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In this work, we present non-contact atomic force microscopy (nc-AFM) and Kelvin probe force microscopy
(KPFM) simulations of the (001) surface of silver and supported MgO thin films. From the calculated force
spectroscopy, we predict atomic resolution at tip-surface distances of less than 5 Å. For KPFM, we study the
influence of charges localized on either the tip or on the surface on the Kelvin voltage. It is shown that the Kelvin
voltage changes when the tip is placed above an MgO monolayer, only if the layer has a permanent net dipole. For
point charges on the silver surface we examine the lateral resolution in the distance range of 1 to 3 nm, which is
the standard working distance in KPFM. We show that point charges appear as nanometer large spots in Kelvin
images, which is due to a long-range electrostatic interaction with the tip apex. [DOI: 10.1380/ejssnt.2011.6]
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I. INTRODUCTION

Kelvin probe force microscopy (KPFM) [1–3] has be-
come a standard technique in atomic force microscopy
(AFM) for many scientific disciplines [4, 5]. If the AFM
is used in the noncontact mode (nc-AFM) [6] and in ultra-
high vacuum (UHV) [7, 8] KPFM allows measurement of
the variations in the local surface work function with a
high lateral resolution in the meV range. The surfaces
of metals, semiconductors [9] or of thin insulating films
supported on metal surfaces [10–12] can be measured re-
gardless of the presence of supported metal nanoclusters
[13] or molecules [14]. The lateral resolution depends on
the dimension of the tip-apex and the objects supported
on the surface [12, 15, 16], and in some cases an atomic
scale contrast can be observed [17]. Not only work func-
tion changes, but also the charge distribution on insula-
tor surfaces [18, 19] and their influence on nano-objects
like metal nanoclusters [20, 21] can be precisely measured
with this technique. The sensitivity of the Kelvin mi-
croscope is sufficiently high that even surface charges be-
low the equivalent charge of one electron can be detected
[19, 22, 23].

In a recent work, we presented experiments and sim-
ulations which deal with nc-AFM and KPFM of thin
MgO(001) films on Ag(001) [12]. Such thin MgO films
play an important role as magnetic tunnel junctions or as
dielectrics in electronic devices [24, 25], and as a support
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material for metal clusters in catalysis [26–29]. A par-
ticular difficulty of this surface system during nc-AFM
imaging is the ever present possibility of tip changes due
to exchange of MgO material between the tip and the
surface. A strong consequence is that the tip can change
its charge state by picking up ions or dipoles from the
surface. Only stoichiometric, neutral tips image the cor-
rect topography of the surface, whereas charged or polar
tips considerably change the topography contrast. The
charge state of the tip, which is characterized by the sign
and strength of the charge or dipole at the tip, can be ef-
fectively measured with help of the mean Kelvin voltage
[30]. Therefore, in addition to being able to estimate the
geometry of the tip [16], KPFM is an excellent tool to dis-
tinguish charged/polar tips from neutral ones. Since the
tip can pick up ions or dipoles on any ionic surface during
nc-AFM imaging, the experimental procedure proposed
in Ref. 30 is quite useful for any experiment on ionic sur-
faces. Once the charge state of the tip is determined by
KPFM, a Kelvin-identified-tip (KIT) helps in the inter-
pretation of the imaging contrast in nc-AFM.

In this work, we expand our model for a further descrip-
tion of neutral, charged and polar tips in nc-AFM and
KPFM. We present numerical simulations of the chemical
short-range and electrostatic KPFM interaction between
different types of tips with the silver surface and sup-
ported MgO monolayers. First, we show that the chem-
ical interaction dominates the tip-surface interaction for
distances below 5 Å but can be neglected for larger dis-
tances. In the second part we further examine our elec-
trostatic model from Ref. 30 and show that when charges
are included into the tip-surface system, long range elec-
trostatic interactions result from the coupling of charges,
in either the tip or on the surface, to the capacitive po-
tential created by the external bias voltage. A discussion
about the influence of a polar MgO film on the Kelvin
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voltage and the image contrast of fixed charges on the
silver surface is involved. The latter is important from
the perspective of charged defects in thin MgO films like
F+ and F++ centers and charged adatoms, which locally
change the electrostatic surface potential [31, 32].

II. METHODS

A. Force spectroscopy

Force spectroscopy calculations were performed us-
ing spin-polarized density functional theory (DFT) and
the generalized gradient approximation (GGA) as imple-
mented in the plane-wave code VASP [33]. Projected aug-
mented wave potentials were used. The potentials for the
elements were generated in the configurations [1s2]2s22p4

for O, [He2s2]2p63s2 for Mg, and [Kr]4d105s1 for Ag, with
the core electrons given in brackets. Energy cutoff of 400
eV was used, and k-points were generated in a 2 × 2 × 1
Monkhorst-Pack grid [34], which resulted in energy con-
vergence to a precision of approximately 10 meV. The
Ag and MgO/Ag surfaces were modeled as slabs of four
and five atomic layers, respectively, with their (001) sur-
faces exposed. For both cases, the two lowermost lay-
ers were frozen to mimic bulk Ag. Atomic force micro-
scope tips were modeled as tetrahedral Ag20 and cubic
Mg32O32 clusters, to mimic stoichiometric Ag, O, and
Mg terminated nanotips. Also non-stoichiometric MgO
tips were simulated using Mg31O29 and Mg29O31 clusters
(truncated cubes). Although the part of the tip closest
to the surface was the same for both stoichiometric and
non-stoichiometric tips, the dipole moments of the non-
stoichiometric tips were much larger (about 8 Debye) than
those of the stoichiometric counterparts (1 Debye). These
simulations contained no macroscopic part of the tip.
Forces acting on the tips were determined for tip-

surface distances of around 2 to 6 Å. The top parts of
the clusters representing the tips were always kept frozen
in order to fix the tip distance. The geometries of the
rest of the tip and the surface were allowed to relax so
that forces acting on the (non-frozen) ions converged to
less than 0.02 eV/Å. The forces acting on the tips can be
measured by calculating the force sum acting on either the
whole tip (F all

z ) or just the frozen part (F frozen
z ). These

should be the same within convergence accuracy, but they
may differ due to accumulation of errors. Therefore, we
calculate both and take the average (F all

z +F frozen
z )/2. In

figures, we give the difference |F all
z − F frozen

z |/2 as error
bars to show an estimate of the numeric accuracy.

B. Kelvin probe force microscopy

Kelvin probe simulations were carried out using atom-
istic pair-potentials and the shell model of electrons with
the SciFi code [35, 36]. Metallic electrodes were handled
as continuum material. The silver substrate was modeled
as an infinite metal plate and the macroscopic part of the
AFM tip as a metallic sphere of a given radius R, usually
10 nm, as shown in Figure 1. Under the macrotip, dif-
ferent kinds of nanotips were included in atomistic detail

FIG. 1: The sphere-plate model. The macrotip is modeled
as a conducting sphere of radius R, at a distance z from the
metallic surface, treated as an infinite conducting plane. Below
the sphere, an atomistic nanotip (distance δ, charge q) may be
included. Likewise on the surface, charged species (q′) can be
introduced as ions.

as small clusters of Mg and O ions or neutral Ag atoms.
Rectangular MgO films of one monolayer height were also
included as islands of 24 × 24 ions, with the Mg and O
species having the ideal charges of +2 and -2 e, respec-
tively. The atomistic geometries were prerelaxed with the
tip being far from the surface, but were then frozen as the
tip distance range of 5 to 30 Å was probed.

We examine the effect of introducing localized charges
in the KPFM system using the AFM image charge model
by Kantorovich et al. [35]. As charges are brought into the
system, they induce polarization in the capacitor formed
by the spherical tip and the metallic surface. Thus a
charge will interact with other charges and the resulting
polarization, including the polarization induced by the
charge itself. Denoting the electrostatic potential due to
point charge qj and the polarization it induces, felt by
charge qi (another point charge), as φij , the energy of the
collection of point charges can be written as

∑
i,j qiφij/2.

In SciFi, polarization of the electrodes is treated by an
image charge expansion. The tip and the sample form a
sphere-plate capacitor with an effective energy −CU2/2,
where U = Udc + UCPD is the total voltage between the
tip and the sample: a sum of the applied bias voltage
Udc and contact potential difference UCPD. Here, also the
energy of the batteries generating the bias are included.
Naturally, also the point charges couple to the capacitor
field. Denoting the potential of the capacitor felt by the
point charge qi by φi(U), the capacitor-point charge en-
ergy can be written as

∑
i qiφi(U). Combining, the total

energy of the system, the derivative of which yields the
force acting on the tip, is

E =
1

2

∑

ij

qiφij +
∑

i

qiφi(U)− 1

2
CU2 (1)

= u0 + u1U + u2U
2. (2)

The latter equation is merely a shorthand, where the co-
efficients are u0 =

∑
i,j qiφij/2, u1 =

∑
i qiφi(U)/U , and

u2 = −C/2. Assuming a static geometry, the coefficients
ui depend on the tip distance, but not on the voltage
(φ(U) ∝ U , so u1 is a constant as well). Then, the energy
has the typical parabolic dependence on the bias.
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KPFM may be operated in modes which are sensitive
to either the force Fz = −∂E/∂z (AM-mode) or the force
gradient F ′

z = −∂2E/∂z2 (FM-mode) [37, 38]. Accord-
ing to (2), both quantities are parabolic with respect to
U , with the coefficients ui replaced by the corresponding
derivatives −∂ui/∂z or −∂2ui/∂z2. In both cases, the
KPFM apparatus effectively tries to find the bias UKelvin

that yields the extremum of the corresponding quantity.
For parabolic curves, these extrema are given simply by
[30]

UKelvin
AM = −1

2

∂u1

∂z

/
∂u2

∂z
(3)

UKelvin
FM = −1

2

∂2u1

∂z2

/
∂2u2

∂z2
. (4)

The coefficients ui can be extracted numerically by calcu-
lating the force acting on the tip (or the total energy) for a
range of biases U and tip distances z. The Kelvin voltages
are then obtained through a numeric differentiation of the
coefficients and equations (3) and (4). Here we ignore ef-
fects coming from cantilever dynamics although they may
influence the averaged electrostatic forces in KPFM [39].
In addition to the numeric approach, analytic expres-

sions may be derived for the coefficients ui. The capaci-
tance of a sphere-plate capacitor is well described by the
expression C = 2πεR(2+ln(1+R/z)) [40], which gives u2.
It is not straightforward to estimate u1 for an arbitrary
charge distribution, but for the special case of a point
charge q on the nanotip, at a distance δ below the spheri-
cal macrotip, the expression u1 = qφ(U)/U |z−δ = qδ/z is
obtained assuming a linearly changing potential between
the tip and the surface with the tip grounded [30]. Using
equations (3) and (4) the Kelvin voltage for a charged tip
may thus be written as

UKelvin
AM =

qδ

2πεR2
(1 +R/z)− UCPD, (5)

UKelvin
FM =

qδ

πεR2

(1 + z/R)2

(1 + 2z/R)z/R
− UCPD. (6)

In this work, the results are presented assuming the
KPFM is operated in the FM mode.
Note that within the approximations made, the direct

coupling between local charges, u0 in equation (2), does
not affect the Kelvin voltage since it is independent on
the bias Udc. Also, the purely capacitive term u2 only
depends on the tip-surface geometry. Therefore, any ef-
fects that fixed charges in the system have on the Kelvin
voltage come through the charge-capacitor coupling, u1.
For instance, in the case of point charge q′ on the surface
at distance δ′ directly below the tip (x = 0) this term
would simply be u1 = −q′δ′/z, symmetrical to the case of
a charged tip. Here the minus sign is due to the charge
being at a fixed distance from the electrode at potential
U (the surface), instead of the electrode at ground (the
tip). Therefore, for a charge on the surface directly below
the tip, the Kelvin voltage is given by equations (5) or
(6), modified by the substitution qδ → −q′δ′.
For a charge not on the symmetry axis of the system,

estimating the capacitive potential is more difficult and
must be done numerically. Also note that according to
equations (1) and (2), u1 is a sum over all charges. Since

the Kelvin voltage is proportional to the derivative of u1,
it too must be additive with respect to having multiple
charges in the system.

For large tip-surface distances it is justified to ignore
geometric relaxations of atoms on the tip and the sur-
face due to chemical tip-surface interactions, even though
such effects are expected to be important in obtaining
atomic resolution in KPFM measurements [41, 42]. How-
ever, we emphasize that our model also ignores changes in
the local structure and polarization of the tip and surface
due to changes of the total voltage U , which may also be
important. For instance, in KPFM on bulk insulators,
polarization of the dielectric due to the applied bias plays
a crucial part, and so the model is not directly applica-
ble to such systems as yet. To correctly incorporate such
effects, the macroscopic polarization and electric field of
the capacitor should be calculated and imposed on the
atomic model [43]. Also note that in a case where the ap-
proximation of the static geometry fails, the coefficients
ui in equation (2) are no longer U independent and the
strict parabolic relationship between energy and bias may
break down.

III. RESULTS

A. Force spectroscopy

In Figure 2, calculated force spectroscopy curves are
presented for oxygen (red), magnesium (blue), and silver
(gray) tips on Ag and MgO/Ag surfaces. For the Ag
surface, the forces obtained above the Ag site (a) and
hollow site (b) are shown. The general behavior is found
to be the same for all tips. Especially, the Mg and Ag
terminated tips experience quite similar forces, while the
O tip feels stronger attraction. On the hollow site, one
needs to approach closer to the surface to reach the region
of strong attraction, simply because the distance between
surface Ag atoms is quite large, and the tip apices fit
inside the empty region between the Ag atoms.

On the Ag-supported MgO monolayer, forces above the
Mg (c) and O sites (d) are shown. On the Mg site, strong
attraction is found for the O tip. This is expected, since
the O tip is terminated with a negatively charged ion and
the Mg ion on the surface has a positive charge. A posi-
tively terminated Mg tip, on the other hand, feels only a
weak attraction until very close to the surface when the
tip jumps to contact. Also the Ag tip experiences very
weak forces. On the O site, the situation is reversed: the
O tip measures only weak forces while there is a deep min-
imum in the force curve obtained for the Mg tip. Again,
the forces calculated for an Ag tip resemble those obtained
for an Mg tip, although the absolute strength of the force
in the attractive region is weaker.

Above, the MgO tips were constructed to be stoichio-
metric so as to make them charge neutral. However, it is
also interesting to consider non-stoichiometric MgO tips.
No electrons are added or removed from the calculations
to maintain charge neutrality of the entire system, but
having excess Mg or O ions in the tip does induce strong
dipole moments on the tips pointing either towards the
surface or away from it. Furthermore, there is charge
transfer between the top of the MgO monolayer and the
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FIG. 2: Calculated force spectroscopy curves for O (red), Mg
(blue), and Ag-terminated (gray) tips on the Ag (a) and hollow
sites (b) on an Ag surface and the Mg (c) and O sites (d) on
an Ag-supported MgO thin film. The lines are only visual
aids. Note that the forces represent only the short-range part
of the overall tip-surface interaction (no contribution of the
macroscopic tip and surface).





























FIG. 3: Calculated force spectroscopy curves for polar (black,
Mg32O32 cluster, dipole: 1 Debye) and non-polar (red,
Mg29O31 cluster, dipole: 8 Debye) oxygen-terminated tips on
MgO/Ag (a) and Ag (b) surfaces. The lines are only visual
aids. Note that the forces represent only the short-range part
of the overall tip-surface interaction (no contribution of the
macroscopic tip and surface).

Ag substrate, so that the thin film becomes a dipole layer
which may interact with a polar tip even at large sep-
arations via electrostatic dipole-dipole coupling [12, 44].
The calculated dipole strength of the film is about 0.03
eÅ/ion (about 0.5 Debye per surface unit cell), making
the effective dipole moment of the layer several Debye as
an entire area beneath the tip contributes to the interac-
tion. Note though, that the electric field of a uniformly
charged plane is homogeneous and will not exert a force
on a dipole. Here, however, we are examining a region
where the inter-ionic separations are comparable to the
distance of the tip from the surface and the complicated
inhomogeneous electric potential is determined in the cal-
culations.
Extrapolated long range force curves obtained with

a stoichiometric and a non-stoichiometric oxygen termi-
nated tip are compared in Figure 3 for the MgO/Ag [Mg
site, (a)] and Ag [Ag site, (b)] surfaces. For the plain
silver surface, both tips exhibit similar forces and neither
feels a force beyond the limit of chemical interactions,
roughly 5 Å above the surface. On the MgO monolayer,
the short range forces are again quite similar. This is ex-
pected as the local structure and chemical properties of
the tip apices are almost the same. At long tip-surface
distances, however, the force curve of the strongly polar
non-stoichiometric tip shows a tail of a weak attractive
interaction. For the stoichiometric tip, the force decays
much more rapidly.

Our results confirm those of Ref. 12, where it was
shown that long range tip-surface interactions, such as
those found here, can lead to substantial contrast shifts
in topography images. The contrast change occurs simply
because the long range coupling appears strongest when
both the tip and the surface carry a dipole. Therefore,
imaging the metal and monolayer surfaces with a neutral
tip yields the correct contrast, but the apparent height of
the monolayer is different when imaged with a polar tip,
due to the long range coupling.

B. Kelvin probe force microscopy

In our recent paper [30] we discussed the influence of
the tip polarization on the mean Kelvin voltage when the
tip scans a conducting surface. The mean Kelvin volt-
age can be used to distinguish positive from negative and
polar from neutral tips. In the next Section we enlarge
our studies and discuss the case when a thin polar layer is
placed between tip and surface as is the case for thin MgO
films on the Ag(001) surface. Furthermore, because plac-
ing a charge or a dipole on the surface (tip uncharged) is,
in principle, symmetric to having a charge or dipole at the
tip apex (see Section II B), we use our model to describe
also charges on surfaces due to their general relevance in
KPFM of insulating materials.

1. Charges/dipoles at the tip

In Figure 4 (a), the calculated Kelvin voltages are plot-
ted as a function of tip distance, assuming a zero UCPD for
simplicity. We consider a positive tip, which carries either
an (additional) Mg2+ ad-ion or an MgO dipole. The con-
siderable large shifts in the voltage are due to the charged
and polar tips above the metallic surface. The analytic
expression (6) for the Mg2+ charged tip is also plotted
and matches perfectly the numerical results. In the same
figure, similar shifts are plotted for the Mg2+ tip above
an MgO monolayer island: one curve was calculated for
the case that the tip is placed above an MgO step and the
other curve was obtained for a tip positioned above a flat
MgO terrace. Remarkably, for an Mg2+ charged tip the
Kelvin voltage is almost the same for all three surfaces
— metal, MgO monolayer, and step — within numerical
accuracy.

However, in the previous analysis the monolayer of
MgO is treated as a non-polar layer. Previous theoreti-
cal [44] and experimental studies [12, 45] have shown that
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FIG. 4: Calculated shifts in Kelvin voltages (UCPD = 0 V) for
a R = 10 nm tip, as a function of tip-surface distance. (a)
Charged (red) or polar (black) tips on a metal surface and the
same charged tip over an MgO monolayer (gray) and a step
(yellow). The shift obtained from equation (6) for the Mg2+

ion tip is also shown (brown). All the curves calculated with
the Mg2+ ion tip, including the analytic expression, are almost
the same and difficult to distinguish in the figure. (b) A metal
tip on an MgO monolayer, where the layer changes from non-
polar (red) to increasingly polar (black, gray, yellow).

charge transfer between the monolayer and metal results
in a dipole at the surface. In Figure 4 (b), the Kelvin shift
calculated with a metallic (non-charged) tip is shown for
different MgO monolayers at terrace sites, each of which
have different dipoles. The polarization is controlled sim-
ply by shifting the O2− ions towards the surface, creating
a dipole moment pointing away form the surface, which
in turn effectively reduces the work function of the silver
surface. Note that the curve for 0.03 eÅ/ion represents
the expected value for a real monolayer of MgO on the
Ag(001) surface based on our first principles calculations
of the dipole.
For the non-polar MgO layer (red curve), the Kelvin

voltage is not affected, and because the tip is neutral, it
does not contribute to the voltage either. When the layer
has a static dipole, the Kelvin voltage is shifted towards
negative values whereas the shift depends linearly on the
strength of the polarization. All this perfectly agrees qual-
itatively with KPFM experiments, which show indeed a
reduction of the Kelvin voltage at one monolayer thin
MgO islands compared to the Ag surface [12]. Since the
Kelvin voltage is additive, measuring the voltage with a



 

FIG. 5: Characteristic equipotential maps for three different
tip-surface distances (a) 3R/5, (b) 2R/5, and (c) R/5. The
dotted line is at the same height in all figures. Under the
tip (red triangle), the potential at the marked height changes
rapidly as the tip approaches. Aside from the tip (blue trian-
gle), potential at the marked height is only weakly dependent
on tip height.

charged tip on a polar surface yields directly the sum of
the contributions from the tip charge and surface polar-
ization. Therefore, a charged tip will in general not mea-
sure the true work function, however, such a tip should
still produce similar changes in the Kelvin voltage due to
surface polarization as a metallic tip.

2. Local charges/dipoles on the surface

Even if a charge on the surface is imaged with a neutral
tip, the charge still couples to the capacitor formed by the
tip and the surface. This effect caused by the long-range
electrostatic tip-surface interaction is an important aspect
in KPFM in general and will therefore be quantified in this
Section.

The formation of Kelvin contrast can be qualitatively
understood by examining Figure 5, where isosurfaces of
the capacitive potential (φ(U) from equation (1)) are plot-
ted for different tip distances (no point charges in the
system). Now, consider introducing a point charge in the
capacitive potential. According to equations (3) and (4),
the measured shift in Kelvin voltage is proportional to
the first or second derivative of the potential felt by the
charge, u1 in equation (2), with respect to the tip distance
z. In the figure, we see that directly under the tip (marked
with a red triangle), the potential changes linearly when

10 http://www.sssj.org/ejssnt (J-Stage: http://www.jstage.jst.go.jp/browse/ejssnt/)
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FIG. 6: Calculated Kelvin voltages (UCPD = 0 V) as a func-
tion of lateral distance on the surface (lateral Kelvin profiles).
The voltages were calculated for a metallic tip above a metal
surface on which a single negative charge (-2 e) is placed at a
distance of 2 Å from the surface. (a,b) Tips of various radii
at a distance of 1.0 nm (a) and 3.0 nm (b) above the surface.
(c,d) Distance dependent Kelvin profiles for a R = 5 nm sharp
(a) and R = 50 nm blunt tip (b). The curves are Gaussian fits
to the data.

moving between surface and tip. At a fixed distance from
surface (line in the figure), the potential depends strongly
on the tip-surface distance. Thus, having a point charge
directly below the tip will result in a large Kelvin volt-
age. However, if the charge is located not directly below
the apex, but to the side of it (blue triangle), it remains
nearly at the potential of the surface even when the tip
approaches, simply because the surface of the spherical
apex remains distant. Then, u1 is nearly constant in z,
and the Kelvin voltage is small.
The four graphs in Figure 6 show lateral profiles of the

Kelvin voltage, which is plotted as a function of the lat-
eral distance x between the tip and the point charge (see
Figure 1) for various tip radii and distances. The charge
is an O2− ion, which is located by δ′ = 2 Å from the sur-
face. A comparison of (a) and (b) shows that the Kelvin
voltage is larger for shorter distances (a) than for larger
ones (b). For the sharp tip close to the surface (R = 5
nm, z = 1 nm), the Kelvin voltage clearly peaks when the
tip is directly above the surface charge (x = 0). But even
then the peak width is of the order of some nanometers,
which is comparable to the size of the tip. For symmetric
tips, as modeled here as a spherical tip, the Kelvin pro-
file of the charge translates into a nanometer sized spot
with a symmetric shape, the intensity of which decreases
monotonously in all directions.
For a blunt tip (R = 20 nm), the lateral resolution of

the Kelvin voltage is very low - the spot size is larger by
a few nanometers in comparison to the sharp tip. This
is because the electric field of the capacitor is nearly uni-
form and perpendicular to the surface when a blunt tip is
close to the conductive surface. Therefore, the capacitive
potential (φ(U) in equation (1)) is nearly constant when
moving parallel to the surface, while it depends strongly
on the distance from the surface. Note that in the ex-
treme case, when the radius is very large, the tip-surface
system can be considered as a plate capacitor and φ(U)

FIG. 7: (a,b) The spot size and the ratio spot-to-tip size as a
function of the tip radius. (c,d) The distance dependency of
the spot size and the ratio spot-to-tip size. The spot size is
the width at half-maximum taken from the curves shown in
Fig. 6.

is constant with respect to x.
The dependence of the spot size on the tip size is in par-

ticular visible when the tip is close to the surface (a) in
comparison when the tip is farther away (b). The distance
dependence of the spot size is shown specifically in Fig-
ure 6 (c) and (d) for the sharp (R = 5 nm) and blunt tip
(R = 20 nm), respectively. The spot size widens consid-
erably when the tip-surface distance grows and becomes
comparable to the tip size (c). For blunt tips, the spot
size is quite large even for small tip-surface distances (d),
although the maximum Kelvin voltage changes drastically
as in the case of the sharp tip.

For quantifying the spot size, the data in Figure 6 were
fitted to Gaussian functions (curves). As can be seen,
the curves almost perfectly describe the contours of the
Kelvin profiles (Fig. 6). We define the spot size as the
lateral width at half maximum of the Gaussian curve.

The spot size and the ratio of spot width to tip diameter
(spot-to-tip size) are plotted as a function of the tip radius
in Figure 7 for a constant distance of 1.0 and 3.0 nm. Note
that the ratio does not yield a direct statement about the
lateral resolution — it merely shows how the ”effective”
size of the tip relates to the real physical size. The spot
size is an absolute measure of lateral resolution. Still, it is
interesting to plot the spot-to-tip ratio as one may expect
the lateral resolution of the KPFM to depend on tip size
[46].

As expected, the spot size increases with increasing tip
radius (a). The spot size is roughly proportional to

√
R,

which is similar to the result of Ref. 47 for force resolu-
tion. Further, the more the radius of the tip increases, the
smaller is the effective part of the tip apex which actually
contributes to the Kelvin voltage, as the spot-to-tip size
ratio scales according to 1/

√
R (b). If the distance de-

pendence of the same quantities is analyzed for the sharp
(R = 5 nm) and blunt tip (R = 20 nm), it can be further
seen that the spot size increases with increasing distance,
again approximately ∼

√
z (Fig. 7 (c) and (d)). At the

limit of having the tip far from the surface, the spot size
should in principle diverge as the Gaussian peak in the
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FIG. 8: Lateral resolution in KPFMwhen fixed surface charges
are imaged, which is exemplified by two surface charges at a
distance of 5 nm on the surface. Shown are profiles of the
Kelvin voltage for a sharp (red curves) and blunt tip (blue
curves) at two distances (z = 1 and 3 nm). (a) Both charges
are O2− ions (same sign) (b) The left charge is an O2− ion,
the right one an Mg2+ ion.

Kelvin voltage becomes ever lower and wider.
As a rule of thumb it can be said that the lateral size

of a point charge in a KPFM image is of the order of the
tip radius when the tip is at a distance of roughly the tip
radius from the surface. The size of the spot decreases
when the tip approaches the surface.
The latter results have large consequences on the res-

olution when surface charges are imaged with the Kelvin
microscope. Figure 7 (c) shows that at a distance of 1 nm
the resolution of the blunt and sharp tip is around 5 and 3
nm, respectively, if the spot size is taken as a measure for
the resolution. In order to verify this, we also model the
case where two charges are on the surface. Figure 8 shows
the lateral Kelvin profiles for a tip that scans over either
(a) two charges with same strength and sign (two O2−

ions) or (b) two charges with same strength, but opposite
sign (an O2− and Mg2+ ion). The two charges are at a
lateral distance of 5 nm on the surface, with a distance of
δ′ = 2 Å from the surface in vertical direction.
At a tip-surface distance of 3 nm, the blunt tip does not

resolve the equivalent charges, but images them rather as
a fuzzy and long feature (Fig. 8 (a)). Even if the blunt
tip is approached to a distance of 1 nm, the two charges
are imaged as a plateau. The same low resolution can be
observed for the sharp tip, when placed at a distance of 3
nm. However, as soon as the tip is brought to a distance
of 1 nm, the two charges are clearly resolved by the sharp

tip. Note that the distance of both charges is not correctly
represented — they are imaged with a distance that is
slightly smaller than the true distance. The reason is that
the tip feels maximum interaction when it is almost above
one of the charges, but such that it already feels the other
charge. This effect certainly diminishes when the distance
between the charges is increased - the correct distances are
then measured.

When the opposite charges are imaged (Fig. 8 (b)), we
have a different situation. The sharp tip resolves the two
charges at any distance. Since the charges have opposite
signs, the positive charge changes the sign of the Kelvin
voltage to negative. The blunt tip does not yield a large
Kelvin voltage at large distances (3 nm). This is because
the contributions from the two charges almost cancel each
other. However, when the blunt tip gets closer to the sur-
face (e.g. at 1 nm), it indeed resolves and even distin-
guishes both charges.

The profiles in Figure 8 show that the width of the spot
can be used as a rough measure for the resolution in the
KPFM imaging of charges. The lateral resolution in the
imaging of surface charges in KPFM is best when the tip
apex is small and close to the surface. In the special case,
when the charges have opposite signs, the resolution is
slightly better.

IV. SUMMARY

In this work, we present numerical simulations of the
chemical short-range and electrostatic long-range interac-
tion between different types of tips with a silver surface
and supported MgO monolayers. Our simulations show
that atomic resolution can be obtained with silver and
MgO tips on both, the silver surface and MgO monolay-
ers, at tip-surface distances of less than 5 Å. At larger
distances, the chemical interaction between the tip apex
and the surface disappears and no atomic resolution can
be obtained.

As soon as neutral, charged or polar tips couple to
charges or dipoles on the surface, a long-range electro-
static interaction is produced. The polarization can be
directly detected by using KPFM, which is exemplified
by thin MgO monolayers of different net polarizations.
If the MgO monolayer has no net dipole, no difference in
the Kelvin voltage can be observed between the silver and
MgO/silver surface, independent on if the tip is charged,
polar or neutral. This is due to the contributions from
opposite charges (cations and anions in the film) cancel-
ing. However, as soon as the MgO layer has a net dipole,
a Kelvin shift can be observed in agreement with experi-
mental observations.

Local charges or dipoles in the tip are also detected by
KPFM, similarly to ones on the surface. However, con-
trary to nc-AFM (force spectroscopy) which detects the
coupling between charges in the tip and on the surface,
KPFM directly detects charges or dipoles in the tip or
on the surface as shifts in the Kelvin voltage. In partic-
ular, the contributions from tip and surface charges are
detected separately in KPFM (nc-AFM detects the com-
plicated interaction between the two), and if charges are
present both in the tip and on the surface, their contri-
butions to the Kelvin voltage are simply linearly added
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together.
It is shown that fixed point charges on the surface are

imaged as large spots in Kelvin images. The size of a spot
increases with the size of the tip and the tip-surface dis-
tance. The lateral resolution of surface charges in KPFM
is discussed by considering two surface charges. A slightly
better resolution is obtained when the charges have op-
posite signs in comparison to the same signs. For a good
resolution, very sharp tips are needed, which must be
brought close to the surface.
The results presented in this work deal with dipoles

and charges on a conducting silver surface. This is impor-
tant in general for detecting charged defects in thin films
on metal surfaces like F centers in MgO(001) by KPFM.
Charged defects also appear especially on bulk insulator
surfaces and could have been already detected by KPFM.
The results are also directly relevant to imaging of charged

atoms or molecules on thin insulating films [32, 48]. We
believe that our model forms a good starting point for the
modelling of bulk insulator surfaces in future, including
the full effect of bias induced atomic displacements.

Acknowledgments

Stimulating discussion with P. Girard, Th. Mélin,
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