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Quantitative Scanning Tunneling Microscopy at Atomic Resolution:
Influence of Forces and Tip Configuration
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Atom resolved scanning tunneling microscopy images are known to depend on the nature of the t
and its interaction with the surface. We present a new method for determining barrier height and tip
surface interactions. For Cu(100) images, two distinct tip types are seen. At larger tunnel currents the
is evidence for forces acting between tip and surface. We show that a molecular dynamics simulatio
of tip and surface is able to quantitatively explain the results, and gives a good estimate of both absolu
tip-surface separation and the site dependent forces on individual atoms.
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The remarkable capabilities of scanning tunneling m
croscopy (STM) and related techniques to image and m
nipulate atoms are well known [1,2]. The understandi
of individual experiments is, however, surprisingly und
veloped. The model of Tersoff and Hamann [3] gives
general picture of STM operation based on topograp
and local densities of states at the surface. More co
plex calculations [4] give some insight into the position o
adsorbates and possible tip structures. Quantitative m
eling of specific images, however, relies on paramet
which are not easily determined in experiment. For e
ample, the tip radius and its actual separation from t
surface are not directly known. The chemical nature
the tip significantly affects images [5,6], and may eve
reverse the contrast, yet it is in practice unidentified. Fu
thermore, forces between tip and surface can play a s
nificant role in STM imaging [7,8] as well as in their mor
obvious role in atomic-force microscopy (AFM) and i
deliberate movement of atoms [9,10]. For quantitati
understanding of STM and its applications there is th
considerable interest in experiments which cast light
these phenomena.

An important parameter in STM imaging is the tunn
barrier, or the decay length,k, normal to the surface. This
is experimentally accessible from the variation of tunn
current with tip-surface separation. In practice, accura
measurement of the barrier, particularly at specific ato
sites, is quite difficult. Measurements which avoid th
displacement compensating effects of the STM feedba
loop work either at relatively low speeds, where drift ca
be a problem, or at high modulation rates, where ca
bration of the actual piezo displacement can be difficu
In this paper we demonstrate a method which minimiz
calibration uncertainties, and uses the imaging mode,
which the STM is by design most accurately calibrate
We measure the variation of image corrugation heig
with tip-surface separation. Our results provide eviden
for two distinct types of tip behavior, likely related to
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composition. A decrease in corrugation height is o
served at higher tunnel currents. We show this can
quantitatively modeled by tip-surface interaction force
and allows an estimate of true tip-surface separation.

The peak-to-trough heightD of STM image corruga-
tions at larger tip-surface separationss is given [3] by the
expression

D ~ exps2bsd , (1)

where b  2sk2 1 0.25G2d1y2 2 2k, with k 
s2meFd1y2y", where F is the mean tunnel barrie
height, andG  2pya is the surface reciprocal lattice
vector along the direction of interest. Now the variatio
of tunnel gap conductances with separation is dominated
by k [11], and is given by

s ~ exps22ksd . (2)

If the prefactors in Eqs. (1) and (2) are treated
constants, it is easy to show that the corrugation dedu
barrier height is given by

FM,corrugation 
"2G2

8meX
, (3)

where

X 

µ
≠ lnsDd
≠ lnssd

∂ ∑
≠ lnsDd
≠ lnssd

1 2

∏
.

Thus the slope in a plot of lnsDd vs lnssd gives a
direct measure ofF. A full analysis allowing for the
prefactors in (1) and (2) makes the expression m
complex but does not significantly affect the quantitati
conclusions. Note that by choosing different surfaceG
vectors, independent measurements ofF are possible
from the same set of images, and by comparing differ
G directions, insight is gained into the symmetry of t
geometry.

The experiments were performed using a UHV compa
ble fast scanning STM which has been described elsewh
© 1996 The American Physical Society
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[12]. All the STM images were recorded using the co
stant current mode of operation. The tip was a tungs
single crystal oriented along [100]. Despite exhib
ing smaller corrugations, a metal surface was chosen
this study in preference to a semiconductor. The high d
sity of states and its relatively weak variation with voltag
minimize the effects of electronic structure on variatio
in corrugations in the image. Interpretation and model
is thus more straightforward for metals. A Cu(10
crystal was prepared using sputtering cycles with neon
bombardment (3 kV, 5mA) followed by annealing the
crystal to 530±C. Imaging conditions were in the range
I  1 20 nA and V  63 20 mV. Allowance was
made for the 120 kV input resistance of the tunnel curren
amplifier [13]. A typical STM image is shown in Fig. 1.

A key ingredient is that the tip must not change while
set of images is obtained. That the tip remains the sa
is, however, easily checked in our method by returni
to the current used in the first image and ensuring b
corrugation height and image features remain the sa
Data sets are accepted only where this lack of tip cha
within the set was carefully confirmed. An interestin
general observation is that the corrugation heights w
repeatable and reliable within a given data set, but
actual corrugation heights between different data s
varied considerably. For example, typical experimen
values for corrugations measured alongk011l were in
the range 0.05–0.2 Å. This variability due to differin
tips between data sets does not invalidate our analy
because only the relative variation of the corrugati
heights within a single data set is important. A histogra

FIG. 1. A 23 Å 3 23 Å image of Cu(100) taken at 12.5 nA
and 28 mV. The defect shows the tip is sharp.
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of corrugation heights across different data sets show
two peaks. This suggests that in our experiments th
are two generally stable types of tips.

Eighteen data sets, taken over a period of several wee
were analyzed in detail. Within each data set, the vo
age was fixed and the current varied. The individual da
points had small standard deviations (,10% of their mea-
sured mean value). Figure 2 shows the results from t
sets for corrugations measured alongk011l. First there is
a linear region at lower values of tunnel current. This c
be used to deduce the barrier height in the tunnel gap fr
the model described above. There is also a “roll-off” r
gion at high tunnel conductance (i.e., at smaller tip-sam
separations), typically characterized by a tunnel gap res
tance of 0.5–3 MV, where the corrugation height does no
increase so much with current, and eventually falls with i
creasing current. This is a clear departure from the Ters
and Hamman model and a signature of tip-surface inter
tion. Doyenet al. [14] have observed a similar corruga
tion roll-off in experiments on the clean Au(110) missin
row structure. By drawing a best fit line through the lin
ear regime of the data sets in Fig. 2 and substituting
gradient in Eq. (3), the value of the apparent barrier heig
is found to be2.05 6 0.1 eV in the case of the upper dat
set and1.9 6 0.2 eV for the lower set. These values ar
typical of the data as a whole, which exhibited a ran
between 1.6 and 2.6 eV with a preponderance of valu
around 2 eV. The barriers are thus comparable with tho
obtained by other methods where the STM is giving atom
resolution [15].

The first implication of these results is that we have tw
types of tips capable of taking high resolution image
McIntyre et al. [16] have noted that the corrugation
measured for the sulfurs

p
3 3

p
3 dR30± overlayer on

Pt(111) dramatically increases upon indenting the tip in
the surface and (probably) transferring a sulfur atom on

FIG. 2. lnsDd vs lnssd plots illustrating the two general types
of tips obtained in this work. Tunnel voltage: 3 mV for uppe
and 4 mV for lower plot.
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the tip apex. Our higher corrugation data might th
be associated with a nonmetal atom adsorbed at the
apex, while the lower corrugation height data might
due to a metallic atom adsorbed at the tip. Ruanet al.
[6] have also shown that by varying the chemical spec
between a metallic and a nonmetallic atom at the ap
the image contrast is strongly affected. Surprising
however, there was no obvious correlation between
variation of barrier between different data sets and
variation of corrugation heights. If there is a differe
chemical species at the tip for the two broadly differe
groups as suggested above, then it does not obvio
affect the tunnel barrier. We conclude therefore th
difference of tip geometry (that is, of effective tip radiu
rather than chemical composition is more likely to be t
cause of the two groups of corrugation height.

From the roll-off region of the data in Fig. 2 at highe
tunnel currents, it is clear that additional interactions ha
a role to play in the formation of STM images. The ke
to understanding their effect is that when forces start to
the relative movement of the tip apex and surface ato
is no longer the same as that of more distant parts of
and sample where the displacements are experimen
measured [7]. Ciraci, Baratoff, and Batra [17] show
how forces can give rise to reduced image corrugati
To evaluate these concepts in a modeling experiment
have made a molecular dynamics calculation of the rela
displacements for a Cu tip and surface. Full details
the method are given elsewhere [18]. In this simulati
there are 676 atoms in the tip and 768 in the surface.
surface normal is (100) and the tip has the same alignm
Sutton-Chen potentials [19] are used for the interatom
forces. Figure 3 shows the actual displacement of the
apex atom above the plane of the surface topmost at
versus relative displacement of points far from the tun
zone. Curves are shown for two lateral positions of t
apex atom, one over the fourfold hollow site, the other “
top” of a surface atom.

At large separations, the forces are small, so the t
displacements are virtually the same, as expected.
smaller separations, the far field displacement becom
less than the actual tip atom motion, since the tip at
is attracted towards the surface. The measured im
corrugation will therefore fall below the true corrugatio
motion of the tip atom, which is the roll-off that we
observe in the experiments. The falloff in corrugatio
may be calculated from the molecular dynamics (M
data. A given tip atom corrugation in thek010l direction,
for example, is converted to measured corrugation
finding the far field displacement for the hollow site
corrugation minima (closest approach to surface), and
the on-top site at maxima. See the graphical construc
in Fig. 3. Similarly, the bridge site and on-top site resu
are used for thek011l direction data.

To make the comparison with experiment, it is necess
to relate current changes to displacements.Changesin
1278
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FIG. 3. Molecular dynamics calculation of displacement of t
atom above surface atom plane relative to that of points fart
away from tip. OT is tip above a surface atom (on top) and
is above a fourfold hollow in the Cu(100) surface. Bridge sit
show an intermediate behavior.

displacements are easily calculated from Eq. (2) using
experimental value of the barrier height. Thus the true (
atom) corrugations are obtained from the straight line s
tion of Fig. 2 and its extrapolation to smaller separation
However, use of Eq. (2) to determineabsoluteseparation is
far too dubious a procedure. Even if the tip geometry a
composition were known, the calculation of actual tunn
currents is problematic. Therefore we reverse the arg
ment—absolute separation is set by a simple shift of t
separation to give a best fit between the MD prediction
roll-off and experiment. In other words, we determine th
absolute separation of the tip and the surface atom avo
ing use of the absolute value of the tunnel current. No
this does not mean there is any arbitrariness in the sep
tion axis scale. The agreement of model and experim
is seen to be good (Fig. 4) and gives a remarkably sen
tive determination of separation which avoids the serio
uncertainties involved in making full physical tip contac
(crash) to determine zero of separation.

The calculations show that the force between the
and the sample is around 1 nN at a separation of 3.5
in good agreement with the measurements of Dür
Zuger, and Pohl [20]. It varies by roughly 6% betwee
hollow and on-top sites. Also at this separation th
measurable stiffness varies by roughly 1 N/m between
sites, which suggests that atomic resolution AFM bas
on compliance measurement is possible. However,
absolute separations are very small, and rather close
instability. Use in the simulation of different chemica
species at the tip apex will give other force constan
and may provide a means of characterizing the bond a
surface interaction; the technique presented here is i
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FIG. 4. Comparison of experiment roll-off in corrugation (to
data of Fig. 2) with that deduced from the molecular dynam
calculations.

sense a combination of STM and AFM. Although o
results imply that atomistic calculations may be necess
for each material species studied, they also offer
explanation for the wide quantitative variety of ST
images observed in practice.

We have, of course, ignored the possibility of signi
cant change in density of states (DOS) near to the Fe
level, as the tip and surface start to interact. Doyenet al.
[14] suggested this was the cause of the roll-off in cor
gations they observed. However, we note that the fo
mechanism we propose acts at almost 1 Å greater sep
tion than the DOS changes found by Doyenet al., and
so should be a dominant effect. It is also a univer
mechanism which occurs for all tip species. Furthermo
the required substantial changes in DOS due to the p
imity of the tip might not easily occur for many meta
crystal faces.

In summary, we have shown that a straightforwa
measurement of corrugation height variation with tun
current can give significant insight into imaging mech
nisms. For our experiments on Cu(100) we observe
types of tip, most likely due to different tip atom geome
ric arrangement. We also show that image corrugati
fall off at small tunnel resistances, and that this may
quantitatively explained by forces acting between tip a
surface. In particular, we can estimate true tip-surfa
separation, and the force variation between sites. The
measurement technique provides a method of asses
forces before they induce actual motion of atoms at s
faces, and could therefore provide insight into the criti
early stages of atomic manipulation.
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