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Separation of interactions by noncontact force microscopy
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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.

I. INTRODUCTION Af 2nde
j ZF(Z'FACOS(,D)COSQD. (2.2

Several groups have obtained images demonstrating true 0

atomic resolution by force microscopy in a noncontact modeThe quantity on the left side of Eq2.2) can be measured

(nc-AFM) on different material$~’ However, proper de- and compared with the right side, where the foFcis inte-

scriptions of the tip-sample interaction and contrast mechagrated over one oscillation cycle, aads the time-averaged

nisms are still under discussiéfi.The extension of nc-AFM position of the tip.

beyond topography measurements toward a microscopy of T first order, the total frequency shift is the sum of the

specific surface properties depends very much on an undefrequency shift of the different interactiona f=Af,

standing of these issues. +Af,gwt Afenems assuming that the different forces acting
Various kinds of interactions, such as van der Waals, the tip are additiveF,=F,+ Foaw+ Fehem. The contri-

(vdW), electrostatic, magnetic, and short-range chemicalsion Af,, is caused by the long-range electrostatic interac-
forces, contribute to the total force between the probing tidions, whileAf, 4, is the contribution to the frequency shift

and sample. These interactions have different distance deagyjting from the vdW interaction. All short-range interac-

pendencies. One key problem in nc-AFM is to distinguishyions (covalent, ionic, or metallicresponsible for true atomic
and separate these interactions. The characterization of shoftsq|ution in nc-AFM are denoted ag

range chemical forces is crucial to the understanding of true |, the |ast years, several groups have published formulas
atomic resplutio_n, %nd to develop procedures for single moly,. \arious interactions and different tip geometri&g’ In
ecule manipulatior this paper, we consider a conical, mesoscopi¢hgif-angle
«) with a spherical capradiusR) terminated by a nanotip of
Il. THEORY height (s—s). Figure Xa) shows a sketch of our tip model.
The electrostatic force between the mesoscopic tip and
In early nc-AFM papers, the observed frequency shifft — sample is written as the sum of the electrostatic forces be-
of the oscillating cantilever was related to the gradient of thgyeen an infinite plane on the one hand, and the sphere and

chem-

force F between the tip and sample, the truncated cone on the other hand. A correction term takes
into account the overlap of the sphere with the cthe,
Af 1 oF 2.1
fo 2k oz’ sz—wgo(vs—vc)z[zw(a)?(|n_L —1)
S stR,

wheref is the unperturbed resonance frequency, laistthe 5 )
spring constant of the force sensor. Unfortunately, this ap- _ RI1-k(a)?cogalsina] 23
proximated equation is only valid for small tip oscillation S+ R, ' '

amplitudesA, compared to the separation between probing

tip and sample. For larger amplitudes the oscillation of thevhere R,=R(1—sina) is the height of the spherical cap,
tip must be described by its equation of motion. If the maxi-k(a)= 1/In[cot(e/2)], and the tip lengtt.>s. Vy is the volt-
mum restoring force is larger than the maximum attractionage applied to the sample, an} is the surface contact
kA>F .y, and the cantilever is driven at its shifted reso- potential.

nance frequency, the shiif=f—f, can be described by An analogous procedure was used to deduce the formula
the following pertubation equatién for the vdW contribution. The vdW force is also the sum of
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FIG. 1. (a) Tip model used in this study: conical mesoscopic tip with a spherical cap and a nanotip at thB:sgperical cap radius;
«: half-angle of the conéA: tip oscillation amplitudes: separation at closest approa@h). computed distance dependence of the normalized
frequency shift fotk=30 N/m,A=20 nm,R=10 nm, ands=s. The electrostatic contribution shows ar vs s~ °° dependence; the vdw
contribution exhibitsAf vs s™1%in a distance range 1 ns<<10 nm. The parameters in the force laws were 100, V— V=1 V, H
=4x1071°J,Uy=2.27 eV,5,=2.35 A, and\=0.79 A.

the vdW force between a sphere and an infinite plane, a conealues of the parameters. In the distance range between 2 and

and an infinite plane, and a correction term 10 nm, the predicted power-law dependendidgf,~s~ %5

for the electrostatic and f/f,~ s~ for the vdw contribu-
(2.4  tions are verified. The influence of the short-range interac-
tions appears only for distances shorter than 1 nm, it can be

: L . easily recognized and separated from the former contribu-
whereH is, to a good approximation, equal to the geometrlc,[.Ons
mean of the Hamaker constants of tip and sarfblghe O >
same formula is obtained upon simplifying a more compli-
cated expression derived for the same mddéh line with IIl. EXPERIMENTAL
recent first-principles calculatiod the short-range interac-

H

R tarfa R,
Fow=—% -

2 s+R, s(s+R,)

tion potential is represented by a Morse potential We used a homg—built multifunctional atomic forcg mi-
croscope operated in an ultrahigh-vacuum systedetails
s—5p s—5sp about the instrument and the operation modes can be found
eXp( —ZT) -2 eXF( it in previous publicationd®23 Microfabricated single-crystal
Si cantilevergphosphorus doped, 0.01-0.02<m) of rect-
angular shapg@ with normal spring constantk of 25-75
where s, is the position of the interaction potential mini- N/m and fundamental resonance frequendigsf 150—350
mum, and\ is the characteristic interaction length, expectedkHz were used.
to be less than 1 A. The corresponding short-range interac- We adapted a frequency modulatioiFfM) detection
tion force is scheme similar to that introduced by Albrectttal!! The
resonance frequenclywas measured by a home-built FM
XF{ _25_30) —exp{ _ S 50” 2.6 detector® The tip oscillation amplitude is maintained con-
N A T stant by a separate feedback circuit which controls the radio-
) ) _ frequency voltage applied to the piezoelement that excites
~ Using the formulag2.3—(2.9) for the different interac-  the cantilever oscillation. The frequency can be precisely
tion forces, the normalized frequency shift/f, can be cal-  tuned by means of a phase shifter, in particular to track the
culated from Eq(2.2). If s<R, the long-range interactions resonance.
are dominated by the spherical cap, i.e., the first term in the Clean Cy11l) surfaces were prepared according to the
brackets on the left side of Eq&.3) and(2.4). If, in addi-  procedure described in Ref. 26. After the system stabilized

tion, A>s one obtains simple expressions for the corre-(3 h after the preparationtwo kinds of spectroscopic mea-

Uchen=Uo

2Ug
FChem:T

sponding frequency shifts: surements were performed on a terrace of th€lC1) sur-
face. Care has been taken to avoid accidental changes of the
Afy meoR(V— V)2 tip apex?®
7 A=— W 2.7 In order to monitor the electrostatic interaction, frequency

vs bias voltage curves were recorded at different separation
distances: First, a few images in the constant average tunnel-
Afudwk B HR ,g ing current mode were recorded on the(CLy) surface to
2.8 check whether the tip is stable and can provide atomic reso-
o lution. Then the scanning process and the distance controller
wheres now denotes the separation between the sample anslere stopped and a frequency vs bias curve was measured.
the mesoscopic part of the tip at closest approach. Afterwards, the tip was retracted 1.9 nm and the same mea-
A log-log plot of the normalized frequency vs distarce surement was repeated several times. This procedure yields
of the three interactions is presented in Fi¢h)ifor typical the frequency vs bias voltage at a fixedx,y)

fo  125(25A)°%
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FIG. 2. Voltage dependence of the frequency shiftat differ- separation s (nm)

ent distances. The lowest curve was measured in a distance where

tunneling current could be collected. The curves takesxat.5 nm FIG. 3. Least-squares fit of the van der Waals contribution, as-
exhibit relatively larger noise due to short-range interaction. AtsymingA f s ¥2n the range 1-6 nm, where chemical inter-

. L. . UdW157
other distances only vdW and electrostatic interaction affefct actions can be neglected. The cantilever was approached until the

mean tunneling current exceeded a threshold 7 pA, then the tip was

position on the surface for different tip-sample distanses retracted from the surface and the frequency shift recorded. The
From the maxima of these curves, the contact potential difyag; fit was obtained f&—s=0.3 nm.
ference could be determined to h&=-0.78 V. It was
found to be constant for the observed range of separationsetry of the tip, which results in an effective separation that

(2) In order to determine the vdW contribution to the differs from that for short-range interactions. The unexpected
frequency shift, the bias voltage was adjusted to compensafdope m=—1.55 may be explained with a frozen charge
for the surface contact potential, i.¥q=—V,=0.78 V. Fre- model. In the limitA>s, the normalized frequency shift
quency vs distance curves were then recorded in the followwould exhibit a slopem=—1.5 for a pointlike charge ap-
ing way: The tip was set near to the surface, and kept at @roaching a surface with a force law~ C/Z2. As a tentative
fixed tip-sample distance to make sure that the frequencgonclusion, we suggest that charges on the semiconducting
shift was stabilized. Then the tip was retracted 5 nm from thdip are frozen over an oscillation period, whereas thg (
surface, and the distance controller switched off. The tip was~ Vc)? dependence indicates that these charges can adjust to
slowly moved toward the surface at a velocity of 2 nm/secSlow variations ofVs or s. This merits further study with

The frequency shiftaf, and in addition the time-averaged c0&t€d tips of varying conductivity. From an experimental
i i 1 bet the-doped Si il q point of view, it is no problem to eliminate the electrostatic
unneling current,; between hen-doped ot cantiever and jnieraction by compensating for the contact potential differ-

the Cy11l) sample, were recorded. At a tip sample separagnce with the applied voltagé,= —V
. S -

tion where the mean tunneling current exceeds a certain
value (,=7pA), the approach was stopped and the tip was

retracted. In the ”9@'[ of previous scanning tunneling MIcros-  gnee the electrostatic part of the interaction is eliminated,
copy investigationd] a separatiors=3 A was assigned to  the vdw and short-range chemical interactions can be deter-

this closest approach. mined. Beyond the range of chemical interactigr:P(l nm
only vdW forces are acting on the tip. Figure 3 displays an
Af vs distance curve with compensated contact potential. In

the limited range 06<R this curve can be fitted by a spheri-

he el . ibution is indeed ional to th cal tip model. According to Eq2.8) the mesoscopic radius
The electrostatic contribution is indeed proportional to theig” estimated to be about 14 nm, assuming a Hamaker con-

square of the applied potential differende o« (Vs— V)2 stantH=4x10"1° J. The fit shows a good agreement with
(see Fig. 2 All measurements taken at different distance s 15in the range 's<5 nm. In the

S, L.
exhibit this behavior. The firskf vs Vg curve was measured :2?] ngeilitlgr:Atfho:short range interaction causes a sianif
after the tip was moved toward to the surfdeel ;=7 pA). 9 9 9

) . cant systematic deviation.
This curve(closest to the surfageshows the strongest bias y

voltage dependence. At small separatis_m(L.S nn) addi- C. Chemical interaction
tional, short-range forces act on the tip and cause increased |, the |ast step, the short-range chemical interaction is

noise. _ o _ determined by subtracting the extrapolated vdW contribution
By subtracting the minimal frequency Shilif(Vc) from — from the total frequency ShifiA fopen=Afy_—Af,qy (Fig.

4). The resultingA f.pem VS distance curve shows an abrupt

. . _ 3ut continous decrease of the frequency below a separation
ration distances. The calculatedfy curve [Fig. 2(b)]0prg— s=1.2 nm. In this range, vdW and short-range contributions

sented in Sec. Il predicts a power-law dependense “in grow by about the same amount. This has important conse-
a separation regime between 1 and 10 nm. Fitting the megences for the imaging process. Lateral variations of the
sured data to a power la®(s+As)™, an offset ofAs=6  |ong-range vdW contribution can affect the distance control-

nm and a slope ofn=—1.55 were found. The distance off- |er. For example, this can lead to incorrect apparent step
set ofAs=6 nm can be explained by the mesoscopic geomheights in nc-AFM measurements.

B. van der Waals interaction

IV. RESULTS AND DISCUSSION

A. Electrostatic
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responds to an uncertainty of a factor of 2Ug. The value

E for Uy is close to our expectations for the short-range inter-
E action between a single-atom probing tip and thg1Qa)
surface, and indicates that single-atom force spectroscopy is
within the reach of nc-AFM. Surprisingly the characteristic
length\ is significantly longer than predicted for coval@nt

or metallic adhesive interactioRS.Similar observations of
unexpectedly large decay lengths have been made on
E Si(111)7x 7,222 and on Au111).2° However, independent

of physical interpretations we can determine the forces at
closest separatios= 0.6 nm for the data shown in Fig. 4 to
be F,qw=1.08 nN andF ., 0.38 nN.

1 1 1 1 1 3

4
separation s (nm)

. . ) V. CONCLUSIONS
FIG. 4. Frequency shift vs distance curve after substraction of

extrapolated vdW contribution. The exponential fit of the remaining We have demonstrated a systematic procedure for extract-
frequency shiftAf p.,=Af—Af, 4y for s<1 nm yields a charac- ing parameters characterizing different types of interaction
teristic length\ =0.35 nm and an interaction potentiay=2.35eV  between the tip and sample. In a first step, the long-range
(see the tejt electrostatic interaction is eliminated by compensating for
the contact potential difference between the tip and sample.
Since our data rarely extend below the minimum offFrom the remaining long-range vdW contribution the tip ra-
Afchem, ONly the second, attractive term in of E@.6) is  dius can be estimated and used as a check on the tip shape. In
taken into account in the fit to the expression, which followsthe |ast step, the short-range interaction is determined by
in the limit A>s? subtraction, and provides a measure of the range and strength

O UO

KA VAN

The characteristic length is found to be 3.4 A. The

Afchen= — fexp( %0 ) (4.2)

interaction strengtiJ, is estimated to be 2.35 eV, assuming

of the bonding between the closest tip and sample atoms. It
can therefore be used for chemical recognition on heteroge-
neous surfaces, as demonstrated elsewlfere.
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