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An electrostatic imaging mechanism is presented which allows atomic resolution of the surface of
ionic crystals by atomic force microscopy (AFM). In the x-y plane the electrostatic field due to the
ion charges reflects the periodicity of the surface lattice. If the tip of the AFM stylus is polarizable,
an attractive force between tip and sample will exist and allow imaging of the surface in a noncontact
mode. It is shown that the decay length of the electrostatic interaction in the z direction is sufficiently
short for atomic resolution to be achieved not only with a hypothetical tip consisting of only one atom
but also by a more realistic tip of parabolic shape with a radius of 30 nm. The theory is applied to the

(001) surface of KBr.

The atomic force microscope (AFM) is a tool which al-
lows the study of nonconducting surfaces on the atomic
scale.! In order to obtain atomic resolution, the interac-
tion between the AFM tip and the sample needs to be very
strongly distance dependent, so that the largest contribu-
tion to the lateral-dependent part of the force between tip
and sample is that between the topmost tip atom and the
surface (see Fig. 1). Atomic resolution by AFM has so
far only been reported in the repulsive mode, i.e., the force
between the topmost atom of the AFM tip and the sample
is repulsive. Albrecht and Quate? first succeeded in imag-
ing a nonconductor (boron nitride) and calculated the
contrast by using the Gordon-Kim potential® which de-
scribes the repulsive interaction of two closed-shell atoms
when brought very close together. At the equilibrium dis-
tance of two ions with closed shells, the repulsive force ac-
cording to Gordon and Kim increases by a factor of 100
when the distance is decreased by 0.1 nm. Several groups
have succeeded in atomic resolution of ionic crystals.
Meyer et al.* have achieved atomic resolution of the F ~
sublattice on LiF(001), while Meyer and Amer> have im-
aged the Cl~ sublattice of NaCl(001) on the atomic
scale. Meyer et al.® have achieved atomic resolution on

FIG. 1. Microscopic view of AFM tip and sample. The
length of the arrows indicates the strength of the interaction be-
tween the individual atoms. From this figure it is clear that in
order to get atomic resolution the interaction must be very
strongly distance dependent.
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epitaxially grown films of AgBr(001) in air. Our group
has been able to image the K* and the Br~ ions of a
(001) KBr surface.”

In vacuum, the attractive force between an AFM tip
and a sample is typically dominated by a large van der
Waals force. The magnitude of this force can be calculat-
ed by summing the interactions of each individual tip
atom with each atom of the sample. However, the shape
of the tip is generally unknown and even if it were, the cal-
culation would be hard to do and the conclusion would
only be valid for a certain tip geometry. One can split the
van der Waals force into a part that does not depend on
the lateral position of the tip and another part that does
depend on the lateral position.

Girard, Van Labeke, and Vigoureux8 have calculated
that the van der Waals force between a tungsten probe of
a radius r =0.2 nm and a (001) NaCl surface is larger by
0.257 nN when the probe is on top of a Cl ~ ion than when
on top of a Na* jon. Table VII in Ref. 8 shows that the
laterally dependent part of the van der Waals force decays
exponentially at a rate of 10 ~2/0-'"m

In this paper it is shown that the electrostatic contribu-
tion to the force between a polarizable tip and the surface
of an alkali halide also decays at a rate of approximately
10 7/01nm 1t is further shown that the distance depen-
dence of the laterally dependent van der Waals force and
the electrostatic force is sufficiently strong for the contri-
bution of the topmost tip atom to be larger than the con-
tribution of the rest of the tip. This important issue will
be proven later.

The part of the van der Waals force that does not de-
pend on the lateral position of the tip (“background
force”) is in general 2 to 4 orders of magnitude larger
than the part that does depend on lateral position. In gen-
eral, in all the atomically resolved AFM pictures, the total
force on the AFM tip was attractive, but the force on the
topmost tip atom was repulsive. The tip atom can only
transmit a force up to a certain limit, depending on tip
material and rigidity of the sample. Therefore, the largest
part of the background force has to be counteracted by
the spring that holds the AFM tip. The sample would be
disturbed to a significantly lesser degree if one could im-
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FIG. 2. Surface structure of KBr(001). KBr crystallizes into
an fcc lattice with a lattice constant of 0.66 nm. The large cir-
cles represent the Br ~ ions (bare ion radius 0.195 nm), and the
small circles represent the K * ions (bare ion radius 0.133 nm).

age in the attractive mode; i.e., if the net force between tip
atom and surface were attractive.

In this paper it is shown that the electrostatic force
which arises between the surface of an alkali halide and a
polarizable tip should allow atomic resolution. To an ex-
cellent approximation alkali halides can be seen as con-
sisting of hard spheres which are charged by plus or minus
one unit charge.® Many of them crystallize into an fcc
lattice with a two-atom basis (the anion at zero and the
cation displaced half a lattice constant in a {100) direc-
tion). The calculation presented here is based on the KBr
lattice parameters, but it could be adapted to other crystal
lattices as well. Figure 2 shows the structure of the
KBr(001) surface.

The electrostatic field at the (001) surface of KBr was
calculated numerically by using the superposition princi-
ple. A crystallite composed of 81x81x81 nonprimitive
cubic unit cells was used as a model. The individual con-
tribution of each ion to the electric field was then summed
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Figure 3 shows the z dependence of the z component of
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FIG. 3. Magnitude of the electrostatic field on top of a K*
ion. The field was calculated by summing the contributions of all
the individual ions of a crystallite composed of 81x81x81 cubic
unit cells. Due to the finite size of the crystallite, the values at
z=1.9 and 2 nm deviate slightly from being exponential.

the field. In the case of KBr the magnitude of the field in-
creases by a factor of 10 when the distance is decreased by
0.18 nm. To an excellent approximation, the magnitude
of the field decays at a rate proportional to exp—kz,
where k =2r/aq.'"°

The tip of the cantilever is polarized by this electrostat-
ic field, as shown in Fig. 4. The magnitude of the induced
dipole moment is given by

pu=acokE, )

where a is the electrostatic polarizability and €g is the
electrostatic field constant. The interaction of this dipole
with the electrostatic field causes a force in the z direction
given by

F.=p.dE./dx+p,dE./dy+p.dE./dz . (3)

The magnitude of the dipole moment is proportional to
the strength of the electrical field. The z component of the
force acting on the tip is given by the scalar product of the

[\

FIG. 4. Topmost atom of the AFM tip in the electrostatic field of the crystal.
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dipole moment and the gradient of the z component of the
electrostatic field. Thus the force is proportional to the
derivative of the square of the electrostatic field strength.
The force between tip and sample decreases to one tenth
upon an increase in distance of 0.09 nm (for KBr). Thus
the distance dependence of the electrostatic force is about
the same as that of the tunneling current for metallic elec-
trodes.

If one tries to verify imaging in the attractive mode, it is
helpful to use an AFM tip with a very small tip radius in
order to keep the background force as small as possible.
Two groups make cantilevers with very sharp tips, both
made of silicon.'"'? Since the surface of silicon oxidizes
in air, it seems reasonable to assume that the topmost tip
atom is oxygen. Thus the maximum attractive force be-
tween the tip and sample at a minimal distance of 0.34 nm
is Fgip=5.5%10 ~'2 N if the tip is on top of eithera K* or
a Br~ ion (assuming polarizability of O2~ =3.88x 10 ~3°
m3, "3 electrical field strength E,=Egexp[—2z/0.0738
nml, and Eq=5%10"" V/m). The electrostatic field for
constant height 2z is approximately given by E,
=Eocos(2nx/ag)cos(2ry/ap), with a cubic lattice con-
stant ap=0.66 nm. Figure 5 shows the force between the
oxygen atom and the KBr surface for three different
heights along the path 4-B.

This model includes three major simplifications: (a) the
nonzero size of the tip atom is neglected; (b) the influence
of the tip atom on the electrostatic field of the surface is
neglected; and (c) the polarizability of the oxygen ion is
assumed to be constant despite the large magnitude of the
field and the field gradient.

The experimental verification of imaging ionic crystals
in the attractive mode is to our knowledge still lacking. A
striking effect should occur when switching from repulsive
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FIG. 5. Attractive electrostatic force between an oxygen
atom and a KBr surface plotted along the path 4-B (see Fig. 4).
The magnitude of the force is the same over a K site as over a Br
site. The lower curve corresponds to a distance (between the
center of the oxygen atom and the center of the surface ions) of
0.435 nm, the distance in the middle curve is 0.35 nm, and for
the curve at the top the distance is 0.335 nm.
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imaging to attractive imaging. When imaging the van der
Waals forces, the halide ions will appear as depressions,
i.e., the strongest attraction of the AFM tip will occur at
the halide sites. When imaging the electrostatic forces,
both ionic species will appear as depressions, because the
attractive force is maximal on top of either ion site.

In repulsive imaging, the AFM tip will move from the
sample at the sites of ions. Thus the ions will appear as
bright spots in the repulsive mode and dark spots in the at-
tractive mode. The laterally dependent part of the van der
Waals force between a tungsten tip (diameter 0.2 nm)
and a (001) NaCl surface calculated by Girard, Van La-
beke, and Vigoureux® is 2 orders of magnitude larger than
the electrostatic force for an oxygen atom as an AFM tip
and the (001) surface of KBr. However, the periodicity of
the van der Waals force is 1/ao, while that of the electro-
static interaction is 2/ao. It should therefore be possible
to distinguish between the contributions of the van der
Waals and the electrostatic force.

It remains to be shown that not only a tip consisting of
one atom, but also a macroscopic tip will give atomic reso-
lution in the attractive mode. Figure 6 shows a model of a
macroscopic tip. The cross section of the tip is assumed to
be a parabola with a radius of curvature p. For simplicity
we assume a simple-cubic crystal structure with lattice
constant a for the tip material and the [001] direction
aligned with the symmetry axis. The number of atoms N
in plane n at height z =an is thus given by the area of the
plane divided by the cross section of a unit cell,

N(z)=2nrpz/a’. 4)
Substituting z =an yields
N(n)=2rpn/a forn>0 and N(0) =1. (5)

The distance dependence of the laterally dependent part
of the force between an atom and the surface is given by

F(z) =Fge ~%/¢ 6)

with {=0.035 nm. The total force between tip and sam-
ple for a distance z between the apex of the tip and the
surface is thus given by

z(r) = r?/2p

e -

FIG. 6. Model for the AFM tip with a parabolic cross sec-

tion. The crystal structure of the tip is assumed to be simple cu-

bic. The number of atoms per plane can thus be calculated by
dividing the area of each plane by the size of the unit cell.
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F(z)=Fye _Z/C[I+2np/a2ne _Z"/"] , )

where Y, means the sum for n from zero to infinity. Us-
ing the identity

Yone M=—d/dxr [Ze _""] =—d/d\(1—e*) !
=e (1 —e*)?2
and assuming @ =0.3 nm (A =0.3/0.037 =8.1) yields
F(z)=Fge ~**(1+2np/ae ~%") . (8)

The ratio of the force between the topmost tip atom and
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the whole tip is thus given by
Flipalom/Flolal'_"l/(l +0-0019P/a) . (9)

For a tip of radius p=30 nm, Eq. (9) implies that 84%
of the force between tip and sample is transmitted by the
topmost tip atom. Therefore it is proven that even a real-
istically shaped tip can produce atomic resolution by elec-
trostatic interaction.
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