaching a maximum between a C1~ and a Na* ion and
vanishing towards both directions [Fig. 2(b)]. In contrast,
the lateral force field between individual Na™ ions in the
[110] direction features a more complex dual structure,
in the sense that the lateral force value vanishes between
the two ions and lateral forces with reverse directions are
found next to this spot [Fig. 2(d)].

Having now established the qualitative and quantitative
characteristics of vertical and lateral force interactions expe-
rienced by our model tip in the ideal case (kyx=o00), the
effect of lateral tip stiffness on such interactions may be
studied. The procedure for simulating stiffness-affected inter-
action maps is as follows: Lateral forces (Fy) experienced by
the tip apex at each (x, z) position are calculated as in Figs.
2(b) and 2(d). Lateral relaxations undergone by the tip at
each of those locations (Ax) are then simply calculated by
dividing the corresponding Fy value by lateral tip stiffness
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ky, rtepresenting an upper boundary of deformation.??

Finally, the F, value at position (x, z) is replaced by the F,
value at position (x + Ax, z), taking into account the sign of
Ax. Previous studies’* have found that the &, value does not
change significantly as the tip—sample interaction increases.
As such, it is assumed to be constant during our simulations.
While our basic approach has certain limitations, especially
as the rather simplistic tip model does not include atomic-
scale relaxations in the apex itself (which would require
more involved tip and interaction models&zs), it nevertheless
serves our main purpose of providing a general, qualitatively
accurate understanding of the effect of lateral tip stiffness on
atomic-resolution force spectroscopy maps.

Figure 3 displays 2D maps of F, for both [100] and [110]
directions calculated with &, values of 25, 15, and 5 N/m, to-
gether with the ideal F, maps from Fig. 2 for comparison. It
is clearly evident that lateral elastic deformations undergone
by the tip cause changes in the vertical interaction force
maps. While repulsive force maxima situated on Na* ions
become increasingly narrow with decreasing lateral stiffness,
attractive force maxima on top of Cl™ ions become signifi-
cantly wider. When compared with the ideal case, one can
see that the attractive force maxima observed on CI™ in the
[100] direction at a tip—sample distance of 3A are ~10%
wider at a tip stiffness of 25 N/m and ~70% wider at a tip
stiffness of 5 N/m. Similar values are observed when the nar-
rowing of the local interaction fields on Na* ions is consid-
ered for both directions. The physical mechanism behind the
distortion in the spectroscopy maps can be explained with
the following example: A positively charged tip apex
approaching a Cl~ ion from either side will be pulled toward
it by a certain amount. As such, the attractive force recorded
at a given (x, z) position in the vicinity of the Cl™ ion will
increase, as the apex will now experience the force at a posi-
tion (x+Ax, z) that is actually closer to the CI .
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Consequently, the attractive interaction region around the
CI™ ion will broaden, leading to the enlarged attractive local
force fields experienced by softer tips in the vicinity of Cl™
ions. Similar arguments may be used to explain the reverse
effect for local force fields associated with Na* ions.
Considering that contrast changes involving the size and
shape of force maxima with changing tip—sample distance
are frequently observed on binary ionic crystals in force
mapping experiments (most notably, in Refs. 6, 7, and 11),
the importance of the presented results in terms of the effect
of tip elasticity on atomic-scale interaction force mapping
becomes clear.

IV. SUMMARY AND CONCLUSIONS

Using a model tip apex and simple analytical potentials,
the effect of lateral tip stiffness on atomic-resolution force
spectroscopy experiments has been theoretically investigated
on an ionic crystal surface. The results detailed in the previ-
ous section lead to certain conclusions:

(1) The effect of elastic, lateral deformations of the tip apex
on force interaction spectra heavily depends on the lat-
eral stiffness value of the specific tip used in the experi-
ments. While some tips will be particularly prone to
distortions, especially those that are likely contaminated
by large, dangling molecules or nanoclusters from the
sample surface,'' others will be able to collect spectros-
copy data, which are quite similar to an ideal (ky = c0)
scenario, assuming a high degree of structural symmetry.

(2) Due to point (i), the reproducibility of atomic-resolution
force spectroscopy experiments is severely hampered.
Force spectroscopy experiments performed with differ-
ent tips, even if they are almost ideally symmetric, may
lead to qualitatively different results based on the vari-
ability of tip stiffness values.

(3) The distortions caused by lateral tip deformations are not
limited to vertical 2D interaction maps; in fact, the
effects will be observable in regular NC-AFM images as
a significant broadening of bright spots associated with
either CI~ or Na' ions as the tip-sample distance
changes. In the additional case of a structurally asym-
metric tip apex, atomic-resolution images acquired at
different heights may feature significantly different
contrasts.

When considered along with previous studies of tip asym-
metry effects on force field spectroscopy measurements,’
our results make the importance of employing structurally
and chemically well-defined tips in such experiments
increasingly clear. In addition to recent efforts aimed at con-
trolling the chemistry of the tip apex,”® there is also a need
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to standardize the elastic properties of the tip as much as
possible to augment experimental reproducibility.
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