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Adsorption of benzene on Si100)-(2X1): Adsorption energies and STM image analysis
by ab initio methods
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We model the adsorption and STM imaging of benzene ¢h0Bj by using first principles density func-

tional methods and a perturbation approach for the tunneling current. The simulations are well in accordance
with experimental data and reproduce the adsorption energies and the energy differences between adsorption
sites remarkably well. We were able to simulate images and line scans of the two principal adsorption
geometries and to show that they reproduce the actual measurements. The chemical nature of the tip in
measurements is discussed and it is shown that a tip structure protruding several layers from the crystal face
and terminated by a tungsten atom gives the best agreement with measurements. The results confirm the view
that tunneling is dominated by a single tip atom.
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|. CHARACTERIZATION OF NANOSTRUCTURES The present study of benzengHg on Si(100)-(2<1) is
a combined theoretical and experimental effort. Theoreti-
In recent years the adsorption of organic molecules orally, the emphasis will be on quantitative descriptions of
semiconductor surfaces has developed into one of the keydsorption energies, tunnel currents, constant current con-
fields in semiconductor research. The reason for it is simpletours, and absolute changes compared to the clean
If the transport properties of these molecules are understoo@;i(loo)_(% 1) dimer surface. We compare the results to
or the exact way in which an electron propagates throughyrevious simulations based on Hartree-Fock and density
them is understood, then the building of surface structurefnctional methods?® and we show that the differences are
with exactly defined electronic properties is within reach ofonly minor. Given the about ten times lower computational
technical applications. However, the best candidate moleculgffort of these calculations, the deviation from the present

for mOdeling of these nanostructure devices has not yet beqﬂane wave Computations are in a reasonable range.
identified. The reason for this is also obvious. Organic mol-

ecules possess an enormous Vvariety of structures and, conse-

quently, properties. IIl. THEORETICAL METHOD
Experimentally, the preferred technique to study absorbed '
molecules is the scanning tunneling microsc¢f@&M). In The calculations were performed in two steps. We used

topographic mode the real space images of carbon or silicofirst principles density functional theoDFT) methods to
surfaces covered with single absorbed molecules are oftetalculate the electronic structure of the fully relaxed silicon
quite close to a chemist’s intuition. In these cases the shapsurface with or without an adsorbed benzene molecule. The
of the adsorbed molecule seemingly determines the structusame method was employed to calculate the relaxation of a
observed by an STM. However, combined experimental andingsten(100) surface with a single W apex atothFor the
theoretical studies reveal a rather complex interplay betweeaoalculation of the tip wave functions we used the full poten-
the STM tip and the electronic structure of substrate andial augmented plane wave metH6dFLAPW). The results
adsorbate. In some detail, these studies have been accoof-these calculations provided the input for our integration
plished for ethylene (gH,),*™* acetylene (GH,),*® and scheme, where we computed the Bardeen integral of sample
benzene (gHq).®” Experimental studies exist for a number and tip state$**for a three-dimensional grid of tip positions
of alkenes$ 10 above the sample surface.

From a theoretical point of view STM imaging, although The DFT method used for relaxations and electronic
extensively researched and in principle understood, is stilstructure of the sample was the Vienala initio simulation
somewhat limited by the fact that most methods either ar@ackagé®?! (VASP). The ultrasoft pseudopotentials were of
not fully ab initio***% or do not yield quantitative predic- the Vanderbilt typé? Exchange correlations were described
tions in all caseé? Due to limited computer resources a by the generalized gradient approa¢BGA) of Perdew
combined treatment of sample and tip from first principleset al?®> (PW9). The Brillouin zone of the silicon surface
will remain a mere possibility for still some time. Although was sampled by eight points of a Monkhorst grid. The
ample evidence exists for the influence of electric fields energy cutoff in all calculations was about 300 eV. Forces on
and the geometfy or electronic structur® of the tip, these single atoms in the final iterations were less than
cases usually pertain to single systems. An overall schem@01 eV/A. The same convergence criterion was employed
quantifying different influences is still missing. for tip relaxations. In FLAPW computations we used ten
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points in the irreducible wedge in our convergence cyclesecules on a $100 surface we first calculated the ground
The wave functions of the tip were computed in a final loopstate properties of the clean(800) surface. As an accurate
confined to thd?point. The reduction to only one point was determination of relaxatior)s requires .the use _of t_he theoreti-
necessary due to the large energy interval in the current caf@! rather than the experimental lattice, we initially deter-
culations. As corrugations of the adsorbed molecules provefined the equilibrium lattice constant by minimizing the en-
to be comparable to the layer spacing of the tungsten lattic&r9y of a two-atom Si bulk cell. It is quite typical for the
we modified the tungsten terminated tip accordingly. In thecomparison of GGA and local density approximati:dA)

final simulations we used a pyramid of four layers, termi_calpulatlons that the GGA underesnmates gnd the LDA over-
nated by a single tungsten atom, to mimick the structure of £Stimates the strength of chemical bonds: in the case of sili-
“sharp” tungsten tip. Details of tip calculations can be €ON the expgrlmental lattice constant (5.43 A) is bem_een
found in Ref. 19. our GGA minimum (5.46 A) and the LDA (5.40 A) mini-

We calculated two substrate films: for the cleagl8) Mum value. Subsequent simulations were done with the
surface we computed relaxations and electronic structures §GA and the theoretical lattice of 5.46 A.
an eight layer (X 1) surface. The Si atoms of the bottom We obtain a (1) buckled surface as the ground state of
surface were passivated with hydrogen. The same geomettje clean silicon surface. The buckling angle is about 19°
was employed in the calculations of;id in a two-bond and the bo_nd length of Si-Si bonds in a dimeris 2.2 A. The
configuration. Initially, this setup remained unchanged forénergy gain of the buckled surface compared to an unbuck-
our simulations of the four-bonded adsorption of benzenel€d one is 81 meV; the buckling angle as well as the energy
The calculations revealed in this case, that the constraints §RiN corresponds to resuits obtained by full-potential linear
the setup—no free dimer between adsorption sites—lead t@ffin-tin orbital (LMTO) methods™ Similar results were
artificial ground state properties. Additional calculationsObtained by Nesst al. using the projector augmented waves
therefore were necessary, simulating a row of four dimers ifPAW) method:- _ _
our unit cell. For computational efficiency these calculations It is not yet clear whether or how the flip-flop motion of
were performed with a reduced number of four layers. Sincethe dimers and the tunneling process of single electron from
however, the relaxations of silicon subsurface atoms are H€ silicon surface to the STM tip are related. In a consistent
major source of the energy changes in adsorption processdgeoretical model the problem would require a complicated
the bottom layer was in this case frozen to its position obdynamical analysis of electron scattering including surface-
tained with the full number of layers. surface and surface-tip interactions. Since such a complete

The error of the distance scales and the current values iBicture is still beyond our theoretical means, at least from the
the STM simulations is hard to quantify. Apart from errors Viewpoint of first principles computations, we mimick the
due to the use of perturbation theory, which should not beSi(100)-(2<1) surface by silicon dimers with a constrained
significant given the high separation (5—9 A) of tip and Z coordinate of surface atoms. To estimate the validity of this
sample, the error due to numerical integration is abouf€tup we performed simulations of STM scans due to the
20% 24 This is the error of the absolute current values; theelectronic structure of the surface alone. Figure 1 displays
error in the relative values, which are the basis for the calthe results of these simulations. The contour of the surface
culations of vertical distances and corrugation differences, i{ocal density of stated DOS), 10°° states/eV, is displayed
much lower. We expect the given distance values to be ador the buckled surface the constrained surface, and two

curate to about 0.2 to 0.3 A over the whole distance rang&ases, where we mimicked motion of the surface dimers at
from 5to0 9 A (core-core distange room temperature. The flip-flop motion is mimicked by tak-

ing the average of the LDOS for the two dimer configura-
) tions (indicated by solid circles in Fig.)1In addition we
lll. Si (100-(2X1) calculated the average of the buckled dimer positions and the

The experimental and theoretical investigation of theconstrained one, weighting each contribution by 1/3. This
clean S{100) surface is one of the most captivating stories inaverage roughly mimicks a sinusoidal oscillation of dimer
surface science. The unsaturated Si bonds of surface atorR§ckling. The results of the simulations are given by the
very ear|y Suggested a ground State}((ﬂ) surface termi- dashed and the dotted lines of Flg 1, reSpeCtively. As the
nated by Si dimers. This reconstruction was eventually concorrugation difference in the three last cases is less than 5
firmed by theoretical and experimental investigations. Howm, these cases should not be distinguishable in STM mea-
ever, the ensuing controversy due to photoemission datgurements. In the rest of the paper we shall therefore simu-
(Suggesting buckled d|m@[5$ and STM measuremen(sug_ late STM scans on clean silicon surfaces with the symmetric
gesting symmetric dimef$ remained. Only the advance of dimer surface.
the variable temperature STM could finally establish that the
ground state of the surface consists of buckled dirfiefée-
oretical investigations with pseudopotential and full-potential
methods supported this viei®?° Currently, it is accepted
that buckled dimers at room temperature change their buck- In order to estimate the structural changes due to bonding
ling angle in a flip-flop motioff with a frequency well be- we computed the relaxed geometry of a single benzene mol-
yond the time resolution of an STM. ecule using the GGA exchange correlatidiThe electron

In order to determine the properties of adsorbed molstates are pure molecular states without dispersion. Benzene

IV. C¢Hg ON Si(100: BOND LENGTHS
AND ADSORPTION ENERGY
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FIG. 1. Simulated line scan of clean surface al#\gA’ (see
detail9: The position of the Si atoms is indicated by sdlmickled
surface, detail(a)] and empty[constrained surface, detaib)]
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Single dimer bond Tight bridge bond

FIG. 2. Adsorption of benzene on ($00. Adsorption on a
single dimer distorts the planar geometry of the molecule. The high-
est protrusions in this case are at the positions of the double-bonded
carbon atoms, symmetric to the silicon dimer. The tight-bridge con-
figuration has its highest protrusion at the remaining double bond
above one dimer.

adsorption the€1,2) configuration gives very low adsorption
energies, indicating that this configuration is rather unstable.
For the two-dimer adsorption the symmetric bridge is the
least stable candidate. Calculations in this case did not arrive
at a stable geometry at all. These two configurations are
therefore excluded for theoretical reasons. The twisted bridge
is in general only found in conjunction with a type-C
defect®3' as we consider only adsorptions on a clean surface
in the present paper, this case is also excluded. The remain-
ing configurations, which can be unambiguously identified in
STM measurements and confirmed by model simulations,
are the single dime(1,4) and the two dimer tight bridge
configuration. Figure 3 shows an STM image ail.5 V
sample bias voltage at a constant current of 50 pA. Apart
from the (1,4) and the tight bridge configuratiofiabels A
andB) the image also shows the twisted briddgebel C),
which is related to a surface defect.

circles. The plot gives the LDOS contour 1D states/eV of the
surface electronic structure for four different cases: buckled surface
(solid line), constrained surfadglash-dot ling, flip-flop oscillations

of the dimer(dashed ling and sinusoidal oscillationglotted ling.

The three last cases are undistinguishable in STM images.

is a hexagonal, planar molecule with carbon bond lengths of
1.39 A, and the carbon-hydrogen bond is 1.09 A long.

In general, there are five geometries to be considered for
adsorbed benzene. There are two single-dimer configura-
tions. The(1,4) configuration symmetrically above a dimer
[see Fig. 2, framéa)]; and the(1,2) configuration, with ad-
jacent carbon-silicon bonds on one side. In addition, there
are three double-dimer configurations. The tight bridge con-
figuration [Fig. 2, frame(b)], where the remaining double
carbon bond is parallel to the silicon dimers; the twisted
bridge, where the bond is perpendicuiaand the symmetric

|

FIG. 3. STM scan of an $§100) surface at room temperature

bridge, where the carbon-silicon bonds are symmetric on eicy=—1.5 v,|=50 pA). The scan shows three different adsorp-
ther side of the molecule. We have performed simulationsion geometries for the benzene molecul@) Single-dimer(1,4)
with vAsP for all adsorption sites. The results are comparable:onfiguration.(B) Two-dimer tight-bridge configuratioC) Two-

to previous simulations using a cluster-based DFT method dimer twisted bridge. Note that the apparent height is a maximum
although they differ somewhat in detail. For single-dimerfor the single-dimer configuration.
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TABLE I. Bond length and adsorption energies of benzene ondimers is shortened to 3.36 A. The adsorption energy for the
Si(100. The bond lengths and energies are nearly equivalent to theight bridge configuration is 1.42 eV, or about 0.3 eV higher

previously obtained value@3LYP/6-31G" (Ref. 10. than the energy in thél,4) site. The result indicates that this
: configuration is in fact more stable. It is the ground binding
C—si c-C C=C Energy  state of benzene on the(800) surface. An activation barrier
(A) (A) (A) (ev) of about 1 eV for the conversion from the single dimer to the
(1,4 Single dimer bridge statg is indicatgd by measurem_érﬁ?sals_o the result
Gaussian 1.89 1.47-1.49 1.35 104 that the bridge state is more stable is confirmed by STM
VASP 1.98 150 134 112  Measurements.

To estimate the influence of the geometry in the single-
dimer case we have also calculated the adsorption geometry

Tight bridge ;
VASP 1.98-2.01 1.50-1.57 1.35 1.47 i ' P

rotated(1,4) configuration. It seems, initially, more favorable
than the single-dimer bond, because the dimer spacing of
Initially, adsorption of benzene was calculated only for a3-8 A is comparable to the distance across the benzene mol-

(2x 1) unit cell. But in case of the tight bridge configuration €cule in its ground state. The results in this case are similar
we observed much longer carbon-silicon bonds and a ver{p the unrotated1,4) configuration. The adsorption energy
low adsorption energy. Essentially, this result is due to thdemains unchanged and is 1.12 eV.
constraints of the setup: as no free dimers exist in a given The combined evidence of experimental and theoretical
row, the constraints on the adsorption geometry are somdesearch allows the unambiguous conclusion that(1hé
what artificial. However, the simulation predicts a lowering Single-dimer configuration is the metastable chemisorbed
of adsorption energies at higher benzene coverage. The caltate of benzene, while the binding state is the tight bridge
culated energy differencéhalf a monolayer to one mono- across two dimers.
layen is about 0.3 eM1.42 eV versus 1.18 eV
_ Adsorpt@on energies of benz_ene in single—di_mer and two- V. CeHg ON Si(100: SIMULATED STM IMAGES
dimer configurations were obtained by calculating the energy
difference between the independent molecule and the clean Some preliminary conclusions can be drawn from the ge-
silicon surface and the fully relaxed combined system. Toometry and bonding characteristics of the molecule alone.
facilitate relaxation to the desired position we started relaxThe highest protrusion of thel,4) single-dimer adsorption
ation cycles usually by setting the molecule roughly at theshould be symmetric to the position of the dimer, where the
expected position. Convergence was achieved once forces &wo carbon double bonds reach the highest point above the
single ions were less than a threshold of 0.01 eV/A. Thesurface. The excess of electronic charge at the location alone
results of our simulations are plotted in Fig. 2. indicates a high overlap of tip and sample wave functions
The (1,4) single-dimer configuration is symmetric with and thus, within the perturbation approach, a high tunneling
respect to the silicon dimer. The planar geometry of the benprobability. The same considerations for the tight bridge sug-
zene molecule is distorted to\ashaped structure, where the gest a significant protrusion on top of one dimer and an
double-bonded carbon atoms are substantially higher thamnsymmetric structure. And finally it can be inferred that
the atoms bound to the silicon dimifig. 2, frame(a)]. The  both molecule images in STM are symmetric with respect to
Si-C bond length is 1.98 A, the bond length to adjacenta plane perpendicular to the dimer bond.
carbon atoms is 1.50 A, a characteristic value for the ex- We initially assumed a spherical symmetry of the tip
pectedsp® nature of the chemical bond. We note also awave functions, in this case the tunnel current is proportional
lengthening of the silicon dimer bond to 2.39 A, a conse-to the local density of stated.DOS) at the position of the
quence of the weakened dimer bond due to the formation dip.3® From calculations of the current with a realistic tung-
new silicon-carbon bonds. The remaining double bonds havsten tip we could obtain the vertical distance range common
a bond length of 1.35 A, again a characteristic value forto measurements of about 50 nA tunneling current: the range
organic molecules. The adsorption energy is 1.12 eV. Thés about 6.0 A as the core-cofeore of surface atom to core
numerical values of the present simulations and the valuesf tip apex atom, four dimers, unbuckledistance. Since we
previously obtainetf are given in Table I. used a plane-wave code for the sample wave functions, the
The tight bridge possesses four carbon-silicon bonds. Theange is already at the obtainable limit, even if we increase
remaining double bond is parallel to the silicon dimers andhe vacuum layer to more than 12 A. We therefore chose a
bent from the silicon surfacgig. 2, frame(b)]. The Si-C  contour closer to the surface, with a LDOS value of 5
bond length in this case is about 2.0 A; between bonding< 10~ states/eV. Figure 4 shows the results of our simula-
carbon atoms we obtain a slightly higher value than typicalions. In the figure we have corrected slight deviations of the
for single bonds, i.e., about 1.57 A. The remaining doubldine scan zero point on the order of 0.1 A from one system
bond is 1.35 A long, again characteristic of the double bondto the other, they describe the error margin of our method.
The strain on the silicon lattice in this case leads to a notabl&he 5x 10 ' states/eV contour for the clean surface exhib-
distortion of the surface geometry: dimer bonds are lengthits only a small corrugation amplitude along the given line
ened to about 2.35 A, while the distance between adjacersican (0.2 A, across dimer row&he median distance from
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FIG. 4. STM images and line scans due to a LDOS contour of
5x10 7 states/eV. The simulation alor-A’ shows the highest
corrugation (1.6 A), it is due to the tight-bridge configuration. The
scan on a1,4) configuration, along3-B’ is lower, in the simula-
tion, by about 0.2 A. Experimental line scatgrey curve} are
taken from a 50 pA constant current image.

FIG. 5. STM images and line scans of a clean silicon surface
scanned with a tungsten-terminated tip. The plots show a 40 pA
current contour. The corrugation of the buckled surface is about
1.5 A, of the symmetric or dynamically buckled surface about
0.6 A. The STM image of the surface for both cases is shown in
the top image$symmetric, detaila), buckled, detailb)].

the su_rface is about_5.2 A._A be_nzene_ moleculg, ads_orbed VI. THE TIP STRUCTURE IN STM MEASUREMENTS

either in the(1,4) position or in a tight-bridge configuration

changes the shape of the contour drastically. In the first case Generally, the chemical nature and geometry of the tip
the largest protrusion from the surface is about 6.7 A, arfemains unknown in STM measurements. In order to resolve
increase of about 1.4 A, measured from the highest protrithis problem one can perform controlled scans, where the
sion of clean dimers. The molecule appears symmetric to &ample and tip structure are known. Given the current preci-
single dimer. The protrusion of the tight bridge configurationSion and sophisticated combinations of different techniques,
is 0.2 A higher, and it is unsymmmetric across two siliconthis procedure is not unrealistic. However, in the experi-

dimers. The two cases should thus clearly be distinguishabl@€Nts described here the information about the tip cannot
&asny be provided. Therefore, we are limited to comparisons

Of experimentally obtained images or line scans and simula-

. . . ions. This entails, naturally, an educated guess about the tip.
sured images yield lower corrugation values than the LDO otwithstanding adsorbates, we expect the tip to be termi-

contours suggest. One reason for the deviation is Certaianated either by a tungsten atom or by an atom of the sample

the higher separation between sample and tip in the MeasUTER face. The simulations with realistic tips have therefore

ment. For exponentially decaying wave functions in thebeen performed with a Si-terminated and a W-terminated

vacuum region an increase of the distance by 1 A dimingyctyre. For the clean silicon surface we find good agree-

ishes surface corrugation by a factor of about 2. The agregnent for a tungsten-terminated tip. The simulated constant
ment is therefore rather good. This is at variance, with, €.9.¢rrent contours at 40 pA and the line scans are shown in
simulations using the Tersoff-Hamann model at metal surgig. 5. The corrugation of unbuckled dimers is very high and
faces, where measured corrugations are usually higiiéte  apout 1.5 A. For the symmetric dimer we get a corrugation
deviation of the apparent height difference between the tightof 0.6 A. The latter value is in keeping with experimental
bridge (higher in simulations, lower in measuremenéd  findings. The high value for the buckled dimer is suggested
the single-dimer(1,4) configuration(lower in simulations, also by charge transfer from the lower atom of the dimer to
higher in measurementsould be due to thé&-shaped tip the higher one. The overlap between tip and sample wave
orbital in the Tersoff-Hamann model. The apparent heighfunctions is therefore increased at the position of the high
difference between the tight-bridge and tied) configura- atom and decreased at the other one.

tion vanishes, e.g., with a rhodium-terminated tip. Simula- For benzene in a single-dimét,4) or tight-bridge ad-
tions with this tip will be shown in the next section. We note sorption, no agreement between measuremesgs Fig. 6

in passing that the simulated images are well in keeping withior the line scansand simulation can be obtained either with
the simulations based on previous electronic structur@ tungsten- or with a silicon-terminated tip. In both cases we
calculations have a high contribution ofl,, and d,, wave functions,

a constant current contour of 50 pA. In both cases the me
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FIG. 6. Simulated images and line scans of benzene @0Si

for three different tip structures. Tips terminated either by a tung-cally high for a film geometry of the tip, we modified the

sten or a silicon atom give results, which deviate from experimentageometry to a pyramid-shaped structusee Fig. 7. As

values(see the line scaisThe rhodium-terminated tip, which we demonstrated, the simulation of the scan in this case is in

show for comparison, gives better agreement, although also in thigccordance with experiments. The only remaining discrep-

case thg experimeptal observation of greater apparent height for t%cy is a higher contour for the tight-bridge than for the

single-dimer bond is not reproduced. single-dimer geometry. This deviation may be due to the
overlap of tip wave functions with moleculelike wave func-

ions of the benzene molecule. If these molecular states are

. . . i
}Nh'tﬁh aLcS%uSnts fori a shift of tlhetCLérrgnir:naxmu_m Comp‘:".re#ﬂghly localized, then their contribution to the tunnel current
0 the maximum evajuated in the previous Section. ;4 e significantly lower than the mere overlap

The results of our S|mulat|on§ are given in 'F|g. 6. It. can besuggest§?’ We shall return to this point in future presenta-
seen that both tips yield a minor minimum in the middle Oftions

the absorbed benzene molecule for a tight bridge. On the ™
single dimer the effect arises only for the silicon-terminated

tip. This tip also yields rather low corrugation values. Since

it is improbable that the tip changes from one adsorption site VIl. CONCLUSION

to the other, we conclude that neither of these tips is suitable e have calculated adsorption geometries and bonding
to reproduce the measurements. _ energies of benzene on($00). The metastable single-dimer
Analyzing the deviation it seems that the electronic strucynd the stable tight-bridge configurations are confirmed as
ture, in particular the high contribution of,, anddy, wave  the predominant features in STM images. Calculated adsorp-
functions, is responsible. The LDOS already gives a rathefion energies are well in keeping with experimental desorp-
good image of the real scans, suggesting that the actual tip ifon data. The simulation of STM images on the basis of the
the scans was “sharper” than either the tungsten- or thejectronic surface structure shows essentially the same fea-
silicon-terminated tlp In terms of wave fUnCtionS, it has dtures as the measurements; the numerical Va|uesy further-
higher contribution ofs and d,2_,23 wave functions. The more, obtained in these simulations are comparable with
best Correspondence with this requirement was fOUnd, Withilﬂneasured line scans. Simulations of STM scans with tung-
the d metals, for a rhodium-terminated tiy.We show the  sten films and a single apex atom were in disagreement with
results of simulations with this tip for comparison. The cor-experiments. We found that the disagreement is due to the
rugation is substantially higher, the artificial minimum in the geometry of the tip. A pyramid-shaped tip of four tungsten
center of the molecule has vanished, and the apparent heigl/ers in(100) orientation was suitable to reproduce the ex-
of the single-dimer and the tight-bridge configurations areperimental results. The result gives additional weight to the

roughly equal. It seems thus that this tip is indeed bettegjaim that the tunneling process is determined primarily by a
suited to reproduce experimental findings. Following thissingle apex atom of the tip.

line of research we could pin down the problem to the struc-
ture of the tip. The tip models, tungsten films with a single
apex atom were developed for simulating STM scans on
metal surfaces. The corrugation on these surfaces is typically
in the range of 10—20 pitf. The corrugation of benzene on  The work was supported by the British Council and the
Si(100) is higher than 1 A, a value that is already in the National Research Council of Canada under Cooperative Re-
range of the interlayer distance of a tungsten film (1.6 A).search Project No. 98RP14. A.J.F. thanks EPSRC for sup-
But in this case the overlap between tip and sample wavport. Computing facilities at the UCL HiPerSPACE Center
functions in an off-center position includes wave functionswere funded by the Higher Education Funding Council for
of the second layer. Since these contributions are unrealistEngland.

Single dimer

B (B)

FIG. 7. Simulated images of benzene o180 for a pyramid
tip. The tip structure is a four-layer tungsten pyranliefft). The
simulated imagegcurrent value of 50 pAare the single-dimer
speciega) and the tight-bridgeb) configuration. Simulations are in
accordance with measurements, although, also in this case, the
greater apparent height of the single dimer is not reproduced.

Tight bridge
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