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Separation of interactions by noncontact force microscopy

M. Guggisberg,* M. Bammerlin, Ch. Loppacher, O. Pfeiffer, A. Abdurixit, V. Barwich, R. Bennewitz, A. Baratoff,
E. Meyer, and H.-J. Gu¨ntherodt

Institute of Physics, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland
~Received 29 September 1999!

Quantitative measurements of frequency shift vs distance curves of ultrahigh-vacuum force microscopy in a
noncontact mode are presented. Different contributions from electrostatic, van der Waals, and chemical inter-
actions are determined by a systematic procedure. First, long-range electrostatic interactions are eliminated by
compensating for the contact potential difference between the probing tip and the sample. Second, the long-
range van der Waals contribution is determined by fitting the data for distances between 1 and 6 nm. Third, the
van der Waals part is subtracted from the interaction curves. The remaining part corresponds to the short-range
chemical interaction, and is found to decrease exponentially. A Morse potential is used to fit these data. The
determined parameters indicate that the interaction potential between single atoms can be measured by force
microscopy in a noncontact mode.
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I. INTRODUCTION

Several groups have obtained images demonstrating
atomic resolution by force microscopy in a noncontact mo
~nc-AFM! on different materials.1–7 However, proper de-
scriptions of the tip-sample interaction and contrast mec
nisms are still under discussion.8,9 The extension of nc-AFM
beyond topography measurements toward a microscop
specific surface properties depends very much on an un
standing of these issues.

Various kinds of interactions, such as van der Wa
~vdW!, electrostatic, magnetic, and short-range chem
forces, contribute to the total force between the probing
and sample. These interactions have different distance
pendencies. One key problem in nc-AFM is to distingu
and separate these interactions. The characterization of s
range chemical forces is crucial to the understanding of
atomic resolution, and to develop procedures for single m
ecule manipulation.10

II. THEORY

In early nc-AFM papers, the observed frequency shiftD f
of the oscillating cantilever was related to the gradient of
force F between the tip and sample,11

D f

f 0
52

1

2k

]F

]z
, ~2.1!

wheref 0 is the unperturbed resonance frequency, andk is the
spring constant of the force sensor. Unfortunately, this
proximated equation is only valid for small tip oscillatio
amplitudesA, compared to the separation between prob
tip and sample. For larger amplitudes the oscillation of
tip must be described by its equation of motion. If the ma
mum restoring force is larger than the maximum attract
kA@Fmax, and the cantilever is driven at its shifted res
nance frequency, the shiftD f 5 f 2 f 0 can be described by
the following pertubation equation8:
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D f

f 0
kA5E

0

2pdw

2p
F~ z̄1A cosw!cosw. ~2.2!

The quantity on the left side of Eq.~2.2! can be measured
and compared with the right side, where the forceF is inte-
grated over one oscillation cycle, andz̄ is the time-averaged
position of the tip.

To first order, the total frequency shift is the sum of t
frequency shift of the different interactionsD f >D f V
1D f vdW1D f chem, assuming that the different forces actin
on the tip are additive:Fz>FV1FvdW1Fchem. The contri-
bution D f V is caused by the long-range electrostatic inter
tions, whileD f vdW is the contribution to the frequency shi
resulting from the vdW interaction. All short-range intera
tions~covalent, ionic, or metallic! responsible for true atomic
resolution in nc-AFM are denoted asD f chem.

In the last years, several groups have published formu
for various interactions and different tip geometries.12–17 In
this paper, we consider a conical, mesoscopic tip~half-angle
a) with a spherical cap~radiusR) terminated by a nanotip o
height (s̄2s). Figure 1~a! shows a sketch of our tip model

The electrostatic force between the mesoscopic tip
sample is written as the sum of the electrostatic forces
tween an infinite plane on the one hand, and the sphere
the truncated cone on the other hand. A correction term ta
into account the overlap of the sphere with the cone,18

Fv52p«0~VS2VC!2H R

s̄
1k~a!2S ln

L

s̄1Ra

21D
2

R@12k~a!2 cos2a/sina#

s̄1Ra
J , ~2.3!

where Ra5R(12sina) is the height of the spherical cap
k(a)51/ln@cot(a/2)#, and the tip lengthL@ s̄. Vs is the volt-
age applied to the sample, andVC is the surface contac
potential.

An analogous procedure was used to deduce the form
for the vdW contribution. The vdW force is also the sum
11 151 ©2000 The American Physical Society
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FIG. 1. ~a! Tip model used in this study: conical mesoscopic tip with a spherical cap and a nanotip at the apex.R: spherical cap radius
a: half-angle of the cone.A: tip oscillation amplitude;s: separation at closest approach.~b! computed distance dependence of the normali

frequency shift fork530 N/m,A520 nm,R510 nm, ands5 s̄. The electrostatic contribution shows anD f vs s20.5 dependence; the vdW
contribution exhibitsD f vs s21.5 in a distance range 1 nm,s,10 nm. The parameters in the force laws werea5100, Vs2Vc51 V, H
54310219 J, U052.27 eV,s052.35 Å, andl50.79 Å.
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the vdW force between a sphere and an infinite plane, a c
and an infinite plane, and a correction term

FvdW52
H

6 F R

s̄2
1

tan2a

s̄1Ra

2
Ra

s̄~ s̄1Ra!
G , ~2.4!

whereH is, to a good approximation, equal to the geome
mean of the Hamaker constants of tip and sample.14 The
same formula is obtained upon simplifying a more comp
cated expression derived for the same model.19 In line with
recent first-principles calculations,21 the short-range interac
tion potential is represented by a Morse potential

UChem5U0FexpS 22
s2s0

l D22 expS 2
s2s0

l D G ,
~2.5!

where s0 is the position of the interaction potential min
mum, andl is the characteristic interaction length, expect
to be less than 1 Å. The corresponding short-range inte
tion force is

FChem5
2U0

l FexpS 22
s2s0

l D2expS 2
s2s0

l D G . ~2.6!

Using the formulas~2.3!–~2.5! for the different interac-
tion forces, the normalized frequency shiftD f / f 0 can be cal-
culated from Eq.~2.2!. If s̄,R, the long-range interaction
are dominated by the spherical cap, i.e., the first term in
brackets on the left side of Eqs.~2.3! and ~2.4!. If, in addi-
tion, A@ s̄ one obtains simple expressions for the cor
sponding frequency shifts:

D f V

f 0
kA52

pe0R~Vs2Vc!
2

~2s̄A!0.5
, ~2.7!

D f vdW

f 0
kA52

HR

12s̄~2s̄A!0.5
, ~2.8!

wheres̄ now denotes the separation between the sample
the mesoscopic part of the tip at closest approach.

A log-log plot of the normalized frequency vs distances
of the three interactions is presented in Fig. 1~b! for typical
ne
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values of the parameters. In the distance range between 2
10 nm, the predicted power-law dependenciesD f / f 0; s̄20.5

for the electrostatic andD f / f 0; s̄21.5 for the vdW contribu-
tions are verified. The influence of the short-range inter
tions appears only for distances shorter than 1 nm, it can
easily recognized and separated from the former contr
tions.

III. EXPERIMENTAL

We used a home-built multifunctional atomic force m
croscope operated in an ultrahigh-vacuum system.22 Details
about the instrument and the operation modes can be fo
in previous publications.5,6,23 Microfabricated single-crysta
Si cantilevers~phosphorus doped, 0.01–0.025V cm! of rect-
angular shape24 with normal spring constantsk of 25–75
N/m and fundamental resonance frequenciesf 0 of 150–350
kHz were used.

We adapted a frequency modulation~FM! detection
scheme similar to that introduced by Albrechtet al.11 The
resonance frequencyf was measured by a home-built FM
detector.25 The tip oscillation amplitude is maintained con
stant by a separate feedback circuit which controls the ra
frequency voltage applied to the piezoelement that exc
the cantilever oscillation. The frequency can be precis
tuned by means of a phase shifter, in particular to track
resonance.

Clean Cu~111! surfaces were prepared according to t
procedure described in Ref. 26. After the system stabili
~3 h after the preparation!, two kinds of spectroscopic mea
surements were performed on a terrace of the Cu~111! sur-
face. Care has been taken to avoid accidental changes o
tip apex.23

In order to monitor the electrostatic interaction, frequen
vs bias voltage curves were recorded at different separa
distances: First, a few images in the constant average tun
ing current mode were recorded on the Cu~111! surface to
check whether the tip is stable and can provide atomic re
lution. Then the scanning process and the distance contr
were stopped and a frequency vs bias curve was measu
Afterwards, the tip was retracted 1.9 nm and the same m
surement was repeated several times. This procedure y
the frequency vs bias voltage at a fixed (x,y)
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position on the surface for different tip-sample distancess.
From the maxima of these curves, the contact potential
ference could be determined to beVc520.78 V. It was
found to be constant for the observed range of separatio

~2! In order to determine the vdW contribution to th
frequency shift, the bias voltage was adjusted to compen
for the surface contact potential, i.e.,Vs52Vc50.78 V. Fre-
quency vs distance curves were then recorded in the foll
ing way: The tip was set near to the surface, and kept
fixed tip-sample distance to make sure that the freque
shift was stabilized. Then the tip was retracted 5 nm from
surface, and the distance controller switched off. The tip w
slowly moved toward the surface at a velocity of 2 nm/s
The frequency shiftD f , and in addition the time-average
tunneling currentĪ t between then-doped Si cantilever and
the Cu~111! sample, were recorded. At a tip sample sepa
tion where the mean tunneling current exceeds a cer
value (Ī t57pA), the approach was stopped and the tip w
retracted. In the light of previous scanning tunneling micr
copy investigations,27 a separations53 Å was assigned to
this closest approach.

IV. RESULTS AND DISCUSSION

A. Electrostatic

The electrostatic contribution is indeed proportional to
square of the applied potential differenceD f V}(Vs2Vc)

2

~see Fig. 2!. All measurements taken at different distanc
exhibit this behavior. The firstD f vs Vs curve was measure
after the tip was moved toward to the surface~at Ī t57 pA!.
This curve~closest to the surface! shows the strongest bia
voltage dependence. At small separation (s̄,1.5 nm! addi-
tional, short-range forces act on the tip and cause increa
noise.

By subtracting the minimal frequency shiftD f (Vc) from
D f (s,Vs53 V!, the contribution of the electrostatic intera
tion to the frequency shift can be extracted at different se
ration distances. The calculatedD f V curve @Fig. 2~b!# pre-
sented in Sec. II predicts a power-law dependence}s20.5 in
a separation regime between 1 and 10 nm. Fitting the m
sured data to a power lawC(s1Ds)m, an offset ofDs56
nm and a slope ofm521.55 were found. The distance of
set ofDs56 nm can be explained by the mesoscopic geo

FIG. 2. Voltage dependence of the frequency shiftD f at differ-
ent distances. The lowest curve was measured in a distance w
tunneling current could be collected. The curves taken ats,1.5 nm
exhibit relatively larger noise due to short-range interaction.
other distances only vdW and electrostatic interaction affectD f .
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etry of the tip, which results in an effective separation th
differs from that for short-range interactions. The unexpec
slope m521.55 may be explained with a frozen charg
model. In the limit A@ s̄, the normalized frequency shif
would exhibit a slopem521.5 for a pointlike charge ap
proaching a surface with a force lawF;C/z2. As a tentative
conclusion, we suggest that charges on the semiconduc
tip are frozen over an oscillation period, whereas the (Vs
2Vc)

2 dependence indicates that these charges can adju
slow variations ofVs or s. This merits further study with
coated tips of varying conductivity. From an experimen
point of view, it is no problem to eliminate the electrosta
interaction by compensating for the contact potential diff
ence with the applied voltageVs52Vc .

B. van der Waals interaction

Once the electrostatic part of the interaction is eliminat
the vdW and short-range chemical interactions can be de
mined. Beyond the range of chemical interaction (s̄.1 nm!
only vdW forces are acting on the tip. Figure 3 displays
D f vs distance curve with compensated contact potentia
the limited range ofs̄,R this curve can be fitted by a spher
cal tip model. According to Eq.~2.8! the mesoscopic radiu
is estimated to be about 14 nm, assuming a Hamaker c
stantH54310219 J. The fit shows a good agreement wi
the predictionD f } s̄21.5 in the range 1, s̄,5 nm. In the
ranges̄,1 nm the short-range interaction causes a sign
cant systematic deviation.

C. Chemical interaction

In the last step, the short-range chemical interaction
determined by subtracting the extrapolated vdW contribut
from the total frequency shift:D f chem5D f Vc

2D f vdW ~Fig.
4!. The resultingD f chem vs distance curve shows an abru
but continous decrease of the frequency below a separa
s51.2 nm. In this range, vdW and short-range contributio
grow by about the same amount. This has important con
quences for the imaging process. Lateral variations of
long-range vdW contribution can affect the distance contr
ler. For example, this can lead to incorrect apparent s
heights in nc-AFM measurements.

ere

t
FIG. 3. Least-squares fit of the van der Waals contribution,

sumingD f vdW} s̄23/2 in the range 1–6 nm, where chemical inte
actions can be neglected. The cantilever was approached unt
mean tunneling current exceeded a threshold 7 pA, then the tip
retracted from the surface and the frequency shift recorded.

best fit was obtained fors̄2s50.3 nm.
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Since our data rarely extend below the minimum
D f chem, only the second, attractive term in of Eq.~2.6! is
taken into account in the fit to the expression, which follo
in the limit A@s,8

D f chem52
f 0

kA

U0

ApAl
A2expS 2

s2s0

l D . ~4.1!

The characteristic lengthl is found to be 3.4 Å. The
interaction strengthU0 is estimated to be 2.35 eV, assumin
s050. SinceU0 can be determined only up to a factor
exp(s0 /l), an error of 2.5 Å in the determination ofs0 cor-

FIG. 4. Frequency shift vs distance curve after substraction
extrapolated vdW contribution. The exponential fit of the remain
frequency shiftD f chem5D f 2D f vdW for s,1 nm yields a charac-
teristic lengthl50.35 nm and an interaction potentialU052.35 eV
~see the text!.
.

R
J

v

f

s

responds to an uncertainty of a factor of 2 inU0. The value
for U0 is close to our expectations for the short-range int
action between a single-atom probing tip and the Cu~111!
surface, and indicates that single-atom force spectroscop
within the reach of nc-AFM. Surprisingly the characteris
lengthl is significantly longer than predicted for covalent21

or metallic adhesive interactions.20 Similar observations of
unexpectedly large decay lengths have been made
Si(111)737,28,23 and on Au~111!.29 However, independen
of physical interpretations we can determine the forces
closest separations50.6 nm for the data shown in Fig. 4 t
be FvdW51.08 nN andFchem50.38 nN.

V. CONCLUSIONS

We have demonstrated a systematic procedure for extr
ing parameters characterizing different types of interact
between the tip and sample. In a first step, the long-ra
electrostatic interaction is eliminated by compensating
the contact potential difference between the tip and sam
From the remaining long-range vdW contribution the tip r
dius can be estimated and used as a check on the tip shap
the last step, the short-range interaction is determined
subtraction, and provides a measure of the range and stre
of the bonding between the closest tip and sample atom
can therefore be used for chemical recognition on hetero
neous surfaces, as demonstrated elsewhere.30
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10J. P. Aimé, R. Boisgard, L. Nony, and G. Couturier, Phys. Re

Lett. 82, 3388~1999!.
11T. R. Albrecht, P. Gru¨tter, D. Horne, and D. Rugar, J. Appl. Phys

69, 668 ~1991!.
12S. Ciraci, A. Baratoff, and I. P. Batra, Phys. Rev. B42, 7618

~1990!.
13C. Girard, Phys. Rev. B43, 8822~1990!.
14J. N. Israelachvili, Intermolecular and Surface Forces~Aca-

demic, London 1991!.
.
.

.

.

.

15S. Ciraci, Ultramicroscopy42-44, 16 ~1992!.
16For an overview of force microscopy, seeForces in Scanning

Probe Methods, Vol. 286 of NATO Advanced Study Institute,
Series E: Applied Sciences, edited by H.-J. Gu¨ntherodt, D.
Anselmetti, and E. Meyer~Kluwer, Dordrecht, 1995!.

17U. Landmann and W. D. Luedtke, inScanning Tunneling Micros-
copy III, edited by R. Wiesendanger and H.-J. Gu¨ntherodt
~Springer, Berlin, Heidelberg 1996!

18S. Hudlet, M. Saint-Jean, C. Guthmann, and J. Berger, Eur. Phys
J. B. 25, 5 ~1998!.

19C. Argento and R. H. French, J. Appl. Phys.80, 6081
~1996!.

20A. Banerjea, J. R. Smith, and J. Ferrante, J. Phys.: Condens. Mat
ter 2, 8841~1990!.

21R. Perez, M. C. Payne, I. Sˇ tich, and K. Terakura, Phys. Rev. Lett.
78, 678 ~1997!.

22L. Howald, E. Meyer, R. Lu¨thi, H. Haefke, R. Overney, H. Rudin,
and H.-J. Gu¨ntherodt, Appl. Phys. Lett.63, 117 ~1993!.

23M. Guggisberg, M. Bammerlin, R. Lu¨thi, Ch. Loppacher, F. M.
Battiston, J. Lu¨, A. Baratoff, E. Meyer, and H.-J. Gu¨ntherodt,
Appl. Phys. A: Solids Surf.66, 245 ~1998!.

24O. Ohlsson, NANOSENSORS GmbH, Aidlingen, Germany.
25Ch. Loppacher, M. Bammerlin, F. Battiston, M. Guggisberg, D.

Müller, H. R. Hidber, R. Lu¨thi, E. Meyer, and H.-J. Gu¨ntherodt,
Appl. Phys. A: Solids Surf.66, 215 ~1999!.

26R. Bennewitz, V. Barwich, M. Bammerlin, Ch. Loppacher, M.
Guggisberg, A. Baratoff, E. Meyer, and H.-J. Gu¨ntherodt, Surf.
Sci. 438, 289 ~1999!.



. B
A.
.

PRB 61 11 155SEPARATION OF INTERACTIONS BY NONCONTACT . . .
27J. A. Stroscio, R. M. Feenstra, and A. P. Fein, Phys. Rev. Lett.57,
2579 ~1986!.

28S. P. Jarvis, H. Yamada, S.-I. Yamamoto, H. Tokumoto, and J
Pethica, Nature~London! 384, 247 ~1996!.

29G. Cross, A. Schirmeisen, A. Stalder, P. Gru¨tter, M. Tschedy, and
.

U. Dürig, Phys. Rev. Lett.80, 4685~1998!.
30R. Bennewitz, M. Bammerlin, M. Guggisberg, Ch. Loppacher,

Baratoff, E. Meyer, and H.-J. Gu¨ntherodt, Surf. Interface Anal
27, 462 ~1999!.


