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Dynamic Force Spectroscopy of Conservative and Dissipative Forces
in an Al-Au(111) Tip-Sample System
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The conservative and dissipative interaction between an aluminum tip and a gold (111) surface were
investigated using dynamic force spectroscopy in UHV. Complete force vs distance curves and friction
coefficient vs distance curves were obtained quantitatively. The force curves were compared to the model
by Muller, Yushenko, and Derjaguin, and long and short range interactions were subsequently quantified
without fit parameters. A short range conservative interaction was separated from longer range van
der Waals forces. The long range behavior of the damping coefficient obeys an inverse power law of
third order.
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Many physical phenomena and material properties
manifest themselves in the interaction of two bodies in
close proximity. A possible experimental configuration
is a sharp tip and a surface as used in scanned probe
techniques such as scanning tunneling microscopy (STM)
and atomic force microscopy (AFM). With these methods
material properties may be probed with high spatial
resolution of the surface. For example, force vs distance
curves as obtained using AFM are characteristic for the
tip and sample materials. In principle, force interactions
of different physical origins can be separated from the
total force interaction by considering their characteristic
distance dependence. This, then, should allow the quanti-
tative interpretation of the interactions.

Bimetallic tip-sample systems have been the object of
careful AFM investigations [1–3] mostly using the static
mode of operation [4]. Dynamic AFM, on the other hand,
using the frequency modulation (FM) technique [5] has
been proven to be capable of true atomic resolution of vari-
ous materials [6]. The tip moves through the tip-sample
potential with a given vibration amplitude, resulting in a
shift of the resonance frequency that is used as a mea-
sure of the forces involved. In order to combine the high
resolution imaging with the probing mechanical properties
this frequency shift has to be interpreted. Consequently,
schemes to calculate force curves F�z̃� from measured dy-
namic force spectroscopy data [7–9], i.e., frequency shift
vs distance curves Df�d�, or from frequency shift vs am-
plitude curves [10] were proposed.

Dynamic force spectroscopy (DFS) is, however, not
limited to probing conservative forces. Further develop-
ments regard the energy loss through dissipation into the
tip-sample contact [8,9]. The excitation amplitude of the
cantilever provides a second channel of DFS, which al-
lows us, for example, the determination of the distance-
dependent damping coefficient [8,9].

This promising new technique has hardly been exploited
yet. Here, we present a detailed analysis of DFS data
taken with a defined tip-sample system: An Al-metallized
0031-9007�01�86(12)�2597(4)$15.00
AFM tip and a gold Au(111) surface under well-defined
conditions. Conservative and dissipative interactions are
analyzed quantitatively in terms of their long and short
range behavior.

Our experiments were performed under ultrahigh
vacuum (UHV) conditions (p # 2 3 10210 mbar) using
a commercial microscope (UHV-AFM�STM, Omicron
Instruments). The Au(111) single crystal sample was
prepared by repeated annealing and sputter cleaning.
LEED and STM examinations confirmed the quality of the
preparations showing the Au(111) 22 3

p
3 reconstruc-

tion on large atomically flat terraces. The silicon AFM
tip was sputter cleaned and metallized with aluminum
immediately before the experiments were done in the same
UHV chamber.

As a first step, the contact potential and the tip shape
were determined by measuring the effect of electrostatic
forces. First the tip was approached up to a distance of
a few nanometers from the surface. There the frequency
shift was recorded as a function of the applied voltage
at a fixed distance to the surface. The maximum of the
resulting parabolic Df�V � curve denotes the point of com-
pensated contact potential difference (CPD). With this ref-
erence point Df�d� curves were recorded with a defined
effective voltage between tip and sample. Care was taken
that no repulsive contact was obtained during the tip ap-
proach. After calculating a force distance curve from the
DFS curve (see below), the tip shape can be determined
from this F�z̃� by comparing with models of the electro-
static capacitance force [11]. (Here z̃ denotes the abso-
lute tip-sample distance, while d is the distance of the
undeflected lever; hence d can be given only as a relative
displacement in a DFS curve.) We found an excellent
agreement with the model for a spherical tip with a tip ra-
dius of R � �35 6 5� nm and �21 6 2� nm, correspond-
ing to the data in Fig. 1 and 3, respectively. There was
no distance dependence of the CPD. Subsequently, DFS
curves [Df�d� and Aexc�d�] were taken with compensated
CPD (up to 65 mV) in order to minimize capacitance
© 2001 The American Physical Society 2597



VOLUME 86, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 19 MARCH 2001
forces in the subsequent analysis. Finally, the probing of
electrostatic forces was repeated at the end of the experi-
ment to check for potential changes of the tip shape or
CPD. At the end of the experiment we scanned the surface
region in the imaging mode and found no plastic changes.
Further, we confirmed that the tip-sample contact did not
take place at a step of the surface.

Let us first consider conservative forces. In Fig. 1a a
measured Df�d� curve with compensated CPD is shown.
The conservative force calculated from the experimental
data is displayed in Fig. 1b. The calculation was based on
a numerical simulation of the equation of motion including
the excitation circuit:

meffz̈�t� 1 bl �z�t� 1 klz�t� 2

Fts�d 1 z�t�, �z�t�� � R�t�z�t 2 tphase� . (1)

Here, z denotes the deflection of the cantilever, kl the
cantilever’s spring constant, meff � 4p2kl�f2

0 the effec-
tive mass, f0 the resonance frequency of the free lever,
bl � 2pf0meff�Q the damping coefficient of the intrin-
sic cantilever damping, and Q the quality factor of the free
lever. The tip-sample interaction is Fts. The parameter d
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FIG. 1. Dynamic force spectroscopy of an Al tip on Au(111)
(a) experimental data. The dissipation P�d� was calculated
from the excitation amplitude and the frequency shift using
the equations given in Ref. [8]: P �

pklf�d�A2

Q � R�d�
R0

2
f�d�
f0

�
(b) conservative force vs distance curve F�z̃� and damping
coefficient vs distance curve g�z̃� calculated numerically as in
Ref. [8]. Parameters: f0 � 289 210 Hz; A � �42, 5 6 15� nm;
kl � �50 6 5� N�m (from SEM measurements of the can-
tilevers dimensions); Q � 22671; CPD: �2496 6 5� mV
compensated.
2598
denotes the distance of the undeflected lever with respect
to the sample surface. The gain signal of the amplitude
control R was modeled by a PI controller

R�t� � P�A�t� 2 A0� 1 I
Z t

t0�0
�A�t0� 2 A0� dt0. (2)

Here, A is the amplitude of the cantilever vibration, P, I ,
and tphase are given by the experimental setup. The simu-
lation models the experiment accurately. No limiting ap-
proximations about a harmonic motion or about the type
of forces used are needed: the nonlinear problem is thus
solved fully. Further, all input parameters are experimen-
tally accessible.

A time-effective algorithm [8] is used varying Fts in
(1) until the simulated Df matches the experimental data
for every point d of a DFS curve (with an accuracy of
0.05 Hz and a discretion of the d axis of 24 pm). An ad-
vantage of this method is that no fit parameters describing
the force curve F�z̃� are needed. Rather, complete F�z̃�
curves can be determined which contain the long range at-
tractive and the repulsive regime including the transition
region between the two. An example of such a calculation
is given in Fig. 1.

To interpret this complete force curve it is interesting
to compare the determined force interaction with a com-
mon contact model from the literature. We used the con-
tact model by Muller, Yushenko, and Derjaguin (MYD
model) [12] because it predicts complete curves and pro-
vides a more realistic physical description of the tip/sample
contact than analytical models such as Hertz, DMT, JKR,
etc. [13]. The model takes elasticity into consideration at
every point of the curve, i.e., also in the long range at-
tractive part, resulting in a smooth transition between the
attractive and repulsive regimes. Hence adhesion as well
as physically meaningful contact shapes are included.

All parameters needed for our calculation of the model
are known from literature (e.g., elastic constants of tip
and sample, Hamaker constant) and also the tip radius has
been determined (see above)—leaving no free parameters.
Hence, the model curve requires no fit to the experimental
force data. Only the zero point of the reconstructed force
curve (from experimental data) was chosen in accordance
to the repulsive regime of the model. Now, the model
itself can be put to test by comparing the reconstructed
force curve with the simulated one. Such a comparison is
shown in Fig. 2. There is an excellent agreement with the
model for long range van der Waals forces as well as in
the repulsive regime dominated by the elastic deformation
of the tip and sample surfaces. Obviously, the agreement
is best in the parts which can be attributed to continuum
theory, on which the MYD model is based.

Interestingly, in the short range regime there is a signifi-
cant difference between the model and experimental data
(Fig. 2). Apparently, an additional attractive force inter-
action is sensed which is not accounted for in the MYD
model. As the only source of adhesion the model uses the
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FIG. 2. (a) Reconstructed force curve from Fig. 1b together
with a curve from the MYD model. (b) The difference be-
tween the two curves from (a). Parameters: Young’s moduli:
42.7 GPa (Al), 62.5 GPa (Au); Poisson ratios: 0.46 (Al); 0.3625
(Au); Hamaker constant: 3.5 3 10219 J.

van der Waals-force, which reproduces the experimental
force curve well in the long range part. However, when the
two surfaces reach a distance at which their electrons begin
to interact, a specific electron-mediated force can be ex-
pected (see, for example, Ref. [14] and references therein
for theoretical predictions, and Refs. [1–3] for experimen-
tal work), which is most likely the cause for the inconsis-
tency. Using our data it should be possible to quantify
such a specific short range interaction. For this it is essen-
tial to consider the long range van der Waals interaction
which forms a background in the force interaction. This
has already been pointed out by Guggisberg et al. [15] and
Hölscher et al. [16] who gave careful analysis of the Si-Cu
and the Si-Graphite tip-sample systems, respectively. In
our case, such a separation can be made by subtracting
the model curve from the reconstructed experimental force
curve. This procedure is limited by the assumption that the
continuum theory of van der Waals forces can be applied
at tip sample distances of the order of the interatomic spac-
ing. Further, the sample deformation is partially induced
by these additional attractive forces (giving an error at dis-
tances below 0.5 nm). Finally, the choice of the zero point
has a slight ambiguity of about 0.1 nm. In order to ac-
count for these aspects we chose the error bars in Fig. 2b
accordingly.

Empirically, the resulting difference in the short range
can be fitted well to an exponential decay curve. Although
other possible distance dependencies cannot generally be
excluded using these data, an exponential decay supports
the speculation of an electron mediated interaction and can
be expected with respect to theory [14] or other experimen-
tal data [3,15] on metal surfaces interacting via the elec-
tronic states. We find a decay length of about 0.4 nm for
the given zero point as well as for a zero point shifted to
the onset of repulsive forces at about z̃ � 0.35 nm on the
given scale. This decay length is surprisingly large. On
the other hand, a fit of the data using a Lennard-Jones type
interaction as used in Refs. [7,16] with literature values for
the van der Waals force could only give a small contribu-
tion. Therefore, we believe that the observed short range
force might rather be dominated by the interaction via the
electronic states of tip and surface.

Let us now consider energy dissipation. The excita-
tion amplitude can be used to determine the power loss
P�d� into the tip-sample interaction [8]. Assuming a vis-
cous damping force of the form F � 2g�z̃��z as a source
of energy loss, the function P�d� can be translated into
g�z̃� using numerical or semianalytical schemes [8,9]. A
similar procedure as in the conservative case (combining
experimental data with a simulation) leads us to a calcu-
lation of g�z̃� from a P�d� curve (as shown in Fig. 1).
Such complete damping coefficient-distance curves —now
accessible via DFS —invite a careful analysis. However,
comparatively little is known about dissipative forces.

At distances below about 0.5 nm tip-sample contact can
result in hysteresis effects in the force curve, which may
dominate the dissipation. Thus, g�z̃� is only an effective
quantity in that region [9]. However, an adhesion neck ap-
pearing as a rather drastic change of the forces involved
is not observed (see Ref. [3], and references therein). In
the region around z̃ � 0 a fit of an exponential decay to
g�z̃� can be used empirically to describe the qualitative be-
havior. Thereby we find a decay length of about 0.5 nm.
However, similar to the case of conservative forces it is
necessary to consider the long range behavior of the dis-
sipation. We plotted P�d� in a double logarithmic plot
in Fig 3. It seems reasonably natural that a velocity de-
pendent force as used above leads to the energy loss.
Here, it is possible to use analytic formulas [8] to de-
scribe the overall behavior at distances between 1.5 and
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FIG. 3. Dissipation into the tip-sample interaction. Experi-
mental data (circles) and calculated model curves (using the
same parameters). The model assumes a damping coefficient
which obeys an inverse power law with exponents n � 2 (solid
line), n � 3 (dashed line), and n � 4 (dash-dotted line). Pa-
rameters: f � 267 220 Hz; A � �24 6 2� nm; kl � 40 N�m;
R � �35 6 5� nm; Q � 19 050; CPD compensated.
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7 nm. In this way the dissipation can be attributed to a
damping coefficient g�z̃� � g0 ? z̃23 with a constant [17]
of g0 � �8.015.5

24.5� 3 10235 N s m2. The effective decay
length of the short range interaction in Fig. 3 reduces after
subtracting this long range background to about 0.3 nm.

The origin of the long range damping forces is unclear.
The excitation or scattering of phonons and the tunneling
of electrons can be excluded because of the observed long
range character [18–21]. Further, the effect of electronic
dissipation as proposed by Denk et al. [22] can be ruled
out because the CPD is compensated and good conduc-
tors are used. Among other mechanisms discussed in the
literature there is the van der Waals damping [19,21,23,24]
(vacuum friction). A previous attempt to measure such
forces was limited to larger distances, and to a less accu-
rate method [24]. Several contradicting theories predict
different magnitudes of the force (mostly much smaller
than in the present experiment) and different distance de-
pendencies [19,21,23,24]. Hence, a direct comparison of
our data for the damping to an existing model from the
literature cannot be given at the present stage. However,
the presented data might give a quantitative framework to
verify different theories.

In summary, we have presented a detailed analysis of
the Al-Au(111) tip-sample interaction based on dynamic
force spectroscopy data using the frequency modulation
technique. The conservative and dissipative force distance
relationships have been quantitatively described in their
long and short range behavior.
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