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In this study, we analyze the noncontact atomic force microscopy �NC-AFM� imaging mechanism on the
Ag�110� surface by experiment and ab initio theory. The experimental NC-AFM images exhibit atomic-scale
resolution in the topography and dissipation signal. Interestingly, the maximum of the damping signal is
between the maxima of the topography image. Comparing the geometry of the Ag�110� surface with the
topography of a simulated NC-AFM image, we found that the first surface layer silver atoms are imaged as
maxima in the topographic NC-AFM images. The overall structure and the corrugation height of the theoretical
NC-AFM image are in good agreement with the experimental ones. Furthermore, the analysis of the short-
range tip-sample interactions calculated at specific lattice sites revealed strong hysteresis effects. Our simula-
tions also indicate that clean silicon tips might become contaminated with silver atoms during a NC-AFM
experiment. Indeed, the NC-AFM experiments showed that the Ag�110� surface is difficult to image probably
due to contamination of the silicon tip during the imaging process.
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I. INTRODUCTION

In the past decade, noncontact atomic force microscopy
�NC-AFM� emerged as an important tool in surface science
due to its ability to image all kinds of surfaces with true
atomic resolution in ultrahigh vacuum �UHV�.1–3 This scan-
ning probe method is used to image the real-space topogra-
phy of surfaces by sensing the interaction between an atomi-
cally sharp tip attached to a vibrating cantilever and the
surface under consideration.

Another remarkable feature of NC-AFM is its ability to
monitor the energy dissipation while scanning over the sur-
faces under study. Sometimes the corresponding dissipation
images obtained simultaneously with the topographical ones
also reveal atomic-scale resolution.1,4–7 Since the atomic fea-
tures of these dissipation images might be linked to the ma-
terial properties of the investigated surfaces, the physical ori-
gin of the energy dissipation is the focus of current scientific
discussions �see, e.g., Refs. 8–10 and references therein�.

However, the mechanism of the atomic-scale contrast ex-
perimentally observed in NC-AFM images is well under-
stood for semiconductors and insulators. The theoretical
studies performed for Si�111�-�5�5�,11,12 InP�110�,13,14

GaAs�110�,15,16 and InAs�110� �Refs. 17 and 18� systems
clearly showed that the atomic contrast on semiconducting
surfaces is due to the short-range chemical tip-sample inter-
action forces involving the dangling bonds of the tip apex
atom as well as the surface atoms. Similar investigations
carried out for insulating surfaces4,19–23 emphasized a similar
contrast mechanism based on the short-range electrostatic in-
teraction forces.

Although metallic surfaces were frequently imaged with
atomic resolution24–26 and sometimes used as substrates for
organic molecules,27–29 the origin of the atomic-scale con-
trast on the metallic surfaces is less examined. So far, only
the NC-AFM contrast formation on Cu�001� surface was in-
vestigated by means of ab initio simulations.30,31 In that

study, it was suggested that the NC-AFM atomic contrast
originates from a weak reversible short-range electrostatic
interaction caused by charge transfer between an oxidized tip
and the copper surface. For clean silicon tips or those con-
taminated with copper atoms, however, they found that the
imaging mechanism resembles closely that of semiconductor
surfaces, i.e., the tip-sample interactions exhibit a strong
covalent character.

In this paper, we report on a combined experimental and
theoretical study performed to gain insight into the nature of
the NC-AFM imaging process on a Ag�110� surface. Silver
surfaces have unique properties, which are exploited in many
catalysis processes. However, only a few previous NC-AFM
studies have reported atomic-scale images, which seem to be
a general difficulty on metal surfaces. Since this might be
caused by strong short-range forces in combination with
atomic-scale mechanical relaxations at the tip-sample inter-
face, a detailed understanding of those processes is necessary
from the experimental and the theoretical point of view. Un-
derstanding of those atomic interaction eventually allows
complex processes for the bottom up construction of atomic-
scale structures on silver.32

In our experiments, we observed that the atomically re-
solved NC-AFM images exhibit an inverted contrast in si-
multaneously recorded topographic and energy-dissipation
channels. The simulated approach and retraction force curves
at specific lattice sites allowed us to interpret the maxima in
the topographical NC-AFM images to originate from the
first-layer silver atoms. If the AFM tip is positioned between
the first-layer atomic rows, the ab initio calculations reveal
that the interaction of reactive silicon tips with the Ag�110�
surface leads to a strong hysteresis in the force curves, even-
tually resulting in the removal of Ag atoms from the surface.
This feature leads to a tip contamination with silver atoms
providing an explanation why this surface is particularly dif-
ficult to image in NC-AFM experiments.
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II. EXPERIMENTAL RESULTS

The experiments were performed with a commercial ul-
trahigh vacuum atomic force microscope based on the beam
deflection principle �VT-AFM from Omicron Nanotechnol-
ogy, Germany�. The measurements were done at a base pres-
sure of 2�10−10 mbar at room temperature. As sensors, we
used rectangular monocrystalline silicon cantilevers with a
nominal tip radius of 2 nm �SSS-NCHR, Nanosensors�. The
spring constant cz=18 N /m was calculated from the width
and length of the cantilever beam and the measured resonant
frequency33 of f0=267.9 kHz. The quality factor of Q
=8140 was determined by ring-down experiments. The fre-
quency shift signal was measured with a frequency demodu-
lator �easy-PLL, nanoSurf AG, Switzerland�. Before the ex-
periments, the tip was shortly sputtered �4 min� with Ar ions
in UHV to remove possible contaminations. The sample was
a �110�-oriented Ag single crystal �Mateck GmbH, Ger-
many�, which was cleaned by repeated cycles of Ar-ion sput-
tering and subsequent annealing. The tip and sample were
both grounded during all measurements. The experiments
were carried out in a dedicated UHV surface science system
placed on a vibration-free foundation.

In noncontact atomic force microscopy, the cantilever is
oscillated in a self-excitation mode34 at its fundamental
eigenfrequency f0 above the sample surface. The measured
quantity in dynamic force microscopy is the frequency shift
�fª f − f0 with respect to the eigenfrequency f0 of the can-
tilever, which depends on the tip-sample interaction. The os-
cillation amplitude A is kept constant by adjusting the exci-
tation amplitude by an automatic gain control. The change of
the excitation amplitude is recorded as the damping signal,
which is directly related to the energy dissipation between
the tip and sample.35 Atomically resolved surface images are
obtained by keeping the frequency shift �f at a fixed value,
which is correlated to a constant tip-sample interaction. To-
pography information is then given by regulating the move-
ment of the cantilever base up and down. The dissipation
channel is recorded simultaneously with the frequency shift
during the scan process.

Figure 1 shows an image of the freshly prepared Ag�110�
surface obtained with a moderate frequency shift set point of
�f =−95.7 Hz. The topography revealed large terraces of
about 100 nm in diameter. Fringes can be observed at the
step edges. The same effect has been previously observed in
scanning tunneling microscopy �STM� experiments �see Fig.
4�d� in Ref. 36� and has been explained by the tip induced
mobility of the Ag atoms at the step edges. However, in the
present study, we focused on atomically flat terraces without
defects or steps and scanned a small area of 2�2 nm2 to
obtain the atomically resolved topography, as shown in Fig.
2�a�. For this high resolution measurement, the tip-sample
distance was decreased by increasing the frequency shift to a
larger negative value of �f =−265.8 Hz. The expected rows

of silver atoms in the �11̄0� direction can be clearly seen, as
well as the individual atoms within the rows. A comparison
with the theoretical results, which will be presented in Sec.
III, allows us to assign the observed maxima to the top layer
silver atoms.

The distance between neighboring rows is 409 pm and the
distance between individual atoms within the row is 290 pm.
Simultaneously with the topography, the dissipation signal
was recorded, as depicted in Fig. 2�b�. Here, a considerable
contrast develops as well, indicating less dissipation on top
of the atoms in the rows in comparison to the position be-

tween the rows. Along the �11̄0� direction of the rows, no
significant contrast is resolved.

For a better quantitative analysis, in Fig. 3, we show line
profiles along different crystallographic directions, as indi-
cated by the dotted arrows in Fig. 2. The topography and
dissipation line profiles along the �100� direction in Fig. 3�a�
show significant modulations in both signals. The height cor-
rugation is �z=10.7�0.3 pm, which is comparable to values
obtained from atomic resolution images using NC-AFM on
other metal surfaces.24,26 There is also a significant modula-
tion of the energy dissipation of �Ediss=94�7 meV /cycle.
However, the maxima of the energy dissipation coincide ex-
actly with the minima in the topography. Thus, the energy
dissipation is highest when the tip is above the atoms of the
second layer, i.e., in between the rows of the top layer atoms.

The line profiles in Figs. 3�b� and 3�c� show the topogra-

phy and dissipation along the �11̄0� direction for two posi-
tions: above the top layer atoms �top� and above the second-
layer atoms �bottom�. Along the rows of the top layer atoms,
the apparent height corrugation is �z=7.4�0.3 pm, while

the dissipation shows no systematic variation along the �11̄0�
direction for neither position.

It is important to note that stable imaging on the Ag sur-
face with atomic resolution was difficult to achieve. Never-
theless, atomic resolution imaging in topography as well as
in dissipation was obtained with different tips in different
experimental runs. Interestingly, in those cases, we could
consistently reproduce the characteristic feature that the
maximum of the damping signal is located in between the
rows of the corrugation maxima. We also measured fre-
quency shift versus distance spectroscopy curves, which,

FIG. 1. �Color online� Topographic scan of Ag�110� surface with
NC-AFM at a frequency shift of �f =−95.7 Hz with a scan size of
200�200 nm2. This image shows a terrace with a typical diameter
of 100 nm. As previously reported in STM experiments �Ref. 36�,
fringes can be observed at the step edges.
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however, showed irreproducible features as soon as the tip-
sample distance was below a certain value. As a conse-
quence, stable imaging with atomic resolution on Ag�110�
was only possible in a very limited regime of purely attrac-
tive tip-sample forces well before the observation of a mini-
mum in the frequency shift versus distance curves.

III. THEORETICAL RESULTS

A. Computational method

A central difficulty in NC-AFM is the fact that the shape
of the macroscopic AFM tip and, in particular, the atomic
structure of the tip apex are not known. The starting point in
tackling this problem is by decomposing the tip-sample in-
teraction forces in short- and long-range contributions.37,38

The long-range forces such as van der Waals or electrostatic
forces do not lead to atomic resolution but add an offset to
the frequency shift. Therefore, we decompose the AFM tip
into a macroscopic part for the evaluation of the long-range
forces and a nanotip, which is used to calculate to short-
range tip-sample interaction forces responsible for the
atomic-scale contrast in NC-AFM.

The ab initio results reported in this study have been ob-
tained in the framework of density functional theory39,40 us-
ing the generalized gradient approximation41 for the ex-
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FIG. 4. �Color online� Top view of the Ag�110� surface. For
clarity, the first-layer silver atoms are plotted in gray, while the
second-layer atoms are displayed in yellow. The letter A indicates
the position of a first-layer Ag atom �A site�. The B site marks the
position of a second-layer Ag atom and the C site corresponds to
the hollow site. The saddle point between two top layer atoms is
denoted as D site.
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FIG. 2. �Color online� �a� Raw data of topography measured on
a 2�2 nm2 scan on Ag�110� at a frequency shift of
�f =−265.8 Hz and an amplitude of A=9 nm. The bright maxima
are identified as the top layer atoms of the Ag�110� surface. �b�
Simultaneously measured energy-dissipation signal showing a con-
trast opposite to the topography. Lateral drift was corrected accord-
ing to the expected values for the lattice constants using the soft-
ware implemented in the microscope software.
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FIG. 3. �Color online� �a� Line profile along the �100� direction
as indicated by the dotted line in Fig. 2 showing the simultaneously
measured topography �blue� and dissipation signals �red�. The to-
pography maxima coincide exactly with the dissipation minima.

��b� and �c�� Line profiles along the �11̄0� �top� and �11̄0� �bottom�
lines, respectively. The underlying dashed lines are fits to the mea-
sured line profiles used to determine the atomic corrugation along
the different crystallographic directions.
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change correlations. The total energy calculations have been
carried out using the pseudopotential method42 as imple-
mented in the ESPRESSO package.43 The ultrasoft
pseudopotentials44 employed in our study are those provided
by this package. The Kohn-Sham eigenfunctions were ex-
panded in a plane-wave basis set determined by a cutoff
energy Ecut of 30.0 Ry, while for the augmentation charge,
we used a cutoff energy of 300.0 Ry. The Brillouin zone
integrations have been done using two special k points45 in
the irreducible part of the surface Brillouin zone.

The Ag�110�-�3�4� surface was modeled by a periodic
slab consisting of five atomic layers separated by a vacuum

region of �15 Å. For the nanotip, we employed a Si4H3

cluster which represents the “sharpened” part of a silicon tip
cut along the �111� direction of the bulk silicon.46,47 The
effect of the tip-sample interactions on the geometry of the
Si4H3-Ag�110� system was investigated by relaxing the front
atom of the tip and the atoms of the first two surface layers
while all other atoms were kept fixed. To obtain reliable re-
laxed geometries of this system, the accuracy of the calcu-
lated Hellmann-Feynman force was better than 5
�10−4 Ry /a.u. We carefully checked the presented results
with respect to the k-point mesh and cutoff energies.
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FIG. 5. �Color online� The calculated tip-sample interaction forces at a first-layer Ag atom �A site�. Bond-formation and bond-breaking

processes on the approach and retraction paths lead to an energy dissipation of about 0.5 eV. The calculated atomic structure at three
distinguished tip-sample positions marked as �i�, �ii�, and �iii� in the force curve are shown at the bottom of the figure. The relaxed geometry
depicted in �i� corresponds to a bond-formation process at a tip-sample distance of 3.6 Å when the AFM tip approaches the Ag�110� surface.
A bond-breaking process takes place on the retraction path as illustrated in �ii� and �iii� for two consecutive tip-sample distances of 4.2 and
4.4 Å, respectively.
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B. Tip-sample interaction at specific lattice sites

The basic focus of our ab initio simulations is to under-
stand the microscopic origin of the experimentally observed
NC-AFM contrast inversion in the topographic images with
respect to the dissipation images recorded on the Ag�110�
surface. For this purpose, we calculated the short-range tip-
sample interaction forces at four distinct lattice sites marked
in Fig. 4. The Si4H3 nanotip was placed on top of a Ag atom
of the first �A site� and the second surface layer �B site�. In
addition, an approach and retraction of the tip above the
middle point between two Ag atoms from two adjacent

atomic �11̄0� rows were simulated �hereafter denoted as the
hollow site or C site� as well as an approach curve on top of
the saddle point denoted as D site.

The resulting force versus distance curves when the tip
approaches and retracts from the Ag�110� surface are shown
in Figs. 5–7 for the A, B, and C sites, respectively. The
tip-sample distance z in the theoretical force curve plots is
the vertical distance between the Si apex atom of the AFM
tip and the first-layer Ag surface atoms in their equilibrium
ground state structure.13,16 Animated ball-and-stick models of
the approach and retraction of the tip on the three different
sites are available as auxiliary material56

A peculiar feature of the calculated approach and retrac-
tion force curves is the occurrence of a substantial hysteresis
when the tip is above a first-layer silver atom �A site, Fig. 5�
and a hollow site �C site, Fig. 7�. Interestingly, there is al-
most no hysteresis for the tip on top of the second-layer Ag
atom. This effect might be attributed to the symmetry at this
point and hysteresis might occur if the tip is approached and
retracted at a slightly different lateral position. However, the
hysteresis for the tip on top of the first-layer Ag atom is
moderate, leading to an energy dissipation of �0.5 eV, but it
is much larger when the tip is oscillated above the hollow
site �see Fig. 7� due to the adsorption of a Ag atom by the tip.

By comparing the three different curves, one can also eas-
ily observe that the deepest minimum is obtained for the
AFM tip on top of the second-layer Ag atom �see Fig. 6�.
Here, the largest attractive force is larger than 2 nN. Initially,
one is tempted to conclude that a silver atom from the second
surface layer should thus be imaged as a protrusion. How-
ever, this strong tip-sample interaction occurs only at very
small tip-surface distances of 2.0–2.5 Å, which are not
reached during stable imaging. The maximal attractive force
of the first-layer Ag atom, though, occurs at larger distances
of about 3.5–4 Å.

Besides the topography, we also measured the energy dis-
sipation in the experiments. However, before drawing a di-
rect comparison with the obtained dissipation images, it is
necessary to discuss the different mechanical responses of
the surface atoms at the different sites. The analysis of the
relaxed geometries of the tip-surface system shows that when
the tip is above the first-layer Ag atom, the system behaves
stably until a jump occurs at �3.6 Å. Only then does the
observed hysteresis develop, which is related to bond-
formation and bond-breaking processes with the top Ag
atom. Stable NC-AFM imaging on the atomic scale as in Fig.
2�a�, however, implies that the tip-sample distances will be
larger than the position of this force minimum, since a stable

feedback system requires continuously decreasing negative
frequency shifts, which can be roughly related to the regime
of increasing attractive forces before the force minimum.48,49

In addition to this condition, we have to consider that the
mechanical instabilities caused by the hysteresis might pre-
vent stable imaging conditions. Therefore, we do not expect
to reach the regime of the strong atomic hysteresis during
imaging of the top layer atom rows and conclude that atomic
resolution is only possible for distances larger than 3.6 Å.

The interaction of the AFM tip with second-layer Ag atom
rows shows strong atomic relaxation effects on the hollow-
site position, as depicted in Fig. 7, eventually even leading to
the removal of a single Ag atom from the surface. Our ab
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FIG. 6. �Color online� The calculated tip-sample interaction
forces at a second-layer Ag atom �B site�. There is almost no hys-
teresis between the approach and retraction paths. The ball-and-
stick model on the right shows the atomic structure of the tip-
sample geometry the position marked by an arrow in the force
curve. This relaxed configuration obtained in the repulsive regime
shows the formation of multibonds between the tip and surface. In
particular, this presence of multiple bonds is a fingerprint of AFM
operating in the repulsive part of the tip-sample interaction forces.
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initio simulations show the occurrence of complex multiple-
bond-formation processes with up to five Ag surface atoms,
which lead to those mechanical instabilities. Interestingly,
these processes are already initiated in the regime of increas-
ing attractive forces, significantly before the force minimum
is reached, and therefore well within the regime of stable
NC-AFM imaging. Nonetheless, the onset of those strong
multiprocesses is a strong indication toward increased energy
dissipation on the second-layer rows. This would be in agree-
ment with the observed contrast reversal in the topography
and dissipation images.

On the other second-layer site B �depicted in Fig. 6�, we
find that the substrate relaxation is fully reversible during
approach and retraction. Correspondingly, we find vanishing
hysteresis in the calculated force curves. However, also in
this case, strong multiple bonding processes take place in the
regime before the force minimum, and probably only due to
the high symmetry of the chosen point, no significant hyster-
esis in the force curves is observed.

Turning back to the C site, where the tip is on top of the
hollow site �see Fig. 7�, our ab initio simulations suggest that
its interaction with the surface is strong enough to even pick
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FIG. 7. �Color online� The calculated tip-sample interaction forces at a hollow site �C site�. In this case, the AFM tip extracts a Ag atom

from the surface, and thus becomes contaminated with silver. Three atomic structures at the tip-sample positions marked as �i�, �ii�, and �iii�
in the force curve are shown at the bottom of the figure. On the approach path, at a tip-sample separation distance of 3.2 Å, a chemical bond
between the silicon tip and a surface Ag atom is formed, as illustrated by the tip-surface geometry �i�. When the tip moves away from the
Ag�110� surface, the silicon tip interacts quite strongly with the surface on the whole retraction path. The geometry �ii� shows such a
situation for a tip-sample distance of 3.4 Å. As displayed by the tip-surface relaxed geometry �iii�, at a final distance of 6 Å, the silver atom
is completely detached from the surface, as demonstrated by the charge density analysis displayed in Fig. 8.
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up an individual Ag atom from the substrate while retracting
the tip. After this approach, a stable chemical bond between
the silicon tip and the Ag is formed. More specifically, when
the Si4H3 nanotip is 6.0 Å away from the surface, the dis-
tance between the Ag atom attached to the silicon tip and the
closest surface atom is 3.73 Å. Assuming a covalent radius
of 1.444 Å for silver atoms, calculated as the half-distance
between two neighboring silver atoms in the bulk,57 the mag-
nitude of this separation distance suggests that a bond-
breaking process took place at this lattice site during the
retraction movement of the tip. This conclusion is further
supported by the charge density distribution of the tip-sample
system. As revealed by the charge density map in Fig. 8, the
lack of charge density between the Ag atom of the tip and the
surface is a clear evidence that, indeed, an initially clean
silicon tip removed a silver atom from the surface.

C. Simulation of noncontact atomic force microscopy images

Since a direct comparison of the calculated short-range
Fsr force curves with the experimental images is not possible,
we simulated a complete NC-AFM image in order to com-
pare its contrast with the experimental topography image
presented in Fig. 2�a�. An essential element of a simulation is
to include the long-range van der Waals forces FvdW acting
between the macroscopic tip and the sample surface. Since
these long-range forces are independent of the surface site,
we model the macroscopic part of the tip by a sphere with
radius R=10 nm. For this tip geometry, the van der Waals
forces can be evaluated from FvdW�z�=−AHR /6z2 where AH

is the Hamaker constant.58 Then, the total tip-sample inter-
action force Fts=Fsr+FvdW is used to calculate the physical
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FIG. 9. �Color online� �a� The normalized frequency shift at
different lattice sites. For the calculations of these curves, we con-
sidered also the long-range van der Waals forces. The black arrow
marks the corrugation for a normalized frequency shift of
�=−5.5 fN m1/2. �b� A simulated NC-AFM image for this value of
the normalized frequency shift �1�1 nm2�. A comparison with the
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as the first-layer Ag atoms. �c� The scan lines calculated for the
positions marked in �b�. A comparison with the experimental scan
lines shown in Fig. 3 reveals reasonable agreement between theory
and experiment.
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FIG. 8. �Color online� Charge density map in a plane cut along
the �001� direction of the Si4H3-Ag�110� system. The initially clean
silicon tip picked up a silver atom from the surface on the retraction
path above the hollow site �see Fig. 7�i��. The absence of the charge
density between the Ag atom attached to the silicon tip and the
surface clearly marks a bond-breaking process. The charge density
plots have been done using the XCRYSDEN program �Ref. 55�.
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quantity measured in a NC-AFM experiment, namely, the
frequency shift,50

�f�D� =
1

�2�

f0

czA
3/2�

D

� Fts�z�
�z − D

dz , �1�

where D represents the tip-surface distance of closest ap-
proach, and f0, cz, and A stand for the mechanical eigenfre-
quency, spring constant, and oscillation amplitude of the can-
tilever, respectively. In our analysis, we will employ the
normalized frequency shift �=czA

3/2�f / f0, which has the ad-
vantage of being independent of the actual experimental pa-
rameters A, cz, and f0.51,52 The resulting normalized fre-
quency shift curves are plotted in Fig. 9�a�.

In order to simulate a map of constant frequency shift
�i.e., a NC-AFM image� from these curves, we used the
method proposed by Sasaki et al.53 which relies on a two-
dimensional Fourier expansion of the tip-sample interaction
forces. Taking into account the symmetry of the substrate
and keeping only the first terms in the Fourier expansion, the
tip-surface forces can be written at any surface point �x ,y� as

Fts�x,y� = b0 + b1 cos�2�/axx� + b2 cos�2�/ayy�

+ b3 cos�2�/axx�cos�2�/ayy� , �2�

where ax=409 pm and ay =290 pm are the lattice constants

along the �11̄0� and �001� directions, respectively. All four
expansion coefficients could be calculated from the four ap-
proach curves.

Finally, in order to model the behavior of the z feedback
in the experimental setup, we choose a suitable normalized
frequency shift �const and determine the corresponding near-
est distance D at the four distinct lattice sites, i.e., we solve
numerically the equation ��D�=�const.

17,18

The simulated NC-AFM image is presented in Fig. 9�b�.
It is important to note that this image was obtained at a
tip-surface separation distance large enough to avoid the me-
chanical instabilities which might be induced by hysteresis in
the force curves, as discussed in the previous section. By
comparing the theoretical NC-AFM image with the structure
of the Ag�110� surface, one can observe that only the first-
layer Ag atoms are imaged as maxima. As a consequence,
this outcome of our first-principles simulations allows us to
unambiguously interpret the topography of the experimental

NC-AFM images obtained for Ag�110� surface. Besides this,
as depicted in Fig. 9�c�, we analyzed the corrugation height
for several scan directions. Considering the experimental un-
certainties, the corrugation value shows a surprisingly good
agreement with those recorded experimentally �see Fig. 3�.
The theoretical corrugation is 10.3 pm �experimental

=10.8 pm� along the �11̄0� direction �top� and 9.8 pm
�experimental=7.4 pm� along the �100� direction. The bot-

tom line along the �11̄0� direction shows a corrugation of
only 1.8 pm �experimental=3.2 pm�.

IV. SUMMARY

In the presented study, we compared an experimental and
a theoretical investigation of the NC-AFM imaging mecha-
nism of silicon tips on the Ag�110� surface. In the experi-
ments, the topographical NC-AFM images revealed an in-
verted contrast with respect to the simultaneously recorded
dissipation images. Our first-principles calculations show
that the observed maxima in the topography can be identified
with the first-layer Ag atoms. This conclusion is further sup-
ported by the analysis of the topography of a simulated NC-
AFM image where the corrugation height calculated for sev-
eral scan directions agrees with that obtained in experiment.
The calculated force curves at specific lattice sites also point
to site-dependent energy-dissipation processes. The largest
attractive tip-sample force occurs when the tip is on top of a
second-layer Ag atom. Furthermore, when the tip is placed
over a hollow site, the AFM tip pulls out an individual Ag
atom from the surface. This interpretation is supported by the
analysis of the charge density distribution of the system. As a
consequence, the silicon tip becomes contaminated with sil-
ver atoms, which provides an explanation for the experimen-
tal difficulties for imaging the Ag�110� surface with atomic
resolution.
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