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In this work, tip sliding at the water/substrate interfacial region was used to investigate the pattern
observed during image acquisition with atomic resolution in atomic force microscopy. The process
responsible for the pattern formation is the oscillatory movement of the tip in the direction that is
normal to scanning induced by a change in the water interfacial dielectric permittivity from e =4 at
the interface to &= 80 (bulk value) that results in a variation of the measured force acting on the tip
of =30 pN. © 2006 American Institute of Physics. [DOI: 10.1063/1.2423245]

The capabilities of scanning force microscopy (SFM)
can be exploited in a number of operational modes. The
probe tip will resPond to in-plane as well as out-of-plane
force components. Atomic scale contrast obtained in contact
mode images arises supposedly from  stick-slip
interactions”° that produce symmetries and real space modu-
lations that coincide with those of the surface. However,
many groups reported atomic or molecular resolution in lat-
eral force and topography,7 but only a few proved to be true
atomic/molecular.® In order to explain the observed patterns
it is assumed that most of the atomic or molecular resolved
SFM measurements are not recorded with a single atomic
tip. Multiple tip contacts that are commensurable with the
sample lattice structure can unfortunately also provide peri-
odic patterns (Moiré pattern). Here we propose that, associ-
ated with the atomic resolution measurements, there is
another possible mechanism that generates nanoscale period-
icities.

To perform our experiments, we have used a home-built
liquid cell and a TopoMetrix TMX 2000 (Ref. 9) commercial
atomic force microscope (AFM). The cantilever had a low
vertical spring constant of 0.03 N/m that corresponded to a
vertical force sensitivity of as low as 3 pN in the present
measurements; therefore, there was a comparatively low
stiffness along the surface normal (Z) of 0.03 N/m and a
high stiffness to lateral spring constant due to the triangular
cantilever shape. An etched SisN, tip was scanned back and
forth over a freshly cleaved mica surface immersed in liquid
water or air. All the experiments were carried out at room
temperature in a closed chamber, in which the relative hu-
midity (RH) is ~60%. The applied normal force on the can-
tilever was held constant at ~10 nN, which reduced the ther-
mal vibration from 3.7 to about 0.2 A."

Figure 1 shows a typical forward scan for a mica sub-
strate scanned in air (60% RH) with a scanning speed of
100 nm/s at a 45° angle with the cantilever axis. The lower
part of the figure shows a filtered image. Observe that there
is a spatial periodicity of ~1.86 A in both scanned direc-
tions. This periodicity is not associated with the periodicity
of the mica substrate (5.4 A)."" In order to investigate its
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origin we then scanned mica samples in water with a scan-
ning speed of 100 nm/s, but now along the normal direction
to the cantilever axis. The result is shown in Fig. 2. Observe
that there is a ~1.31 A periodicity only along the scanned
direction. The lower part of the figure shows the vertical
profile image (VPI), i.e., tip up-and-down movement versus
horizontal scanned distance. The measured amplitude of the
cantilever oscillations is ~10 A, which corresponds to a fac-
tor 50 times larger than the thermal vibration amplitude
(~0.2 A). The scanning was repeated for various speeds
starting at 5 up to 100 nm/s, and the force versus distance
profile was not substantially modified. For scanning speeds
higher than 100 nm/s no pattern was observed. A test was
performed using tips with distinct elastic stiffness coeffi-
cients; the result shows no variation with the cantilever
spring constant; consequently, the oscillation is not associ-
ated with any natural oscillation frequency of the cantilever.

In order to understand the origin of the up-and-down
movement of the tip, let us refer to Fig. 3 that shows a
schematic diagram of the electric signal applied to the piezo-
electric transducer during scanning. A description of the
sweeping digital signal follows. The diagram shows the pi-
ezodisplacement that corresponds to the digitalization of the

FIG. 1. Mica substrate scanned in air (60% RH) with a scanning speed of
100 nm/s at an angle of 45° with the cantilever axis. The measured period-
icity is 1.31X2"2 A for a scanning in both X and Y directions.

© 2006 American Institute of Physics
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FIG. 2. Mica substrate scanned in water with a scanning speed of 100 nm/s
at an angle of 90° with the cantilever axis. The lower part shows the VPI
that displays the up-and-down movement (Z axis); the units are given in
angstroms and the force acting on the tip is given by k (cantilever spring
constant ~0.03 N/m) times the Z displacement ~1 nm resulting in a force
of ~30 pN. Inset reproductions of the sliding tip traces obtained during
steady-state sliding of tip/water/mica interfaces (Ref. 9). The measured
periodicity ~1.31 A.

applied sweep voltage. A staircase potential with voltage
steps AV corresponds to a spatial periodicity a in the scan-
ning distance. For the model used in this work, an AFM
TopoMetrix TMX 2000, a is equal to 1.31 A. The spatial
component displacement patterns may be obtained by
Fourier-transforming the staircase function which has com-
ponents indicated by k, 2k, and 3k where k=1/a. There is
then a spatial frequency with a periodicity of ~1.31 A for
scanning along the X or Y direction and a spatial periodicity
of 1.31 X 22 for scanning simultaneously the X and Y direc-
tions corresponding to a 45° scan with the cantilever axis.
Observe that the scanning velocity is different from zero
only at the applied voltage steps (see Fig. 3). Therefore the
apparent slip-stick motion of the tip is not the result of the tip
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FIG. 3. Schematic diagram of the applied voltage to the scanner as a func-
tion of time. The step length comes to 1.31 A. To the left of the figure the tip
displacement normal to the surface direction (7 axis) and along the scanned
directions (x axis) are displayed.
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FIG. 4. Scheme of polarization force acting on the tip. The sample is
scanned by a triangular shape AFM cantilever where twist variation of the
lateral force was not detected and the predominant force acting on the tip
results in an up-and-down movement during each scan line. The calculation
of the dielectric permittivity profile is given in Ref. 15 and 16.

interaction with the substrate as previously described for
other configurations in the literature,lo but it is the result of
the piezoelectric motion imposed by the applied stepped
voltage.

The up-and-down tip movement versus distance curve
(see the lower inset in Fig. 2) shows two transient responses
of the tip to the forced motion imposed by the piezotrans-
ducer: The immersion of the tip is associated with the piezo-
displacement during the fast step voltage rise time and the tip
emersion that occurs between the two steps of the applied
voltage. During this time interval the scanner is stationary.

The last question that we are concerned with is the origin
of the up-and-down force on the tip. Initially we have esti-
mated the force associated with the liquid drag on the canti-
lever using the expression from Ref. 12; the value of the drag
force on the cantilever for speeds used in this work is calcu-
lated to be ~1072* N, i.e., approximately 12 orders of mag-
nitude lower than the measured force of ~107''N
(see Fig. 2). The measurement that confirms that tip oscilla-
tions described in this work are not related to liquid drag is
associated with the observation of a similar oscillation am-
plitude for cantilevers operating in water and in air where the
viscosity is ~10% smaller than water which should result in
force distinct by a factor of 103, since the drag force is pro-
portional to the kinetic viscosity of the medium. The force
has to be associated with their common interaction region,
i.e., the liquid between tip and substrate. For a cantilever
immersed in water it is possible to calculate the force acting
on the tip using our previous work,"® where we have shown
that there is a dielectric exchange force acting on the tip
when the tip is immersed in a mica double layer. It is asso-
ciated with the exchange of the tip volume with &4,~7 by
the variable &,,, of the double layer (see Fig. 4). The ex-
pression of the force is given by

€p Jd —
AFZ =— Ea—z f (Sﬁp - swaler)Ezdv, (1)

where the volume (dv) is associated with the immersion of
the tip in the mica double layer and z is the normal direction
to the mica surface. If we assume that the tip radius is

~5 nm, the electric field |E|=|D|(gg,)~!, D=0.6 C/m?, di-
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electric constant €,~4 at the interface, and &,~ 80 at the
bulk, the force calculated value is ~100 pN. For an experi-
mental measured value of ~1 nm of the displacement of the
tip, shown in Fig. 2, and using a tip stiffness of 0.03 N/m,
we obtain a force of ~30 pN. This calculated value assumes
two states where the first is characterized by &,=4 and the
second is a disordered state induced by the tip motion with
€,=80, which gives values higher than the measured value of
30 pN; the difference is probably an indication that the tip
movement induces a partial disorder with & values lower
than 80. The explanation for the movement of the tip is that
while the tip is stationary, the apex of the tip returns to the
original height since s[ipE2>Ezswawr which corresponds to a
water cluster reoriented structure (g, ~4). It remains station-
ary during the period where the voltage is constant which has
to be larger than the water reorientation time, before jumping
onward to the next point corresponding to the next voltage
step. During the rise time of the voltage step applied to the
piezo a relative tip substrate motion and consequently a dis-
ordered structure with &,~ 80 are induced, and since now
st,-pE2 < E’gy,,, the tip is immersed in the double layer. This
may be summarized as follows: The switching time of the
piezoelectric 7,; has to be much shorter than the confined
liquid relaxation time 7jq,iq, and the duration of the voltage
step function 7y duraiion as to be larger than the organiza-
tion time of the confined liquid, i.e€., TyichS Tiiquid
< Tytep duration- 1Nis hypothesis is in agreement with the ex-
perimental result that no oscillation is observed for high
scanning speed (>150 nm/s).

In order to modify the amplitude of the spatial compo-
nents of the observed scanning pattern solutions of 107°M
KCl, 1073M NaCl, and 10~>M LiCl were used. The effect of
adding salt to the solution in the interfacial stationary dielec-
tric permittivity spatial distribution has been previously
published.14 Consequently the immersion and emersion pro-
files shown in Fig. 2 should be modified, and this was ex-
perimentally verified.

In conclusion the pattern observed during image acqui-
sition with atomic resolution in AFM was shown to be gen-
erated by an oscillating movement of the tip induced by a
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change in the water interfacial dielectric permittivity. The
process may be summarized as follows: The melting of the
interfacial water structure (&, = 80) is induced by the tip
scanning which is followed by a process involving water
structure reorientation (&,,.,~4) between voltage steps (pi-
ezotransducer idle time). For ..~ 80 the tip is immersed
in order to minimize the energy distribution since
san2< EyaerE?, While there is emersion when the tip is sta-
tionary. The amplitude of the spatial components of the ob-
served scanning pattern was altered by the addition of salts
to the solution which are known to modify the interfacial
dielectric permittivity.
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