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We present a comparative experimental and theoretical study of the frequency shift in ultrahigh vacuum
dynamic force microscopy at 80 K on grapli@@@01) measured as a function of the tip-sample distance for
different resonance amplitudésin the repulsive and attractive regime of the tip-sample forces. The resulting
frequency shift versus distance curves scale witk?2bver 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 Waalg short-ranggLennard-Jones and contactHertz forces.

With the successful application of the so-callighamic  Sample and cantilever are prepared and mounted in UHV.
or noncontacmodé of theatomic force microscopgdAFM)  The rectangular-shaped cantilever used for this study was
using large amplitudes, it became possible to achieve “true’made of monocrystalline silicon with a spring constant of 38
atomic resolution, e.g., on @i11)7x 7,3* which is compa- N/m and an eigenfrequency of 171 kHz. The tip was sput-
rable to the resolution obtained bgcanning tunneling teredin situ with Ar* jons prior to the measurements. The
microscopy’ Despite this experimental success, the origin ofdraphite sample was cleaveusitu at room temperature at a
the contrast mechanism is still under discussion. For exPressure below I0° mbar and immediately inserted into the
ample, it was suggested that strong interactions through daRfecooled microscopébase pressure below 18 mbar).
gling bonds between the foremost tip atoms and the surfac@fter the sample reached an equilibrium temperaturd at
atoms are responsible for the observed confréstowever, = 80K (liquid-nitrogen cooling, a series of experiments
it is also possible to obtain atomic-scale contrasvan der  Were performed measuring the frequency shiftas a func-

: ; tion of the tip-sample distance for different resonance ampli-
Waalssurfaces like graphité001) (Ref. 7 and xenofil1l) "
(Ref. 8. Another important question is whether the hightudesA. The experimental data presented here were recorded

T . . with grounded tip and sample.
resolution is really obtained in a true noncontact mdde. ) i .
S A . ; The obtained frequency shift versus distance curves are
Consequently, it is of high interest to examine the tip-sampl

. . L . ) . %resented in Fig. @ by symbols for resonance amplitudes
interactions occuring in dynamic force microscopy in morepveen 54 and 180 A. All curves show a similar overall
detail.

L , . ) shape. During the approach of the cantilever to the sample
In order to get insight into the tip-sample interaction, we g face, the frequency shift decreases and reaches a mini-
measured the frequency shiftf in dependence of the tip-  mum. with a further reduction of the nearest tip-sample dis-
sample distance for different resonance amplitulleSince  tance, the frequency shift increases again and becomes posi-
it was the aim of this study to measure the tip-sample intertive. For smaller resonance amplitudes, the minimum of the
action in thenoncontactand in thecontactregime, we chose Af(z) curves is deeper and the slope after the minimum is
(000)-oriented graphite as a sample. It is well known thatsteeper than for larger amplitudes.
this material consists of individual layers of hexagonally ar-  The frequency shift versus distance curves can be rescaled
ranged carbon atoms; within these layers each atom ig% anormalized frequency shiéurve®
strongly bound bys p? bonds. Therefore, we expect no dam-
age of the sample surface, if the tip touches the sample only c,A%?
slightly. Analyzing the measured frequency shift versus dis- ¥(2)= f Af(2), @
tance curves, we found that the frequency shift scales with 0
1/A%2 as predicted earliéf. To fit the experimental data to which should be independent of the spring constgntthe
specific force lawgvan der Waals, Lennard-Jones, Hertz, weeigenfrequencyf,, and the amplituded of the cantilever.
calculated the tip-sample interaction force from the fre-The dependence of the frequency shift on these parameters
qguency shift curves. The subsequent analysis demonstrathas first been calculated for the specific case of inverse
that dynamic force spectroscompn be used to measure tip- power and exponential force lawsput the same result can
sample interactions including elastic contact forces with highbe obtained for arbitrary tip-sample forc&sThe application
precision. of this scaling law to our experimental data is plotted in Fig.
The experiments were carried out with a home-builtl(b). All data points perfectly fit to a single curve within the
atomic force microscope designed for operation in ultrahigtfull range, demonstrating the validity of the predicted?
vacuum(UHV) and at low temperatures. The AFM, which dependence of the frequency shift. This result verifies $hat
has already been described in detail elsewhkvegrks with s a useful quantity to compare frequency shift versus dis-
an all-fiber interferometer and is cooled in a bath cryostattance curves acquired with different amplitudes.
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i~ L FIG. 1. (a) The experimental
E 0.4k : ) frequency shift versus distance
.y ' i curves acquired with a silicon tip
< i ] and a graphite sample for different
= 0.0 i amplitudes are displayed by sym-
2 adl | g = bols. All curves are shifted along
) ¥4 180 A the x axes. The zero point is de-
D o4l & . ;si{‘ i fined by the force law Eq2). In-
5 ' oA set: definition of the parametefs
= s 54 A and D. (b) The normalized fre-
08— . B . . o L ?4 ) quency shifty as a function oD
~10 -5 0 %5 10 15 =10 -5 0 %5 10 15 obtained from the experimental
distance D[A] distance D [A] data presented ife). The dashed-

dotted line represents the best fit

c) s using Eqg.(3). (c) The tip-sample
force calculated with the experi-
mental data given itfa) using Eq.

4k (4) is shown by symbols. The

force Fi Eq. (2) is plotted by a
dashed-dotted line. The best fit us-
ing the force lawF. is displayed
by a solid line; a linear fit folD
<0 A is drawn by a dashed line.
To indicate the border between
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“contact” and “noncontact”
F.F \':~ 54 A force, the positiorg, is marked in
) T T TR | A E B all plots.
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However, to obtain more information on the tip-samplethe parameters ard R=2.4x10 2"Jm, ro=3.4A, and
interaction from the\ f(z) curves, it is useful to calculate the E;=3 eV. The regime right from the minimum of the calcu-
frequency shift for suitable tip-sample interaction forces andated curve fits well to the experimental data, but the deep
to compare these results with the experiment. GieSsiblg-  and wide minimum of the experimental curves cannot be
gested to describe the force between the tip and the sampiescribed accurately with the noncontact force @g. This
by a combination of a long-rangevan der Waalsand a s caused by the steep increase of the Lennard-Jones force in
short-ranggLennard-Jonesterms. For a tip with the radius the repulsive regime R 1/r*? for z<r,). The specific
R, this assumption results in the tip-sample force choice of the short-range force does not matter; the obtained
C18 T agreement is not significantly better with other choiteg.,

0 0
2 -3

) a Morse potential
' To analyze the frequency shift curves behind the mini-
whereAy is the Hamaker constanE, the binding energy,
andrg the equilibrium distance of the Lennard-Jones poten

mum of F, it is useful to change our approach to data
analysis. So far, we assumed a certain tip-sample force, cal-
tial. Since this approach does not explicitly consider elasti
contact forces, it is only valid as long as the tip and sampl

culated the frequency shift caused by this force, and com-

ared the result with the experimental data. An alternative
. . nd probably more instructive way is to directly calculate the

are POt In contaft. Thert_afore, we W'll.ca" the _force I.aw Eq' intergction fc))/rce from the frequenzy shift, whic¥1 can be done

(2) “noncontact” force in the following to d_|s_t|ngU|sh 't either by the analysis of the frequency shift as a function of

from the other force law used below to explicitly describe

elastic tip-sample forces. With the formulas given in Ref. 10,

the normalized frequency shift for this specific tip-sample

the distanc¥% or of the amplitudé? Here, we determine
the tip-sample force using the approach ofigtf leading to
: - . the formula
force can be calculated in the limit of large amplitudes from
ro| 125 ro| s 9
0.16(5) —0.2%5) , fo oD Jo z—D

©) which allows the calculation of the tip-sample interaction
whereD is the nearest tip-sample distance during the oscilforce from the frequency shift versus distance curves.
lations of the cantilevefsee the inset in Fig.(&)]. The application of this method results in identical tip-

A fit of this equation to the experimentally obtained nor- sample force curves for the different resonance amplitudes,
malized frequency shift is plotted in Fig(ld by a solid line;  as shown in Fig. (c). This demonstrates that the tip-sample

AR 125,
Fi(2)=— 52 o

AR 125,

- (D)_‘/ECZAW2 d (= Af(2)
%s(D)=—WDl.5+\/2—rO int

dz, (4)
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interaction did not change during the measurement, i.e., ineontact pointz, is near the point of inflection of thAf(z)
elastic deformations of the sample and/or tip changes duringurves, well before the minimum of th&f(z) curves.
the recording of the presented data can be excluded. The Although the DMT model gives reasonable agreement
comparison with the force law s Eqg. (2) (dashed-dotted with the overall behavior of the measured datalox z,, it
line) confirms our former result that this force law fits the should be mentioned that the experimental force curve looks
tip-sample interaction force quite well, but only to the quite linear forD<0 A. Fitting a linear force law to the
“right” of the minimum of F. If the tip comes closer to the measured data within this ran¢gee the dashed line in Fig.
sample surface, the repulsive forces between tip and sampléc)] leads to a contact stiffness 18 N/m. A similar
become more pronounced. Consequently, tip and sample abehavior has been reported for the single asperity contact
deformed by elastic contact forces, which we will discuss ininvestigated in Ref. 21, whereas other autl"'fbjré)found a
the following. better agreement with the Hertz/DMT force law as already
To obtain a contact force law, we assume that the form omentioned above. The main reason for these different results
tip and sample changes only slightly until point contact ismight be the specific choice of the tip/sample materials used
reached and that, after the formation of this point contact, thin each case. However, another possible reason is that the
tip-sample forces are given by the Hertz thebty® This  consideration of the attractive adhesion forces by a constant
approach coincides with the model of Derjaguin, Muller, andoffset is incomplete. Consequently, in order to examine the
Toporov(DMT)* and has been succesfully used to describevalidity of specific force laws describing the contact mechan-
the tip-sample contact of an AF& It results in a force ics of a single asperity contact, it will be the aim of future
law of the type research to use well-defindd.g., sphericdf) tips on differ-
ent samples, and to compare the experimental results with

— 3/2
Fc=00(20=2)""+Fq for z<z. (®  models considering the adhesion forces in a more sophisti-
The first term in this equation describes the elastic behaviogated way, see, e.g., Refs. 23-25. _ _
of a Hertzian contact, whem is the point of contact, angl In summary, we presented a comparative experimental

is a constant that depends on the elasticity of tip and sampl@nd theoretical study of the frequency shift in dynamic force
and on the shape of the i.The offsetF 4 is the adhesion Microscopy on graphit&¢000) in dependence of the tip-
force between tip and sample surface. Since the experiment @m?le d|stanceh£_:}nd the reg,_onance amphtudbe. It w(;is Yﬁrg'.?d
; ; at frequency shift versus distance curves obtained with dif-
tip-sample force shows a regsona_lblle agreement Wlth the no erent a?mplitu%jes scale withA?2 and can therefore be con-
ggg:gg: for(;ﬁEE%' (ziiignt:;il:]simrﬂlr?]lm?z’zvfmdii?ge(dz )t}he densed to a single normalized frequency shift curve. To fit
—37A P d th yf —F . —.6.'70.I:I W'ﬂt1s thi the experimental data to specific force laws, we determined
o an ereforef o¢= t.S(ZO)_ NN WV IS the tip-sample force from the frequency shift versus distance
choice, we get not only a continuous connection betWt_aen thEyrves. This experimental force curve shows good agreement
noncontact and contact force, but also between their forc%ith specific force laws for long-rangévan der Waals
gradlgnts. . ) .. short-range (Lennard-Jongs and contact (Hertz/DMT)

A fit of Eq. (5) to trle expegsmentr:;l]ls/data is shown in Fig. ¢4ces. The result demonstrates that not only noncontact, but
1(c) by a solid line go=5.8< 10° nN/m*?). The good agree- 454 alastic contact forces can be quantitatively measured by
ment with the experimental force curves demonstrates thgﬂynamic force spectroscopy opening a new and direct way to

the contact force describes the tip-sample interaction mucfq yerification of contact mechanical models of nanoasperi-
better than the repulsive part of the noncontact fofge  jeg.

since contact forces obviously dominate the tip-sample inter-

action forD<z,. It is additionally interesting to note that Financial support from the Deutsche Forschungsgemein-
the described analysis allows us to identify the border beschaft (Grant No. WI1277/2-§ the BMBF (Grant No.
tween the noncontact and contact regime in the frequenc$3N6921/3, and the Graduiertenkolleg “Physik Nanostruk-
shift versus amplitude curves. As shown in Figa)l the turierter Festkmper” is gratefully acknowledged.
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