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Interatomic Forces in Scanning Tunneling Microscopy: Giant Corrugations
of the Graphite Surface
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We show that scanning tunneling microscopy (STM) images can be dominated by elastic defor-
mations induced by atomic forces between tip and surface. New STM experiments on graphite
(0001) showing a strong variation of the giant corrugation amplitudes with varying current at con-
stant voltage are direct evidence of this atomic-force concept. Corrugations up to 8 A on a lateral
scale of 2,4 A are associated with forces up to 10 8 N for compression and 2& 10 '0 N for expan-
sion.

PACS numbers: 61.16.Di, 68.35.8s

In this Letter, we demonstrate that scanning tunnel-
ing microscopy (STM)' images can be completely
dominated by elastic deformations induced by the in-

teratomic forces between tip and surface. This pro-
vides a natural explanation for the giant corrugation
amplitudes observed in graphite3 4 and laminar com-
pounds, 5 and offers a novel approach to the imaging of
atomic forces with the STM. We elucidate this
atomic-force concept for the case of graphite, and cor-
roborate it with new STM measurements of the depen-
dence of the giant corrugation amplitudes on tunnel
current at constant voltage. Similarities to and differ-
ences from the atomic force microscopy (AFM)6 re-
cently introduced will become evident as we proceed.

In the constant-current mode of STM, 2 the tunnel
tip traces contours of constant density of states. ' 9 On
clean metal surfaces, in general, such an STM image is
representative of the surface topography; on semicon-
ductor surfaces, the varying local density of states
(LDOS) mixes features of purely electronic origin into
the STM images. 2'0 In graphite3 and laminar com-
pounds, the STM image was ascribed to LDOS
features alone. "'2 We show here that the giant corru-
gation amplitudes observed in these materials are due
to a huge enhancement of the electronically based cor-
rugations by local elastic deformations.

Flatness and inertness make the cleavage (0001)
plane of graphite an ideal substrate in surface-science
and STM applications. ' In a recent preport, Selloni et
al." showed that the contours of constant LDOS at the
Fermi level exhibit a corrugation of about 0.8 A in
contrast to the 0.2 A of that of the total charge density.
This should lead to a purely electronically derived cor-
rugation in an STM image which would flatten out
with increasing voltage, to the remaining total charge
corrugation, as was observed experimentally.

In the preceding Letter Tersoffl2 attr, b„tes th

huge corrugation observed in laminar compounds and
occasionally in graphite to an anomalous corrugation
of the contours of constant LDOS at the Fermi level
due to the special electronic structure of these materi-
als. He further shows that the contours are equally
spaced and independent of distance from the surface,
and concludes that the STM image is likewise indepen-
dent of distance, read current, at constant voltage.
However, new experiments do show that the corruga-
tions of the STM image increase strongly with tunnel
current, at constant voltage, as shown in Fig. 1. If we
consider the small density of states at the Fermi level,
and the short decay length of the charge density out-
side the surface, "'2 the tunnel tip has to be extremely
close to the surface at the imaging conditions of I = 1

nA and V=1 mV. Tip displacements of a few
angstroms then imply "physical" contact of tip with
surface, at least at the closest approach. It is then clear
that the actual tip displacement cannot be solely a
matter of the electronically induced corrugation.

In Fig. 2(a), we sketch one of the possible paths of
the tip with respect to the surface while tracing a con-
tour of constant LDOS. At point A, the force between
tip and surface is repulsive, zero at B, and attractive at
C [see Fig. 2(b)]. Figures 2(c) and 2(d) illustrate the
situations at points A and C of Fig. 2(a). The tip-
surface distance, d (tip jellium edge to top-layer carbon
position), is determined by the tunneling parameters,
and the local elastic deformation u by the tip-surface
potential and the elastic constants of graphite.

To calculate the deformation u, we used standard
elastic theory. '5 We assume a rigid, paraboidal tip with
a radius of curvature at the apex of R =2 A. For a
perpendicular force f(r) per unit area, with cylindrical
symmetry with respect to the tip axis, we find that

u = C f'(r)dr, (1)
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FIG. 1. Graphite STM traces obtained at ambient-air

pressure and room temperature with a " ocket-size" STM
( ef. 14) with scanning speeds between I and 5
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FIG. 2. (a)) Contour of constant local density of states
(dashed line&), and contour of total charge density (solid
line . Filled circles indicate the positions of carbon atoms of
the top iwo layers. (b) Potential used for the interaction of
tip and surface. Schematic (c) compression and (d) expan-
sion of graphite for the tip at points A d C,an, respectively,

where r is the distance parallel to the surface from the
tip center, and C is a constant which depends only on
t e elastic properties of the sample. For a very aniso-
tropic medium like graphite, it may be calculated by
per ormance of a Fourier analysis and summation of
the elastic deformations over all possible wave vectors.
We ind that the only important elastic constants are
the compressibility perpendicular to the surface and
the shear between different basal planes. The con-
stants given by Nicklow, Wakabayashi, and Smith'6
give =8X10 " mz/N. We approximate f(z) by a
Morse potential,

pe —e '),/( ) 2PV (
2(I(2 SQ) 5(z z ) (2)

with parameters appropriate for the force between
graphite planes, '7 i.e., Vo=0.28 J/m 6=097 A

and zo = 3.35 A. This is expected to be a good approxi-
mation for a carbon atom or carbon cluster at the apex
of the tip. ' Inserting (2) into (I) with z(r) =d+r'/
28, and neglecting the small, total charge corrugation,
we obtain the simple relation

(~) I 2(
—zb(d —do) —b(d —do) (3)

where (i' =3.0 A , and u and & are both in angstroms.
In Fi . 3
dis la

g. , we have represented the enhanced v
'

lvertica
isp acement of the tip, d+ u, as a funct'o f th 4'

tance d betwetween tip and sample. It is clear that, in the
repulsive region, the amplification of a corrugation Ad

is enormous.
The average tip-sample distance d as a function of

applied voltage V, and tunnel current I was calculated
with use of the density of states of Selloni er al." and
the tunneling-current formalism of Tersoff an

amann, 7 as modified by Garcia and Flores. s Note

eff & IIthat the "effective tunnel barrier" is @ =$+ kz
=4. +7.3=12 eV, since only states at the %point of
the surface Brillouin zone contribute to the tunnel
current at low voltages"' ' ' $ is this e average of the
work function of graphite and tip. Electron transport
then still occurs via tunneling, even if (t is completely
quenched by correlation and image-potential effects'
at the touching condition. Once d has been obtained,
we calculate the total corrugation amplitude Ad+Au,
as sketched in Fig. 3 us'ngusing a constant
5d" = Ad —b, C = 0.6 A, which is the difference
between the corrugation amplitudes of the contours o
constant LDOS, Ed=0.8 A, and those of constant
orce, b, C=0.2 A." The results for Ad+A, u are

shown in Fi . 4in ig. , together with the experimental corru-
gations. The salient feature of the atomic-force model
as applied to graphite is the dependence of the corru-
gation amplitudes on the tip-surface distance, d, only,
with their dramatic increase at small d. Since in the
voltage range considered I~ V, as experimentall con-
firmed 2O d and thus the corrugation amplitude are

a p con-

functions of I/ V. This behavior, which is independent
of the various assumptions made (e.g. , choice of a par-
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FIG. 3. Deformation of graphite by the tunnel tip. The
heavy solid line gives the total tip displacement d+ u vs tip-

d d. A tip motion hd' ~ith respect to the sur-
f e results in an enhanced tip displacement Ad +Au.
deformation by u = 1 A corresponds to a force o
ace

f 6x10-» Z
for repulsion anl d 9X 10 ' N for attraction, respectively.
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ticular tip-surface interaction), is convincingly veruieu
b th experiment. Calculations and experimental
data have not been collapsed to a single curve in ig.
in order to better illustrate the ever stronger increase
of corrugation amplitude with current at decreasing ap-
plied voltage. (The quantitative agreement of calcula-
tions with experiment in the medium voltage range is
a matter of fortuitous choice of parameters, and
should not be overrated. ) The strongly nonlinear am-

p 1 ica ionl'f' t'on is also evident in the rapidly changing
of Fi . l.minima-maxima asymmetry in the traces o ig.

At small currents, i.e. , low amplification, the max-
ima —with respect to the flat saddle-point parts —are
more pronounced; at large currents, the minima be-
come the strong features of the traces.

In the above analysis we have used a constant Ad.
This is in the spirit of Tersoff"s model, for varying
current at fixed voltage. For varying voltages, on the
other hand, the corrugation amplitude of the state
density contributing to the tunnel current was predict-
ed" to decrease with increasing voltage as apparently
confirmed experimentally in the voltage range 50 mV
to 1 V (see Fig. 3 of Ref. 3). In the light of the

t model however, we should view thoseprese n mo
e 400 to 50experiments —in the voltage range to

mV —rather as an increase of the corrugation from a
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FIG. 4. Measured (symbols) and calculated (solid lines)
corrugations as a una function of tunneling current and voltage.
The dashed line ~as obtained with d'=0.4 A. The t~o
crosses at n c1 nA correspond to the measured corrugations at
50 and 400 mV, respectively, of Ref. 3; the diamond at zero
current indicates the corrugation of the LDOS at the Fermi
level (Ref. 11).
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bare electronic value of 0.75 A at 400 mV to a
deformation-enhanced value of 1.3 A at 50 mV, and
only at higher voltages does the decrease of electronic
corrugation become noticeable. The small experimen-
tal corrugations measured at 600 mV are attributed to
such a reduction of b d. The experimental values tak-
en at 2 mV are likewise considerably smaller than
predicted by our model. We believe that this is due to
the close proximity of tip and graphite surface layer
enhancing the density of states at the Fermi level.
This enhancement is expected to decrease Ad, analo-
gously to the effect of increased voltage. It further in-
creases the tip-surface separation d and thus decreases
the amplification factor.

Th measured corrugations can vary from experi-e
t'ment to experiment. We attribute this to changed ip

conditions and thus to a change in d for a given
current and voltage. However, the general depen-
dence of the corrugation on current and voltage
remains unchanged within an experiment.

The corrugation amplification by elastic deformation
rests on the conditions that (a) the tip traces a corruga-
tion with respect to the surface which is different from
that of the tip-surface interaction potential, (b) the
tip-surface separation is very small, and (c) the materi-
al under investigation is sufficiently soft. With this in
mind, we reinspect the pronounced difference in the
corrugation observed in the charge-density-wave lam-
inar compounds 1T-TaS2 and 2H-TaSe2. Both com-
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pounds have elastic constants similar to that of gra-
phite. But whereas 2H-TaSe2 possesses a metallic
density of states, 1T-TaS2 is a semimetal with a low
density of states similar to that of graphite. This im-
plies a very small tip-surface separation at the tunnel-
ing conditions of the experiment, and thus a large de-
formation enhancement of whatever LDOS corruga-
tion is present.

The fact that STM images can be dominated by elas-
tic deformations can of course be exploited to study
the very same deformations and thus interatomic po-
tentials and local elastic constants. Separation of de-
formation- and tunnel-current-induced contributions
to the total tip displacement can be done by perform-
ing experiments at different distances, i.e. , tunnel
currents. The analogy to the separation of electronic
and structural features in STM via tunneling spectro-
scopy is evident. The role of voltage is played by the
current-controlled distance; the quantities of interest
are interatomic potentials and local elastic constants in-
stead of electronic properties. This type of atomic-
force spectroscopy and imaging is not restricted to
compact materials of the kind described above; it will
be likewise important in the study and imaging of any
"soft" object ranging from simple adsorbates to bio-
logical material.

In summary, we have shown the important role that
interatomic forces between tunneling tip and surface
can have in STM imaging. Their effect is to amplify or
attenuate the tunnel-current-driven motion of tunnel
tip with respect to the surface via elastic deformations.
Tunnel-tip displacements, therefore, can become very
large on a lateral scale of atomic dimensions, dictated
solely by the resolution power of the tunnel-current
filament. The giant corrugations formed in graphite
are direct experimental evidence for these interatomic
forces. A new type of tunneling spectroscopy for in-
teratomic forces and local elastic properties is pro-
posed. An alternative approach to the experimental
verification of interatomic forces in STM, which does
not require intrinsic softness of the sample, will be
presented by Durig et al.2'
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