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Quantitative analysis of dynamic-force-spectroscopy data on graphite„0001…
in the contact and noncontact regimes

H. Hölscher,* A. Schwarz, W. Allers, U. D. Schwarz, and R. Wiesendanger
Institute of Applied Physics and Microstructure Research Center, University of Hamburg, Jungiusstrasse 11,

D-20355 Hamburg, Germany
~Received 19 January 2000!

We present a comparative experimental and theoretical study of the frequency shift in ultrahigh vacuum
dynamic force microscopy at 80 K on graphite~0001! measured as a function of the tip-sample distance for
different resonance amplitudesA in the repulsive and attractive regime of the tip-sample forces. The resulting
frequency shift versus distance curves scale with 1/A3/2 over the full range. We determined the tip-sample force
from the frequency shift versus distance curves and found good agreement with specific force laws for
long-range~van der Waals!, short-range~Lennard-Jones!, and contact~Hertz! forces.
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With the successful application of the so-calleddynamic
or noncontactmode1 of theatomic force microscope2 ~AFM!
using large amplitudes, it became possible to achieve ‘‘tru
atomic resolution, e.g., on Si~111!737,3,4 which is compa-
rable to the resolution obtained byscanning tunneling
microscopy.5 Despite this experimental success, the origin
the contrast mechanism is still under discussion. For
ample, it was suggested that strong interactions through
gling bonds between the foremost tip atoms and the sur
atoms are responsible for the observed contrast.4,6 However,
it is also possible to obtain atomic-scale contrast onvan der
Waalssurfaces like graphite~0001! ~Ref. 7! and xenon~111!
~Ref. 8!. Another important question is whether the hig
resolution is really obtained in a true noncontact mod9

Consequently, it is of high interest to examine the tip-sam
interactions occuring in dynamic force microscopy in mo
detail.

In order to get insight into the tip-sample interaction, w
measured the frequency shiftD f in dependence of the tip
sample distance for different resonance amplitudesA. Since
it was the aim of this study to measure the tip-sample in
action in thenoncontactand in thecontactregime, we chose
~0001!-oriented graphite as a sample. It is well known th
this material consists of individual layers of hexagonally
ranged carbon atoms; within these layers each atom
strongly bound bysp2 bonds. Therefore, we expect no dam
age of the sample surface, if the tip touches the sample
slightly. Analyzing the measured frequency shift versus d
tance curves, we found that the frequency shift scales w
1/A3/2 as predicted earlier.10 To fit the experimental data to
specific force laws~van der Waals, Lennard-Jones, Hertz, w
calculated the tip-sample interaction force from the f
quency shift curves. The subsequent analysis demonst
that dynamic force spectroscopycan be used to measure tip
sample interactions including elastic contact forces with h
precision.

The experiments were carried out with a home-bu
atomic force microscope designed for operation in ultrah
vacuum~UHV! and at low temperatures. The AFM, whic
has already been described in detail elsewhere,11 works with
an all-fiber interferometer and is cooled in a bath cryos
PRB 610163-1829/2000/61~19!/12678~4!/$15.00
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Sample and cantilever are prepared and mounted in U
The rectangular-shaped cantilever used for this study
made of monocrystalline silicon with a spring constant of
N/m and an eigenfrequency of 171 kHz. The tip was sp
tered in situ with Ar1 ions prior to the measurements. Th
graphite sample was cleavedin situ at room temperature at
pressure below 1029 mbar and immediately inserted into th
precooled microscope~base pressure below 10210mbar).
After the sample reached an equilibrium temperature aT
580 K ~liquid-nitrogen cooling!, a series of experiment
were performed measuring the frequency shiftD f as a func-
tion of the tip-sample distance for different resonance am
tudesA. The experimental data presented here were recor
with grounded tip and sample.

The obtained frequency shift versus distance curves
presented in Fig. 1~a! by symbols for resonance amplitude
between 54 and 180 Å. All curves show a similar over
shape. During the approach of the cantilever to the sam
surface, the frequency shift decreases and reaches a m
mum. With a further reduction of the nearest tip-sample d
tance, the frequency shift increases again and becomes
tive. For smaller resonance amplitudes, the minimum of
D f (z) curves is deeper and the slope after the minimum
steeper than for larger amplitudes.

The frequency shift versus distance curves can be resc
to a normalized frequency shiftcurve10

g~z!ª
czA

3/2

f 0
D f ~z!, ~1!

which should be independent of the spring constantcz , the
eigenfrequencyf 0 , and the amplitudeA of the cantilever.
The dependence of the frequency shift on these parame
has first been calculated for the specific case of inve
power and exponential force laws,10 but the same result ca
be obtained for arbitrary tip-sample forces.12 The application
of this scaling law to our experimental data is plotted in F
1~b!. All data points perfectly fit to a single curve within th
full range, demonstrating the validity of the predicted 1/A3/2

dependence of the frequency shift. This result verifies thag
is a useful quantity to compare frequency shift versus d
tance curves acquired with different amplitudes.
12 678 ©2000 The American Physical Society
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FIG. 1. ~a! The experimental
frequency shift versus distanc
curves acquired with a silicon tip
and a graphite sample for differen
amplitudes are displayed by sym
bols. All curves are shifted along
the x axes. The zero point is de
fined by the force law Eq.~2!. In-
set: definition of the parametersA
and D. ~b! The normalized fre-
quency shiftg as a function ofD
obtained from the experimenta
data presented in~a!. The dashed-
dotted line represents the best
using Eq.~3!. ~c! The tip-sample
force calculated with the experi
mental data given in~a! using Eq.
~4! is shown by symbols. The
force F ts Eq. ~2! is plotted by a
dashed-dotted line. The best fit us
ing the force lawFc is displayed
by a solid line; a linear fit forD
,0 Å is drawn by a dashed line
To indicate the border betwee
‘‘contact’’ and ‘‘noncontact’’
force, the positionz0 is marked in
all plots.
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However, to obtain more information on the tip-samp
interaction from theD f (z) curves, it is useful to calculate th
frequency shift for suitable tip-sample interaction forces a
to compare these results with the experiment. Giessibl10 sug-
gested to describe the force between the tip and the sa
by a combination of a long-range~van der Waals! and a
short-range~Lennard-Jones! terms. For a tip with the radius
R, this assumption results in the tip-sample force

F ts~z!52
AHR

6z2 1
12E0

r 0
F S r 0

z D 13

2S r 0

z D 7G , ~2!

whereAH is the Hamaker constant,E0 the binding energy,
and r 0 the equilibrium distance of the Lennard-Jones pot
tial. Since this approach does not explicitly consider ela
contact forces, it is only valid as long as the tip and sam
are not in contact. Therefore, we will call the force law E
~2! ‘‘noncontact’’ force in the following to distinguish it
from the other force law used below to explicitly descri
elastic tip-sample forces. With the formulas given in Ref. 1
the normalized frequency shift for this specific tip-samp
force can be calculated in the limit of large amplitudes fro

g ts~D !52
AHR

12&D1.51
12E0

A2r 0
F0.16S r 0

D D 12.5

20.23S r 0

D D 6.5G ,
~3!

whereD is the nearest tip-sample distance during the os
lations of the cantilever@see the inset in Fig. 1~a!#.

A fit of this equation to the experimentally obtained no
malized frequency shift is plotted in Fig. 1~b! by a solid line;
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the parameters areAHR52.4310227J m, r 053.4 Å, and
E053 eV. The regime right from the minimum of the calcu
lated curve fits well to the experimental data, but the de
and wide minimum of the experimental curves cannot
described accurately with the noncontact force Eq.~2!. This
is caused by the steep increase of the Lennard-Jones for
the repulsive regime (F ts}1/r 12 for z,r 0). The specific
choice of the short-range force does not matter; the obta
agreement is not significantly better with other choices~e.g.,
a Morse potential!.

To analyze the frequency shift curves behind the mi
mum of F ts, it is useful to change our approach to da
analysis. So far, we assumed a certain tip-sample force,
culated the frequency shift caused by this force, and co
pared the result with the experimental data. An alternat
and probably more instructive way is to directly calculate t
interaction force from the frequency shift, which can be do
either by the analysis of the frequency shift as a function
the distance12,13 or of the amplitude.14 Here, we determine
the tip-sample force using the approach of Du¨rig12 leading to
the formula

F int~D !5&
czA

3/2

f 0

]

]D E
D

` D f ~z!

Az2D
dz, ~4!

which allows the calculation of the tip-sample interacti
force from the frequency shift versus distance curves.

The application of this method results in identical ti
sample force curves for the different resonance amplitud
as shown in Fig. 1~c!. This demonstrates that the tip-samp
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interaction did not change during the measurement, i.e.,
elastic deformations of the sample and/or tip changes du
the recording of the presented data can be excluded.
comparison with the force lawF ts Eq. ~2! ~dashed-dotted
line! confirms our former result that this force law fits th
tip-sample interaction force quite well, but only to th
‘‘right’’ of the minimum of F ts. If the tip comes closer to the
sample surface, the repulsive forces between tip and sam
become more pronounced. Consequently, tip and sample
deformed by elastic contact forces, which we will discuss
the following.

To obtain a contact force law, we assume that the form
tip and sample changes only slightly until point contact
reached and that, after the formation of this point contact,
tip-sample forces are given by the Hertz theory.15,16 This
approach coincides with the model of Derjaguin, Muller, a
Toporov~DMT!17 and has been succesfully used to descr
the tip-sample contact of an AFM.18,19 It results in a force
law of the type

Fc5g0~z02z!3/21Fad for z<z0 . ~5!

The first term in this equation describes the elastic beha
of a Hertzian contact, wherez0 is the point of contact, andg0
is a constant that depends on the elasticity of tip and sam
and on the shape of the tip.20 The offsetFad is the adhesion
force between tip and sample surface. Since the experime
tip-sample force shows a reasonable agreement with the
contact force@Eq. ~2!# until its minimum, we defined the
contact point by this minimum, i.e.,z0ªmin$Fts(z)%
53.7 Å and therefore,FadªF ts(z0)526.7 nN. With this
choice, we get not only a continuous connection between
noncontact and contact force, but also between their fo
gradients.

A fit of Eq. ~5! to the experimental data is shown in Fi
1~c! by a solid line (g055.83105 nN/m3/2). The good agree-
ment with the experimental force curves demonstrates
the contact force describes the tip-sample interaction m
better than the repulsive part of the noncontact forceF ts
since contact forces obviously dominate the tip-sample in
action for D,z0 . It is additionally interesting to note tha
the described analysis allows us to identify the border
tween the noncontact and contact regime in the freque
shift versus amplitude curves. As shown in Fig. 1~a!, the
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contact pointz0 is near the point of inflection of theD f (z)
curves, well before the minimum of theD f (z) curves.

Although the DMT model gives reasonable agreem
with the overall behavior of the measured data forD,z0 , it
should be mentioned that the experimental force curve lo
quite linear forD,0 Å. Fitting a linear force law to the
measured data within this range@see the dashed line in Fig
1~c!# leads to a contact stiffness of'18 N/m. A similar
behavior has been reported for the single asperity con
investigated in Ref. 21, whereas other authors18,19 found a
better agreement with the Hertz/DMT force law as alrea
mentioned above. The main reason for these different res
might be the specific choice of the tip/sample materials u
in each case. However, another possible reason is tha
consideration of the attractive adhesion forces by a cons
offset is incomplete. Consequently, in order to examine
validity of specific force laws describing the contact mecha
ics of a single asperity contact, it will be the aim of futu
research to use well-defined~e.g., spherical22! tips on differ-
ent samples, and to compare the experimental results
models considering the adhesion forces in a more soph
cated way, see, e.g., Refs. 23–25.

In summary, we presented a comparative experime
and theoretical study of the frequency shift in dynamic for
microscopy on graphite~0001! in dependence of the tip
sample distance and the resonance amplitude. It was ver
that frequency shift versus distance curves obtained with
ferent amplitudes scale with 1/A3/2 and can therefore be con
densed to a single normalized frequency shift curve. To
the experimental data to specific force laws, we determi
the tip-sample force from the frequency shift versus dista
curves. This experimental force curve shows good agreem
with specific force laws for long-range~van der Waals!,
short-range ~Lennard-Jones!, and contact ~Hertz/DMT!
forces. The result demonstrates that not only noncontact,
also elastic contact forces can be quantitatively measure
dynamic force spectroscopy opening a new and direct wa
the verification of contact mechanical models of nanoasp
ties.
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