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We report direct force measurements of the formation of a chemical bond. The 
experiments were performed using a low-temperature atomic force micro- 
scope, a silicon tip, and a silicon (111) 7x7 surface. The measured site- 
dependent attractive short-range force, which attains a maximum value of 2.1 
nanonewtons, is in  good agreement with first-principles calculations of an 
incipient covalent bond in  an analogous model system. The resolution was 
sufficient t o  distinguish differences in  the interaction potential between in- 
equivalent adatoms, demonstrating the ability of atomic force microscopy t o  
provide quantitative, atomic-scale information on surface chemical reactivity. 

The atomic force microscope (AFM) was 
originally intended to be a tool capable of 
measuring the forces acting between a single 
pair of atoms (1) but has only recently 
evolved into an instrument capable of pro- 
ducing atomically resolved images of surfac- 
es with characteristic features and defects 
(2-4). This true atomic-scale contrast is gen- 
erally interpreted as resulting from the short- 
range chemical interaction between an atom- 
ically sharp AFM tip and the nearest atoms 
on the surface of the sample. In principle, it 
should therefore be possible to map the 
chemical bonding potential between the fore- 
most atom on an AFM tip and a specific atom 
on the sample. 

The measurement of short-range bond- 
ing forces with the AFM has been difficult 
to achieve for several reasons. First, at 
room temperature, thermal drift and piezo- 
electric scanner creep make it difficult to 
reliably position the tip above a specific 
lattice position. Second, most atomic-reso- 
lution AFM images have been obtained 
using a dynamic technique in which the 
tip-bearing cantilever is driven on its fun- 
damental resonant frequency with a typical 
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amplitude of several nanometers. When the 
cantilever tip comes close to the sample 
surface, the force acting on the tip weakly 
perturbs the cantilever oscillation, giving 
rise to a small shift 4f in the resonance 
frequency. The frequency shift is used as a 
feedback parameter to control the tip-sam- 
ple spacing, and images therefore corre-
spond to contours of constant frequency 
shift. Because of the large tip excursion, 
the relation between the measured fre-
quency shift and the force acting on the tip 
is not straightforward. Recently, however, 
progress has been made in quantitatively 
understanding and inverting this relation 
(5-9). A third difficulty arises because, in 
general, both short-range forces (such as 
covalent bonding forces) and long-range 
forces [such as van der Waals (vdW) and 
electrostatic forces] act on the tip. Separat- 
ing these contributions in order to isolate 
the short-range chemical bonding force is a 
nontrivial problem. Finally, it is difficult to 
determine whether the measured chemical 
force involves more than just a single pair 
of atoms. 

Previously, we demonstrated that the 
problems of drift and creep can be over-
come by working at low temperatures (10). 
In that preliminary work, we acquired con- 
stant-height images of the Si(l11) 7x7 sur-
face at five tip-sample distances and used 
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the data to construct approximate frequen- 
cy-versus-distance curves above specific 
lattice positions. The five data points mea- 
sured above an adatom site were compared 
with a frequency shift curve calculated us- 
ing a first-principles simulation of the 
short-range force and a simple model for 
the long-range force. The data were found 
to be in reasonable agreement with the-
model. allowing estimation of the maxi- 
mum attractive force acting on the tip. 

Here, we describe quantitative measure- 
ments of the short-range chemical bonding 
force acting between the apex of a silicon 
AFM tip and specific atomic sites on a 
Si( l l1)  7x7 sample. The force is measured 
over a large range of tip-sample distances 
using site-specific frequency-distance mea- 
surements, which we convert to force-dis- 
tance data with the use of a recently devel- 
oped inversion procedure ( 7 ) .  The short- 
and long-range forces are accurately sepa- 
rated by compensating the electrostatic 
force and measuring the vdW force above 
nonreactive sites. The magnitude and range 
of the measured short-range force are found 
to be in good agreement with first-princi- 
ples calculations designed to model the 
same situation (11). In addition, we dem- 
onstrate that the measured short-range 
force results from the formation of a single 
bond. These measurements provide insight 
into covalent bond formation at surfaces 
and have implications for understanding 
the mechanisms responsible for contrast 
formation in true atomic-resolution AFM. 

The experiments were performed using 
a commercial silicon cantilever, a p-type 
silicon sample prepared in situ by direct- 
current heating, and a home-built low-tem- 
perature AFM operating in an ultrahigh 
vacuum (UHV) environment (10, 12).After 
transfer into the UHV system. the cantile- 
ver (13) was heated to 150°C for 2 hours to 
remove absorbed contaminants. To pre-
serve the sharpness of the tip, we applied 
no additional cleaning procedures; thus, we 
assume that the tip was initially covered 
with a native oxide layer. After the micro- 
scope was cooled to 7.2 K, imaging was 
performed in the constant Af dynamic mode 
using a constant cantilever oscillation am- 
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plitude of 6.1 nm. Upon first imaging the 
sample, we observed weak contrast reflect- 
ing the unit cell periodicity. We have found 
this weak contrast to be typical when im- 
aging the Si(ll1) 7 x 7  surface with an 
untreated tip. With continued scanning, an 
abrupt improvement in contrast occurred, 
after which the individual adatoms were 
clearly resolved. We have previously ob- 
served similar abrupt changes in contrast 
and attributed them to the transfer of one or 
more silicon atoms from the sample onto an 
oxide-terminated tip (10, 14). 

In our experimental procedure for mea- 
suring the tip-sample interaction, we begin 
by obtaining an atomically resolved image 
of the surface near the center of a terrace. 
After image acquisition, the displacement 
feedback is turned off, and the sample is 
retracted by a preset distance and posi- 
tioned above a specific lattice position de- 
termined from the atomically resolved im- 
age. The shift in resonance frequency is 
then recorded while the sample is ramped 
toward the tip by a fixed distance. While 
positioning the tip above different sites, the 
average plane of the sample surface (deter- 
mined during the initial imaging procedure) 
is taken into account to ensure the same 
relative starting position for each measure- 
ment. After a series of measurements, the 
tip is returned to its original position, the 
sample displacement feedback is reactivat- 
ed, and the surface is imaged to determine 
whether the tip or sample has been modi- 
fied and to ensure that no detectable drift 
occurred. 

The force acting on the tip at the dis- 
tance of closest approach to the sample 
during an oscillation cycle was calculated 
from the A$versus-distance data using the 
procedure described by Diirig (7). The 
force calculated in this way is a well-de- 
fined function of the sample displacement. 
In the distance regime where atomic-reso- 
lution images are obtained, there are poten- 
tially three distinct forces acting on the tip: 
a strongly site-dependent short-range force 
as well as long-range electrostatic and vdW 
forces. The latter are considered site inde- 
pendent, because they are dominated by 
contributions from many atoms, and hence 
can be computed to a good approximation 
by integrating over the volumes of the sam- 
ple and the tip (15). The long-range elec- 
trostatic force arises predominantly from 
the contact potential difference between the 
tip and sample, which can be minimized by 
applying a compensating voltage (8). For 
the experiments described here, this was 
achieved by applying + 1.16 V to the sam- 
ple, and we therefore expect that only the 
vdW contribution remains. To separate the 
short-range interaction, we took advantage 
of the special features of the Si(ll1) 7 x 7  

surface (16). Above the comer hole site, 
the tip apex stays relatively far from any of 
the dangling bonds on the surface (>6.65 A 
from the surrounding adatoms at the dis- - 
tance of closest approach), and we there- 
fore assume that the measured frequency 
shift results only from the site-independent 
vdW interaction (see Fig. 1A). Above the 
adatoms, the frequency shift results from 
both long- and short-range forces. Assum- 
ing that the forces are additive, we isolate 
the force due to the short-range interaction 
by subtracting the long-range force calcu- 
lated from the data measured above the 
comer hole from the total force measured 
above an adatom site. 

An image of the surface acquired at a 
preset frequency shift of -38 Hz is shown in 
Fig. 1B. After acquisition, frequency-dis- 
tance measurements were performed above 
the center of the comer hole site labeled 1. 
and above the two inequivalent adatom sites 
labeled 2 and 3. At a given site, the sample 
was retracted by 63.07 A and ramped forward 
a distance of 64.33 A at a rate of 6 a s  in 
order to characterize the long-range force 
regime. Then, to investigate the short-range 
force regime with a higher density of data 
points, we retracted the sample 15.77 A and 
then ramped it forward 17.03 A at a rate of 
1.7 u s  (the minimum tip-sample distance is 
therefore less than the initial distance by 1.26 
A). During each approach, 512 data points 
were acquired. An example of data acquired 
above the three sites is shown in Fig. 2A. We 
have plotted the data in terms of both Af and 
the normalized frequency shift y = AfkA;'*/ 
f,, where k is the spring constant of the 
cantilever, A, is the amplitude of oscillation, 
and f, is the resonance frequency (5). The 
choice of the zero position on the horizontal 
axis is somewhat arbitrary (see below). At 
distances greater than -12 A, the Af data 
measured above the three sites are virtually 
identical, as expected for the long-range com- 
ponent of the force. At small tip-sample dis- 
tances, Af measured above the adatom sites 
drops much faster than above the comer hole, 
which is consistent with a strong, site-depen- 
dent short-range force. Furthermore, the mag- 
nitude and range of y due to short-range 
forces (i.e., the difference between y mea- 
sured above the adatom and above the comer 
hole site) are consistent with our previous 
data extracted from constant-height scans, 
measured using a cantilever with a smaller 
spring constant (10, 17). Roughly similar 
rapid changes in Af have been reported in 
room-temperature experiments on Si(ll1) 
7 x 7  samples, typically at poorly defined 
sites (18, 19) and recently above adatoms 
(20), but no attempts were made to extract 
quantitative site-dependent forces from the 
data. 

The tip-sample interaction force calcu- 

lated from the data measured above the 
comer hole is shown in Fig. 2B (21). To 
test the validity of our assumption that only 
vdW forces are acting above the comer 
hole, we compare the measured force with 
a Hamaker-like analytic model. In our pre- 
vious work (lo), a reliable compaiison was 
not possible because of the limited distance 
range over which the long-range force was 
measured and because the electrostatic 
forces were not compensated (22). For a 
sphere-plane geometry, the vdW force, to a 
good approximation, is given by F,,, = 

Fig. 1. (A) Dimer adatom stacking-fault model 
of the Si(1 I I )  7x7 surface (76). The unit cell is 
outlined by a black diamond. The adatoms are 
shown as gray circles; the side view shows the 
positions of the corner holes (ch), corner ada- 
toms (ca), and center adatoms (cta). (B) Con- 
stant frequency shift image (Af = -38 Hz, root 
mean square error 1.15 Hz, scan speed 2 nmls, 
image size 6 nm by 6 nm). The labels 1, 2. and 
3 indicate the position of frequency distance 
measurements (see text). The white line indi- 
cates the position of the line section shown in 
(C). The corner hole position labeled 1 and the 
corner adatom labeled 2 in the line section are 
equivalent by trigonal symmetry to sites 1 and 
2 in (A). 
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-AHR16(z + z,)~, for z + z, < R (23), 
where A,  is the Hamaker constant, R is the 
mesoscopic tip radius, z is the sample dis- 
placement, and z, is a constant that ac- 
counts for the height of the absorbed atom 
or cluster on the tip apex. In addition, z, 
accounts for the uncertainty in the absolute 
distance between the tip and sample and the 
density of atoms in the top layer being 
lower than in the bulk. We have taken A,R 
and z, as fitting parameters, and we find an 
excellent fit to the data using A,R = 9.1 X 

J-m and z, = 1.0 A (see Fig. 2B) 
(24). The quality of the fit confirms our 
assumption that vdW forces dominate the 
tip-sample interaction above the comer 
hole. 

Sample displacement [A] 

Sample displacement [A] 

-3 
2  4 6 8 1 0 1 2  

Sample dlsplacement [A] 
Fig. 2. (A) Frequency shift Af and normalized 
frequency shift y versus distance, as measured 
above the positions labeled 1, 2, and 3 in Fig. 
1B. The inset adjusts the scales for Af and 
distance to  give a better picture of the data 
acquired above the two inequivalent adatoms. 
(0) Force-distance relation determined above 
the corner hole (blue symbols) and a fit to  the 
data using a sphere-plane model for the vdW 
force (black line). (C) Total force (red line with 
symbols) and short-range force (yellow line) 
determined above the adatom site labeled 2 in 
Fig. 1. In the inset, the measured short-range 
force is compared with a first- rinciples calcu- 
lation (black line with symbols! (77). 

Inverting the Af data measured above 
adatom site 2 yields the force shown in Fig. 
2C, which includes both long- and short- 
range components. The short-range force 
due to the chemical interaction was deter- 
mined by subtracting the long-range force 
measured above the corner hole. To avoid 
increasing the noise in the data, we have 
subtracted the fit shown in Fig. 2B rather 
than the raw data. In the inset of Fig. 2C, 
we compare the measured short-range force 
with the force reported by Perez et al. ( I  I), 
who calculated the bonding interaction be- 
tween a model Si nanotip composed of 10 
atoms and terminated by a single atom with 
one dangling bond directed toward an ada- 
tom on the Si(ll1) 5 x 5  surface. They 
found that the predominantly covalent bond 
formation between these atoms results in 
relaxation of the positions of the foremost 
atoms in the tip and sample at small sepa- 
rations. These relaxation effects are impor- 
tant because we measure the sample dis- 
placement and not the actual distance be- 
tween the apex atom and the adatom, which 
exhibits a nonlinear deviation from the 
sample displacement as a consequence of 
relaxation. In plotting our experimental 
data, we have chosen the zero point on the 
sample displacement axis for consistency 
with the data of Perez et al., plotted in a 
similar fashion (i.e., curve FAd in their 
figure 3). Comparing the two curves in the 
region where the attractive force increases 

0 5 10 15 
Sample dlsplacement [A] 

4 6 8 10 
Sample displacement [A] 

Fig. 3. (A) Frequency shift measured above the 
corner hole (symbols) and extrapolated from 
the model fit t o  the data of Fig.' 2B (blue line). 
For comparison, the data acquired above ada- 
tom site 2 from Fig. 2A are also plotted (red 
line). (B) Short-range force and interaction en- 
ergy (inset) measured above the sites labeled 2 
and 3 in Fig. 1. 

with decreasing distance, we notice that the 
slope of the measured force is steeper than 
that of their calculated force, indicating that 
the relaxation effects in our experiment are 
larger than those calculated by Perez et al. 
As noted previously (1 O) ,  this difference is 
not surprising because the actual tip and 
sample are much more extended, and hence 
subject to larger overall deformations, than 
the slab and cluster used in their density 
functional theory calculations. In the range 
beyond the maximum attractive force, the 
slope of the measured force appears less 
steep than the slope of the calculated force; 
this is also consistent with additional relax- 
ation. The uncertainty in the magnitude of 
the measured force arises mainly from the 
uncertainties in the oscillation amplitude 
and in the spring constant of the cantilever. 
Considering the resulting uncertainty in the 
measured force (about +30%), the mea- 
sured maximum attractive force (-2. l nN) 
is in remarkably good agreement with the 
calculated force (-2.25 nN). The reproduc- 
ibility of the measurements was excellent; 
that is, measurements above the same sites 
were indistinguishable to within the noise 
level of the measurement. This indicates 
that the tip and sample were not modified in 
the course of the experiments (25). 

The short decay length of the measured 
short-range force and the good agreement 
between the magnitudes of the calculated 
and measured short-range force indicate 
that the measurement indeed corresponds to 
the formation of a single covalent bond. We 
can also experimentally test whether other 
reactive sites on the tip contribute to the 
measured force by performing additional 
measurements above the comer hole, prob- 
ing several angstroms below the point of 
maximum attractive force measured above 
the adatoms. The result of such an experi- 
ment is shown in Fig. 3A. To determine the 
displacement range over which purely vdW 
forces are acting, we have calculated the 
frequency shift over the measured range 
using the vdW model fit to the data of Fig. 
2B, and plotted the corresponding curve in 
Fig. 3A (for comparison, we have also 
plotted the data measured above adatom 
site 2). The fit and the data measured above 
the comer hole are in excellent agreement 
down to a sample displacement of -2 A, 
which is - 1.5 A below the point of closest 
approach above the adatom. If there were 
additional dangling bonds close enough to 
the end of the tip to interact with the Sam- 
ple, Af should decrease more rapidly than 
predicted by the vdW model. However, for 
sample displacements below -2 A, Af de- 
creases much less rapidly than predicted by 
the vdW model, indicating the onset of a 
strong short-range repulsive force that 
probably results from the proximity of the 
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mesoscopic oxide tip to the adatoms sur- 
rounding the corner hole. The good agree- 
ment between the vdW model and the data. 
down to the onset of these repulsive forces, 
indicates that no other dangling bonds on 
the tip contribute to the short-range force 
measured above the adatoms. We conclude 
that the short-range force data in Fig. 2C 
arise from a single incipient covalent bond 
forming between the tip apex atom and the 
nearest adatom on the surface. 

In the image and line section shown in 
Fig. 1, height differences are clearly ob- 
served between the inequivalent adatom 
sites. This contrast is qualitatively consis- 
tent with our previous work (lo),  and as 
before, we find that these relative height 
differences, as well as the overall corruga- 
tion, are dependent on the frequency shift 
set point used for imaging. First-principles 
calculations predict tiny height differences 
between the inequivalent adatom positions 
[less than 0.1 A, the corner adatoms in the 
faulted half of the unit cell (see Fig. 1A) 
being the highest] (26). These differ from 
the larger height differences observed in 
Fig. 1C and in previous AFM studies (19, 
27-29). Clearly, the observed differences 
cannot be due to purely geometric effects, 
but rather reflect differences in the interac- 
tion potential above inequivalent sites. We 
have performed frequency-versus-distance 
measurements above the two sites (2 and 3) 
that exhibit the largest height differences in 
the line section shown in Fig. 1C (see Fig. 
2A). Note that site 2 in Fig. 1B is equiva- 
lent by trigonal symmetry to the adatom 
labeled 2 in Fig. 1C. The short-range force 
calculated from the frequency data is 
shown in Fig. 3B. The two force curves 
appear similar except for subtle differences 
near the onset of the short-range attractive 
force. Nevertheless, these differences are 
important because the image shown in Fig. 
1B was acquired in the weak interaction 
regime (i.e., at Af = -38 Hz), which cor- 
responds to a short-range force of about 
-0.24 nN above site 2 and -0.17 nN above 
site 3. These differences in the interaction 
potential above inequivalent adatom sites 
were consistently observed in repeated 
measurements. They are manifested more 
clearly in the raw ~ f d ~ t ~or if we calculate 
the short-range interaction energy inte-
grating the unsmoothed force data with re- -
spect to the sample displacement (Fig. 3B, 
inset), N~~~ that because of relaxation ef- 
fects, the dependence plotted in Fig. 3B is 
not the binding energy versus interatomic 
distance. 

The observed differences in the interac- 
tion energy are most likely due to 
tions in the charge distribution among in- 
equivalent adatom sites. According to first- 

principles calculations (26, 30), such vari- 
ations are already present on the free 
Si(l1 I) 7 X 7 surface. Our observed height 
differences between inequivalent adatoms 
show trends similar to the calculated distri- 
bution of electronic charge. The differences 
in the interaction force and energy mea- 
sured above inequivalent adatom sites can 
also be thought of as variations in the re- 
activity of these sites. Such differences 
have been predicted using first-principles 
calculations, but experimentally they have 
only been observed indirectly (31). It is 
also interesting that at larger tip-sample 
separations, the measured short-range force 
and energy decay much more slowly than 
expected for a purely covalent interaction. 
The tails in question are likely due to elec- 
trostatic interactions, which remain even if 
the average contact potential between the 
tip and sample is compensated. Because of 
the different local environments of adatoms 
and of the apex atom of the tip, the bond 
formed contains a small ionic component. 
A test charge above the sample would sense 
an exponentially decaying potential with 
the longest decay length given by f l a l  
4.sr = 3.71 A, where a = 26.9 A is the 
lattice constant of the 7 x 7  reconstruction. 

The measurements presented here dem- 
onstrate the possibility of directly measur- 
ing and quantifying local surface reactivity 
with the AFM. The range of systems that 
can be studied by such measurements could 
be extended by depositing different mate- 
rials or even single atoms on the tip. The 
resolution of our measurements was suffi- 
cient to reveal differences in the interaction 
potential between inequivalent Si adatoms; 
hence, it may eventually be possible to use 
similar methods to distinguish between dif- 
ferent atomic species, as proposed previ- 
ously (32, 33), or to measure exchange 
forces. 
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