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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 tip
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 there
is evidence for forces acting between tip and surface. We show that a molecular dynamics simulation
of tip and surface is able to quantitatively explain the results, and gives a good estimate of both absolute
tip-surface separation and the site dependent forces on individual atoms.

PACS numbers: 61.16.Ch, 73.40.Gk, 73.40.Jn

The remarkable capabilities of scanning tunneling mi-composition. A decrease in corrugation height is ob-
croscopy (STM) and related techniques to image and maserved at higher tunnel currents. We show this can be
nipulate atoms are well known [1,2]. The understandingquantitatively modeled by tip-surface interaction forces,
of individual experiments is, however, surprisingly unde-and allows an estimate of true tip-surface separation.
veloped. The model of Tersoff and Hamann [3] gives a The peak-to-trough heighh of STM image corruga-
general picture of STM operation based on topographyions at larger tip-surface separations given [3] by the
and local densities of states at the surface. More comexpression
plex calculations [4] give some insight into the position of
adsorbates and possible tip structures. Quantitative mod- A o exp(=Bs), (1)
eling of specific images, however, relies on parametersthere B = 2(«k? + 0.25G*)"/? — 2k, with «k =
which are not easily determined in experiment. For ex{2m,®)!/?/#, where ® is the mean tunnel barrier
ample, the tip radius and its actual separation from thdeight, andG = 27 /a is the surface reciprocal lattice
surface are not directly known. The chemical nature ofvector along the direction of interest. Now the variation
the tip significantly affects images [5,6], and may evenof tunnel gap conductanae with separation is dominated
reverse the contrast, yet it is in practice unidentified. Furby « [11], and is given by
thermore, forces between tip and surface can play a sig-
nificant role in STM imaging r[)7,8] as well as in th%ir¥noreg 7 o exp—2xks). (2)
obvious role in atomic-force microscopy (AFM) and in If the prefactors in Egs. (1) and (2) are treated as
deliberate movement of atoms [9,10]. For quantitativeconstants, it is easy to show that the corrugation deduced
understanding of STM and its applications there is thudarrier height is given by
considerable interest in experiments which cast light on 12G2
these phenomena. Dy corrugation = r—

An important parameter in STM imaging is the tunnel Me
barrier, or the decay lengtk, normal to the surface. This where
is experimentally accessible from the variation of tunnel a1In(A) 31In(A)
current with tip-surface separation. In practice, accurate X = < 3In(o) )[ 31n(0) 2]
measurement of the barrier, particularly at specific atom
sites, is quite difficult. Measurements which avoid theThus the slope in a plot of (&) vs In(c) gives a
displacement compensating effects of the STM feedbacHirect measure ofb. A full analysis allowing for the
loop work either at relatively low speeds, where drift canprefactors in (1) and (2) makes the expression more
be a problem, or at high modulation rates, where calicomplex but does not significantly affect the quantitative
bration of the actual piezo displacement can be difficultconclusions. Note that by choosing different surface
In this paper we demonstrate a method which minimizesectors, independent measurements dofare possible
calibration uncertainties, and uses the imaging mode, fairom the same set of images, and by comparing different
which the STM is by design most accurately calibratedG directions, insight is gained into the symmetry of tip
We measure the variation of image corrugation heighgeometry.
with tip-surface separation. Our results provide evidence The experiments were performed using a UHV compati-
for two distinct types of tip behavior, likely related to ble fast scanning STM which has been described elsewhere
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[12]. All the STM images were recorded using the con-of corrugation heights across different data sets showed
stant current mode of operation. The tip was a tungstetwo peaks. This suggests that in our experiments there
single crystal oriented along [100]. Despite exhibit-are two generally stable types of tips.
ing smaller corrugations, a metal surface was chosen for Eighteen data sets, taken over a period of several weeks,
this study in preference to a semiconductor. The high denwvere analyzed in detail. Within each data set, the volt-
sity of states and its relatively weak variation with voltageage was fixed and the current varied. The individual data
minimize the effects of electronic structure on variationspoints had small standard deviatiorsi0% of their mea-
in corrugations in the image. Interpretation and modelingsured mean value). Figure 2 shows the results from two
is thus more straightforward for metals. A Cu(100)sets for corrugations measured alddgl). First there is
crystal was prepared using sputtering cycles with neon ioa linear region at lower values of tunnel current. This can
bombardment (3 kV, 5wA) followed by annealing the be used to deduce the barrier height in the tunnel gap from
crystal to 530C. Imaging conditions were in the ranges the model described above. There is also a “roll-off’ re-
I =1-20nA and V = *3-20 mV. Allowance was gion at high tunnel conductance (i.e., at smaller tip-sample
made for the 120 K input resistance of the tunnel current separations), typically characterized by a tunnel gap resis-
amplifier [13]. A typical STM image is shown in Fig. 1. tance of 0.5—-3 M, where the corrugation height does not
A key ingredient is that the tip must not change while aincrease so much with current, and eventually falls with in-
set of images is obtained. That the tip remains the samereasing current. This is a clear departure from the Tersoff
is, however, easily checked in our method by returningand Hamman model and a signature of tip-surface interac-
to the current used in the first image and ensuring bottion. Doyenet al. [14] have observed a similar corruga-
corrugation height and image features remain the samdon roll-off in experiments on the clean Au(110) missing
Data sets are accepted only where this lack of tip changew structure. By drawing a best fit line through the lin-
within the set was carefully confirmed. An interesting ear regime of the data sets in Fig. 2 and substituting the
general observation is that the corrugation heights wergradient in Eq. (3), the value of the apparent barrier height
repeatable and reliable within a given data set, but thés found to be2.05 £ 0.1 eV in the case of the upper data
actual corrugation heights between different data setset andl.9 * 0.2 eV for the lower set. These values are
varied considerably. For example, typical experimentatypical of the data as a whole, which exhibited a range
values for corrugations measured alot@i1) were in  between 1.6 and 2.6 eV with a preponderance of values
the range 0.05-0.2 A. This variability due to differing around 2 eV. The barriers are thus comparable with those
tips between data sets does not invalidate our analysisptained by other methods where the STM is giving atomic
because only the relative variation of the corrugationresolution [15].
heights within a single data set is important. A histogram The first implication of these results is that we have two
types of tips capable of taking high resolution images.
Mcintyre et al.[16] have noted that the corrugation
measured for the sulfutv/3 X +/3)R30° overlayer on
Pt(111) dramatically increases upon indenting the tip into
the surface and (probably) transferring a sulfur atom onto
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FIG. 2. In(A) vs In(s) plots illustrating the two general types
FIG. 1. A23 A x 23 A image of Cu(100) taken at 12.5 nA of tips obtained in this work. Tunnel voltage: 3 mV for upper
and 28 mV. The defect shows the tip is sharp. and 4 mV for lower plot.
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the tip apex. Our higher corrugation data might thus 435
be associated with a nonmetal atom adsorbed at the tipjezq
apex, while the lower corrugation height data might be (A)
due to a metallic atom adsorbed at the tip. Rearal.

[6] have also shown that by varying the chemical specie:
between a metallic and a nonmetallic atom at the ape:

the image contrast is strongly affected. Surprisingly,
however, there was no obvious correlation between the 445
variation of barrier between different data sets and the
variation of corrugation heights. If there is a different

44 Measured

chemical species at the tip for the two broadly different 45 True

groups as suggested above, then it does not obvious! ’ corrugation

affect the tunnel barrier. We conclude therefore that

difference of tip geometry (that is, of effective tip radius) £

rather than chemical composition is more likely to be the ~ 43.5 =ttt

cause of the two groups of corrugation height. 5 4.5 4 35 3 2.5
From the roll-off region of the data in Fig. 2 at higher Tip surface separation (A)

tunnel currents, it is clear that additional interactions have ) . . )
a role to play in the formation of STM images. The key FIG. 3. Molecular dynamics calculation of displacement of tip

to understanding their effect is that when forces start to acgf,sg;, ?r%%’iisyrgﬁeigtt?pmag?\?ee ;eslﬁﬁ}\;iéoaigﬁ c(’(f),??(')'g)s ;ﬁghﬁ r

the relative movement of the tip apex and surface atomg apove a fourfold hollow in the Cu(100) surface. Bridge sites
is no longer the same as that of more distant parts of tighow an intermediate behavior.

and sample where the displacements are experimentally
measured [7]. Ciraci, Baratoff, and Batra [17] showed
how forces can give rise to reduced image corrugationdisplacements are easily calculated from Eq. (2) using the
To evaluate these concepts in a modeling experiment wexperimental value of the barrier height. Thus the true (tip
have made a molecular dynamics calculation of the relativatom) corrugations are obtained from the straight line sec-
displacements for a Cu tip and surface. Full details otion of Fig. 2 and its extrapolation to smaller separations.
the method are given elsewhere [18]. In this simulatiorHowever, use of Eq. (2) to determiabsoluteseparation is
there are 676 atoms in the tip and 768 in the surface. Thfar too dubious a procedure. Even if the tip geometry and
surface normal is (100) and the tip has the same alignmentomposition were known, the calculation of actual tunnel
Sutton-Chen potentials [19] are used for the interatomicurrents is problematic. Therefore we reverse the argu-
forces. Figure 3 shows the actual displacement of the tipnent—absolute separation is set by a simple shift of the
apex atom above the plane of the surface topmost atonseparation to give a best fit between the MD prediction of
versus relative displacement of points far from the tunnetoll-off and experiment. In other words, we determine the
zone. Curves are shown for two lateral positions of theabsolute separation of the tip and the surface atom avoid-
apex atom, one over the fourfold hollow site, the other “oning use of the absolute value of the tunnel current. Note
top” of a surface atom. this does not mean there is any arbitrariness in the separa-
At large separations, the forces are small, so the twdion axis scale. The agreement of model and experiment
displacements are virtually the same, as expected. As seen to be good (Fig. 4) and gives a remarkably sensi-
smaller separations, the far field displacement becomes/e determination of separation which avoids the serious
less than the actual tip atom motion, since the tip atonuncertainties involved in making full physical tip contact
is attracted towards the surface. The measured imagderash) to determine zero of separation.
corrugation will therefore fall below the true corrugation The calculations show that the force between the tip
motion of the tip atom, which is the roll-off that we and the sample is around 1 nN at a separation of 3.5 A,
observe in the experiments. The falloff in corrugationin good agreement with the measurements of Ddrig,
may be calculated from the molecular dynamics (MD)Zuger, and Pohl [20]. It varies by roughly 6% between
data. A given tip atom corrugation in tH@10) direction, hollow and on-top sites. Also at this separation the
for example, is converted to measured corrugation byneasurable stiffness varies by roughly 1 N/m between the
finding the far field displacement for the hollow site atsites, which suggests that atomic resolution AFM based
corrugation minima (closest approach to surface), and foon compliance measurement is possible. However, the
the on-top site at maxima. See the graphical constructioabsolute separations are very small, and rather close to
in Fig. 3. Similarly, the bridge site and on-top site resultsinstability. Use in the simulation of different chemical
are used for thé011) direction data. species at the tip apex will give other force constants,
To make the comparison with experiment, it is necessarand may provide a means of characterizing the bond and
to relate current changes to displacemen@hangesin  surface interaction; the technique presented here is in a
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