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Interaction-induced atomic displacements revealed by drift-corrected dynamic force spectroscopy
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The three-dimensional force field above an NaCl(001) surface was measured on a fine grid by small amplitude
dynamic force spectroscopy at room temperature. After careful drift corrections, maps in nominally equivalent
symmetry planes as well as in sections parallel to the surface reveal distance-dependent shifts of characteristic
atomic-sized features. These shifts reflect asymmetries of the probing tip apex but are mainly due to atomic
displacements induced by short-range forces. In addition, weak decaying force oscillations with a period close
to the interlayer spacing are detected at distances where no atomic-scale variations are expected. Stronger
site-dependent changes appear in the interaction-induced energy dissipation.
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I. INTRODUCTION

Interactions of surfaces with adsorbed molecules, clusters,
and scanning probe tips are at the focus of numerous on-going
investigations. Evidence from experiments as well as numer-
ical simulations indicates, for instance, that technologically
relevant phenomena, such as friction and wear are ultimately
due to the formation and rupture of contacts of various sizes
down to the nanometer scale.! Dynamic force microscopy
(DFM) has proven to be a very sensitive technique for
detecting interaction forces between an atomically sharp tip
and a sample surface’’ via the resonance frequency shift
of an oscillating cantilever.* DFM topographic images are
usually obtained by adjusting the tip-sample distance to keep
a constant frequency shift. The latter is affected by forces,
which vary over distances smaller than the imposed oscillation
amplitude, while atomic-scale contrasts are mainly due to
short-range interactions with typical decay lengths on the order
of 100 pm. The interpretation of the observed DFM contrast is
not straightforward because changes in the amplitude and/or
the structure and chemical constitutions of the tip apex can
drastically change the relative contributions of short- and
long-range forces.? Since the tip apex condition is often not
well defined, the reproducibility of quantitative measurements
with different tips is low, except in special cases where the
contrast is dominated by a single species firmly attached to the
apex, e.g., by intentional manipulation.®’

Extraction of the force perpendicular to the surface from
frequency shifts measured as a function of the tip-sample
distance Z, so-called dynamic force spectroscopy (DFS),
facilitates comparison with numerical simulations.®° Since the
first such quantitative comparison above specific atomic sites,’
this technique has become a very powerful tool.!%!! Even a
clear discrimination of short-range interactions with different
surface species has been demonstrated.®’

Sequential DFS measurements at equally spaced lateral
distances have been performed on flat surfaces.'>”'® Such
data can provide additional information about tip-sample
interactions, e.g., the interaction potential as well as parallel
force components.'*!718 Thus, the potential well trapping a
single adsorbed atom and the lateral force needed to move it
to an adjacent lattice site could be determined.'> Until now,
high-resolution measurements of the three-dimensional (3D)
force field have been demonstrated only at low temperature
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(LT).7'21519 One notable exception is the 3D DFS room
temperature (RT) measurement of adsorbed molecules in
solution achieved in 53 s using a dedicated setup and custom-
made electronics.?’ Since the measurement time drastically
increases when a large number of grid points is used,
thermal drift and the creep of the scanner usually affect such
3D DFS measurements even at LT.'> Albers et al. used a
tomographic approach based on a sequence of topographic
images recorded at spaced tip-sample distances, weakly con-
trolled by a frequency shift.'® The corresponding 3D dataset
was analyzed after aligning characteristic features in the
Z direction. Observed lateral shifts and distortions of maxima
and minima between images can, however, arise from atomic
displacements induced by tip-sample interactions, especially
at close distances. As shown by atomistic simulations, in
particular, on NaCl(001),?' reversible displacements, vertical
as well as lateral, can affect the force field and may be
difficult to distinguish from drift and creep artifacts. At RT, vi-
brational anharmonicity enhances these displacements, while
thermal activation smears atomic jumps?? so that stronger
apparently continuous lateral shifts can occur.'*> Moreover,
nonlinear drift and creep can create distortions during the long
capture time for each image, thus, making the tomographic
approach questionable unless such artifacts are systematically
eliminated.

We present high-resolution drift-corrected 3D DFS mea-
surements on NaCl(001) at RT. Two-dimensional (2D) cuts,
both perpendicular and parallel to the surface, clearly reveal
significant shifts of characteristic features, which can be
attributed to atom displacements, besides tip apex asymmetry.
We also tentatively explain the origin of weak slowly decaying
site-dependent force oscillations with a period comparable to
the interlayer spacing, which are unexpectedly observed at
larger distances.

II. EXPERIMENTAL

All experiments were performed with our in-house DFM,
operating at RT in ultrahigh vacuum (UHV).2> A clean
NaCl(001) surface was obtained by cleaving in UHV and
then annealed at 300 °C to remove residual charges caused
by cleavage. The second flexural resonance mode of a
commercially available Si cantilever (Nanosensor NCL-PPP)
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was used to sense vertical tip-sample interaction forces.?*2°

The high effective stiffness kpng permits stable small ampli-
tude operation with improved sensitivity.””->® The oscillation
amplitude A,,q was kept constant at 400 pm with an automatic
gain controller.* The value kyng = 1450 N /m was determined
via bimodal DFS using the same amplitudes for the first and
second flexural resonance modes (Ag = Asng = 10 nm).?’
Before starting the DFS measurements, the cantilever was
annealed at 150 °C in the preparation chamber. The tip was
cleaned by Ar™" sputtering, then gently contacted to the sample
surface without any oscillation in order to pick up an NaCl
cluster, and scanned for several hours to stabilize the cluster.
Figure 1(a) shows a DFM topographic image of NaCI(001)
in an area of 1.4 x 1.4 nm?, which obtained a constant
frequency shift of the second mode A f5,q = —170 Hz. The
X and Y directions join adjacent maxima, and the Z direction
is perpendicular to the image plane. The array of dots indicates
the positions of 71 x 71 grid points at which individual DFS
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FIG. 1. (Color online) (a) DFM topographic image of NaC1(001)
for Afyq = —170 Hz in an area of 1.4 x 1.4 nm?. The superposed
array of dots depicts the positions of DFS measurements. The
positions of the maxima are indicated as A, B, and C, and those
of the minima are indicated as a and b. Drifts of the (b) X,
(c) Y, and (d) Z relative tip-sample position measured by atom
tracking; and of (e) the resonance frequency of the second flexural
mode f>,q during the entire 3D measurement versus the number
of each DFS measurement, i.e., as a function of time. The X, Y,
and Z directions are defined. Operation parameters: A, = 400 pm,
Vbias =0V. fznd =978 354 HZ, Qan = 6400, and k2nd = 1450 nm.
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measurements were performed at 256 equally spaced Z points
over a 1-nm interval.

Ambient temperature fluctuations in the microscope cham-
ber cause thermal drifts even after the average temperature
has stabilized. Since a high-resolution 3D DFS measurement
takes a relatively long time, drift artifacts must be monitored
and eliminated as much as possible. In a short-term single
DFS measurement, the drift rate can be regarded as constant,
and the drift can then be compensated by applying linear
voltages to three orthogonal X, Y, Z piezoscanners.*” However,
this method cannot be applied to a long-term measurement
due to the nonlinear evolution of the thermal drift. In this
paper, we readjusted the relative tip-sample position between
each single DFS measurement by atom tracking'!*! above a
particular maximum of the essentially undistorted topographic
image [Fig. 1(a)], which was recorded before the DFS
measurements. Thus, drifts of the relative (X,Y, Z) tip-sample
position were compensated by readjusting the sample position
so that the maximum at (X,Y) = (0,0) remained there, while
the tip-sample distance was controlled by setting A f>ng =
—170 Hz. Henceforth, this position defines the origin of the
closest approach distance Z. in one oscillation cycle. The
required X,Y,Z adjustments averaged over 6 s were recorded
together with the thermal shift of the second flexural mode
resonance frequency f,q measured at Z, = 1.5 nm above the
atom-tracked position. The time-averaged cantilever deflection
shifted the Z. = 0 origin by only —4 pm.”> Owing to the
thermal properties of Si around RT, fng can significantly
be shifted by ambient temperature fluctuations over the total
measurement time. Unless it is compensated, this shift affects
Afang, hence, the strength of the tip-sample force close to
the surface and results in a slow modulation of the feedback
controlled Z.. Therefore, this shifted resonance frequency was
reset to be the reference frequency with respect to how the
desired interaction-induced shift Af,,q is determined by a
phase-locked loop prior to each subsequent DFS measurement.
The necessary control steps were performed using external
control software for scanning probe microscopy and spec-
troscopy (Nanonis SC4/RC4) and atom tracking (Nanonis
AT4). The recorded drifts of the relative tip-sample X,Y,Z
coordinates and of f>,4 during the entire 3D DFS measurement
time of 23 h and 34 min are shown in Figs. 1(b)-1(e). The
maximum excursions in the X, Y, and Z directions were 51,
4.3, and 48 nm, respectively. At the start, the measured f>,q
was 978 347.7 Hz , and its maximum shift was +7.4 Hz. The
temperature in the measurement chamber is, to a certain extent,
influenced by the external RT. Based on the negative thermal
coefficient of f,q (= —50 Hz/K at RT?), the temperature
of the system presumably decreased only by approximately
0.15 C. The variations of the observed drifts appear strongly
correlated with each other, except in the slow-scan Y direction.
Anyway, for high-resolution 3D DFS measurements, the drift
must be small enough because a residual effect remains
even if most of the Z drift is compensated by assuming
that the drift rate is constant during each DFS measure-
ment. The Z drift was corrected by rescaling the Z axis
for each DFS measurement. A site-independent long-range
DFS curve was measured separately and was connected
to the 5041 short-range DFS curves for subsequent force
extraction.
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FIG. 2. (Color online) Two-dimensional maps constructed from
the drift corrected A fr,4(Z.) along (a) A-B and (b) B-C in Fig. 1(a);
(¢) Afona(Z.) curves averaged over the maxima and minima in the
image.

III. RESULTS AND DISCUSSION

A. Frequency shift

Figures 2(a) and 2(b) show 2D maps with contours of con-
stant A f>,4 in two vertical planes passing through A-B and B-C
in Fig. 1(a), respectively. Atomic contrast becomes observable
below Z. ~ 100 pm. The smoothness of the contours indicates
that no permanent tip apex rearrangements occurred during
the entire measurement. Well-defined maxima and minima
develop between Z. ~ 0 and about —200 pm . However, as
indicated by the contours and clearly shown by the constant
height maps in Fig. 3, these features shift up to almost +a/2
in X and somewhat less in Y, a = 564 pm being the lattice
spacing of NaCl. Below Z. &~ —300 pm, well-defined maxima
appear at (a and b), i.e., the contrast is inverted, whereas,
the minima are strongly distorted. In both ranges, the well-
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FIG. 3. (Color online) Constant height maps of the frequency shift
A fana maps at (a) Z. = 80 pm, (b) Z. = —4 pm, (¢) Z, = —136 pm,
d) Z.=-232pm, (¢) Z. = —336 pm, and (f) Z. = —396 pm,
constructed from the complete drift-corrected 3D dataset. Crosses
indicate the positions of the maxima in Fig. 1(a).
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defined features form a pattern consistent with the structure
of the NaCl(001) surface. Nevertheless, although the planes
of Figs. 2(a) and 2(b) are nominally equivalent, noticeable
differences occur. Taken together, the above-mentioned shifts
and deviations strongly suggest significant tip and/or sample
deformations in both X and Y directions caused by tip-sample
interactions. If the tip is terminated by an asymmetric NaCl
cluster,'®2132 its apex preferably deforms in an off-symmetry
direction. Figure 2(c) shows the average distance dependencies
of Af>nq at the positions of the maxima (A, B, and C) and
minima (a and b) in the image. Both curves exhibit wiggles,
in particular, around the most negative A fyyg, such as those
observed in previous DFS measurements on NaCl(001).'310
Based on T — 0 simulations, such features can be attributed
to displacements of strongly interacting tip and sample ions.
If the tip apex is represented by a cubic NaCl cluster with
a (111) axis perpendicular to the surface, quite different dis-
placements are predicted above surface cations and anions.?!
However, simulations, which consider less symmetric model
tips, predict significant attraction at both sites, %2 as observed
here. Moreover, ion displacements are then more similar and
typically involve lateral components. Since our constant height
maps exhibit no significant relative shifts of maxima versus
minima, common shifts of up to +a/2 are most likely due to
lateral deformations of the same order around the tip apex.

One of the main advantages of high-resolution 3D DFS
measurements is the possibility of constructing constant height
maps, which allow visualizing contrast changes of measured
quantities (interaction-induced frequency shift A f and energy
dissipation E) as well as derived ones (vertical force on the
tip Fiy, tip-sample interaction energy U, and lateral force
components) at a series of closest approach distances Z..
The construction of such constant height maps free of drift
artifacts is rather challenging, especially at RT, except if the
required data are sufficiently rapidly recorded. In most 3D
DFS measurements, including ours, such data are composed
of nonsequentially measured signals so that even small drifts
of Z. can cause significant artifacts.

With the goal of better understanding how tip and sam-
ple deformations can affect the DFM contrast at different
distances, 2D maps of the Afy,q are shown in Fig. 3 for
the six indicated values of Z.. In order to facilitate the
comparison with the previous discussion, these values are
also indicated by horizontal arrows in Fig. 2(c). The crosses
indicate the positions of the observed maxima A,B,C at
Z. = 0 in the constant A f5,4 topographic image in Fig. 1(a).
In the conventional imaging range where d A fonq/dZ > 0, the
(X,Y) positions with the most negative A f>,q in a constant
height map at a certain Z, essentially correspond to maxima
in a DFM topographic image at a constant A f,,q equal to the
average of A f>,q over the constant height map. This is indeed
observed for the map at Z. = —4 pm in Fig. 3(b). Somewhat
surprisingly, for Z. = 80 pm [Fig. 3(a)], the most negative
A fong is observed almost midway between adjacent crosses.
We surmise that this contrast inversion is a manifestation
of the weak decaying oscillatory force discussed later in
connection with Fig. 4(f). Between Z. = 24 pm and about
—260 pm, well-developed maxima and minima develop, as
seen in Figs. 3(b)-3(d), but continuously shift laterally while
the overall pattern remains consistent with the structure of
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the NaCl(001) surface. Such shifts imply that the assignment
of maxima and minima in a single seemingly undistorted
topographic image or constant-height map to particular surface
ions or atoms is, in general, questionable. This may be possible
in a narrow range at a safe distance where no appreciable
shifts and distortions occur, and the atomic-scale contrast
is sufficiently clear, as around Z. = 0. However, this safe
imaging range is not known a priori. For Z, = —232 pm
[Fig. 3(d)], the variation of Af>,q between maximum and
minimum (least and most negative) values is much larger than
could be surmised from Figs. 2(a)-2(c), owing to significant
X and Y shifts away from the lines A-B and B-C, which
join adjacent crosses in Fig. 3. Therefore, vertical 2D maps
and, especially, single DFS measurements at positions of
the maxima and minima in a single undistorted topographic
image or constant-height map can be misleading. Complete
information about actual 3D variations of the force field
can only be obtained from a sufficiently dense set of drift-
corrected DFS measurements or constant-height maps. Around
Z. = —336 pm, the areas with the most negative A f,,q start
to deform and partly merge. The maxima stop shifting and
coincide with their positions for —4 pm, in agreement with the
expectation that the least attractive force should occur above
ions of the same polarity as the tip apex. Close to the bottom
of the investigated range [Fig. 3(f)], the maxima also deform
and split.

[o2]
o
o

600

(€Y

400 L —Minima - 400
—_
€
S
~200 L 4 200
®
o
c e R T
S
N -200

-200 -400
Fint (pN)

1T 600

400

4 200

-200

L

AFint (pN)

A a
AFint (PN

) -100 -50 0 50 100

FIG. 4. (Color online) Two-dimensional maps of the interaction
force Fiy, extracted from the drift-corrected A f>,4 along (a) A-B and
(b) B-C; (c) average distance dependence of Fj, at the maxima (A, B,
and C) and the minima (a and b). Remainder A F;, after subtraction
of the (X,Y) averaged force at each Z along (d) A-B and (e) B-C; (f)
average distance dependence of A Fi,, at the maxima and the minima.
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B. Interaction force

When the tip apex comes close to the sample surface,
displacements can become jumplike and can cause different
forces during approach and retraction in one oscillation
cycle. This results in a hysteresis loop and leads to en-
ergy dissipation.’>* In this situation, the even force Fiy
extracted from the measured Af is the result of averaging
over many oscillation cycles with distinct distance-dependent
forces caused by atom jumps between tip and sample or
by switching between different tip apex configurations with
varying probabilities.>* Fi;(Z) was extracted using the Sader-
Jarvis algorithm.9 Figures 4(a) and 4(b) show 2D Fj,; maps
in vertical planes through A-B and B-C in Fig. 1(a). For the
chosen Aj,y, which is comparable to the half-width of the
attractive force minimum, the distance dependencies of Fjy
and A f>,4 are similar, and Figs. 4(a)—4(c) and Figs. 2(a)-2(c)
show similar patterns. This is qualitatively expected because
Apng = 400 pm lies between the limits of large and ultrasmall
amplitudes (compared to the range of short-range forces)
where Af/f is approximately proportional to —+/(U Fiy) and
to —dFn/dZ, respectively.35

In order to emphasize the site dependence of Fjy, the
common long-range contribution should preferably be deter-
mined and subtracted separately.>® Because such a procedure
proved unsatisfactory on NaCl(001),'®?! the (X,Y) average
of Fi,, was simply subtracted at each Z.. The resulting
short-range 2D A F;,, force maps along A-B and B-C are
shown in Figs. 4(d) and 4(e), respectively. For Z. > 200 pm,
no significant contrast is observed, but around Z, = 150 pm
(region I), weak variations of =~ + 6 pN become detectable.
For Z. < 50 pm, the contours become distorted due to strong
tip-sample deformations. However, an alternating pattern of
positive and negative A Fjy, is still observed. Figure 4(f) shows
the resulting oscillatory A Fi(Z.) curves averaged over the
maxima and minima in Fig. 1(a). The observed oscillation be-
comes approximately sinusoidal with a decaying envelope for
Z. > 0. The period is surprisingly close to the bulk interlayer
spacing a/2 = 282 pm, and the decay length is ~130 pm.
Since Fiy is still attractive at the bottom of Figs. 2(b) and 2(c),
the surface layer is further below. The decaying oscillation of
A Fi, extends more than three to five interlayer spacings above
the surface and cannot be caused by short-range interactions.
We tentatively propose that this unexpected site-dependent
force arises from a superposition of contributions induced by
long-range forces in successive sample layers. Van der Waals
attraction causes elastic deformations, whereas, the electric
field due to the uncompensated tip-sample contact potential
difference spreads out inside the insulating sample. On the
atomic scale, those two kinds of long-range forces induce
nearly parallel and opposite cation and anion displacements,
respectively. The resulting deviations are enhanced under the
tip but decrease in magnitude away from it, both perpendicular
and parallel to the surface of the sample. Summing up
contributions from discrete layers can give rise to the weak
site-dependent decaying modulation of the long-range force.
It is important to note that, in the case of undistorted ordered
layers, the site-dependent part of any nominally long-range
force arising from a superposition of pairwise power-law terms
decays exponentially without any oscillation perpendicular
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FIG. 5. (Color online) Constant-height maps of the vertical inter-
action force at (a) Z, = 80 pm, (b) Z. = —4 pm, (¢) Z. = —136 pm,
(d) Z.=-232pm, (e) Z. = —336 pm, and (f) Z. = —396 pm,
extracted from the complete drift-corrected 3D A f>,q dataset. Crosses
indicate the positions of the maxima in Fig. 1(a).

to the surface®® with a decay length a/(2w+/2) = 63 pm
in the case of the lowest lateral Fourier component above
a rigid NaCl(001) surface. The unambiguous experimental
observation of the decaying oscillating A Fj,; appears to require
the careful drift corrections and superior signal-to-noise ratio
achieved in this paper. A theoretical verification of the
proposed mechanism is desirable but would be challenging in
view of the small magnitude of the effect and of the necessary
multiscale modeling.

As already mentioned, variations similar to those of A fq
are found for Fj,. A comparison of Fig. 3 with the constant-
height maps in Fig. 5 confirms this trend. For this reason, the
following discussion is focused on the origin of the distortions
apparent in Figs. 3(e) and 3(f). Judging from the scale bars
in Figs. 5(e) and 5(f), as well as Fig. 2(c), these phenomena
happen where Fi, starts rising, thus, indicating a repulsive
contribution. Nevertheless, attraction remains quite apprecia-
ble, except around maxima in Fig. 5(f). The variation of Fiy
keeps growing with decreasing Z., however. Presumably, the
tip apex gets trapped around minima of the resulting corrugated
interaction energy landscape, and several tip atoms also
significantly interact with the surface, thus, causing subsidiary
energy minima within the channels, which join the crosses
in that range.

C. Energy dissipation

The interaction-induced energy dissipation per oscillation
cycle E was calculated from the measured excitation ampli-
tude Ay required to keep Asng constant.>” On resonance E, A
Eo(Aexe/Aexco — 1), Eg = nandA%nd/Qan is the intrinsic
cantilever energy loss per oscillation cycle, and Aexc,o is the
constant excitation amplitude at a sufficiently large distance.
Figures 6(a) and 6(b) show 2D Es maps along A-B and B-C,
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FIG. 6. (Color online) Two-dimensional maps of the drift-
corrected energy dissipation E, along (a) A-B and (b) B-C;
(c) average distance dependencies of E at the maxima and minima.
Remainder A E after subtraction of the (X,Y) averaged dissipation
ateach Z_ along (d) A-B and (e) B-C; (f) average distance dependence
of AE at the maxima and the minima.

respectively. Comparing the average distance dependence at
the maxima and minima shown in Fig. 6(c) with Fig. 4(c), one
sees that, upon approach, Ei rises slowly, then more rapidly
in the range where Fj, is most attractive and the strongest
shifts occur, and finally tends to saturate. We attribute the
small tail to joule heating and the remaining dependence to a
force hysteresis loop with flanks broadened on average by
thermal activation.?” Although the sample is an insulator,
lossy ac currents are induced in the oscillating doped Si
tip by the finite electric field due to the uncompensated dc
contact potential difference between tip and sample. Owing
to the long-range nature of the macroscopic electric field,
this contribution is site independent. On the other hand,
force hysteresis caused by strong enough short-range forces
leads to atomic-scale contrast in E. To emphasize this site
dependence, the (X,Y)-averaged E\s dataset was, similar to
Fin, subtracted at each Z. The resulting 2D A E maps along
A-B and B-C are shown in Figs. 6(d) and 6(e). Compared
to Fy and AF,y,, the differences between E, and AFE
maps in symmetry-equivalent planes are stronger. This is
consistent with earlier observations that contrast in £y is more
sensitive to tip rearrangements and, generally, to atoms with
locally reduced coordination, which, being weakly bound,
are preferentially destabilized.® This also implies reduced
correlations between the positions of maxima and minima in
E, and those in Fiy.
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FIG. 7. (Color online) Constant-height maps of the aver-
age energy dissipation per cycle E, at (a) Z.= 80 pm,
(b) Z. = —4pm, (c) Z. = —136 pm, (d) Z. = —232 pm, (e) Z. =
—336 pm, and (f) Z. = —396 pm, constructed from the complete
drift-corrected 3D dataset. Crosses indicate the positions of the
maxima in Fig. 1(a).

Constant-height maps of the average energy dissipation
per oscillation cycle constructed from drift-corrected data
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recorded simultaneously with A f,,q are shown in Fig. 7 for
the same six values of Z.. Well-defined maxima and minima
develop below Z. ~ —100 pm, i.e., in the range where Ei
is mainly due to force hysteresis caused by atom jumps.
Maximum dissipation tends to occur around less negative
[Figs. 7(d) and 7(e)] or positive [Fig. 7(f)] values of Fiy, i.e.,
where a repulsive contribution to the force acts, in qualitative
agreement with the destabilization of the foremost tip ion
conjectured by Schirmeisen et al.'> As mentioned earlier,
this correlation is far from perfect, however, for the plausible
reasons stated there.

IV. CONCLUSIONS

In conclusion, our carefully drift-compensated high-
resolution 3D RT measurements demonstrate that tip asym-
metry and atomic displacements significantly distort the force
field probed by the tip of a force microscope close to
an atomically flat surface. Even stronger effects appear in
the simultaneously recorded energy dissipation. A complete
picture of the distortions can only be revealed by a sufficiently
dense set of 3D measurements.
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