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PHYSICAL REVIEW B 69, 195412 (2004

Gold adatoms and dimers on relaxed graphite surfaces

Guan Ming Wand, Joseph J. BelBrunbSteven D. Kenny,and Roger Smith
ICenter for Nanomaterials Research and Department of Chemistry, Dartmouth College, Hanover, New Hampshire 03755, USA
’Department of Mathematical Sciences, Loughborough University, Loughborough, Leicestershire, LE11 3TU, United Kingdom
(Received 15 August 2003; revised manuscript received 8 January 2004; published 21 Mpy 2004

The interaction of deposited gold adatoms and dimers with multilayer relaxed graphite surfaces is investi-
gated through a density functional approach with numerical orbitals and a relativistic core pseudopotential. The
energy landscape for a gold adatom aldid0] agrees with scanning tunneling microscopy observations
including the preferre@ binding site for adatoms and the mobility difference between silver and gold adatoms.
Deposited particles are shown to induce surface deformation and polarization. Static relaxation and dynamic
simulations indicate that the energetically preferred binding orientation for a gold dimer is normal rather than
parallel to the graphite surface. The dimer response to a simulated scanning tunneling microscopy tip is
investigated by molecular dynamics simulations.

DOI: 10.1103/PhysRevB.69.195412 PACS nunider79.20.Rf, 82.20.Wt, 36.40.Sx

[. INTRODUCTION layen sites on the surfacé&.In our related research with
silver adatoms and dimet$ relaxation of the graphite sur-
The computational study of clusters on surfaces has beeiace was found to affect the preferential order of the binding
an important asset in understanding surface phenomeéna. sites. It was also noted that additional layers of graphite play
Most commonly, model potentials are used to simulate exa role in determining the favored binding site for a single
perimental observations. More accurate, but computationallgilver atom.
expensiveab initio approachés’ have been attempted on a Experimentally, adatoms and dimers of silver and gold
relatively small scale, especially for the gold-graphite systenwere imaged by scanning tunneling microsc48y¥M) tech-
of interest here. The cluster-surface system consists of twaiques in the late 1980<.These data may be used for quali-
distinct parts and both, clusters and surfaces, have extensiygtive comparisons with our computational results. The STM
Computational hi_StOI’ies. Many well-knovab |n|t|0 methods image of a g0|d dimer, apparent|y oriented para||e| to the
have been applied to atomic clusters, especially those Qfyrface, was observed to span a distance somewhat longer
gold®** For surfaces, periodic boundary conditions can benan that expected for an isolatétbnsurface bounddimer.
used with minimal-sized computational cells to achieve acy the best of our knowledge, there are no other images in

cluratte resfults. Se;/eral' ?ﬁpr‘o?cr;gs have I?een:j appclileld tfe literature and no connection between experiment and
cluster-surface systems: the ‘clustérsupercell and mode computation has been made for these particular images.

potential schemes.“ Cluster techniques substitute an appro In this paper, we report a wide range of related results,

priate molecule for a portion of the surface. The cluster siz%e innina with structural results for aold adatoms on four
must be sufficiently large so as to avoid “edge effects” 9 9 9

caused by the coordinately unsaturated edge atoms. The Slqyers of graphite. The package for "”e"?“ atomic-type orbit-
percell technique employs periodic boundary conditions with'S (PLATO) (Ref. 20 that we employed implements a den-

a fixed cell. While edge effects are eliminated by thisSity func_tlo_nal method with the local density approxmqﬂon
method, the supercell must be sufficiently large so as t@nd optlmlzed orbitals from neutral atoms' and posmvely
eliminate the coupling between adsorbates on adjacent cellgharged ions. Secondly, we report our studies for the static
Potential model simulations  of  cluster-surface relaxation of possible parallel and perpendicular configura-
phenomens~*°use a large cluster model and provide goodtions of the dimers on graphite surfaces. Thirdly, dynamics
results. For example, the Morse potential has been widelgimulations with a constant temperature scheme are shown to
used for cluster-surface interactiolis®’ However, this result in a clear picture of the dimer moving to its preferred
type of simulation often encounters difficulties dealing with perpendicular orientation on graphite surfaces at room tem-
small clusters, charge transfer situations and induced surfagerature. Finally, we report on dynamical simulations of a

charges. gold dimer under the influence of a fixed STM “tip” com-
There were several previous computational studies of thposed of a carbon cluster extracted from a diamond lattice.
gold/graphite or related systems. Duffy and Blackfneal- This paper is organized as follows. Section Il gives a de-

culated structures for silver adatoms and dimers on two fixedcription of our computational approach. In Sec. Il we

layers of graphite. Moullétcompletedab initio calculations  present a series of results from PLATO applied to small iso-
for aluminum clusters on a graphite surface with a singldated gold clusters, to gold adatoms at different binding sites,
relaxed layer. A single surface layer cannot differentiate beto a dimer in nearly normal or nearly parallel configurations

tween « (carbon atom binding sites for which the surfaceon the graphite surface, to the dynamical simulations of a
atom has a carbon atom directly below it in the next layer dimer on the graphite surface, and finally, to dynamical

and g (carbon atom binding sites for which the surface atomsimulations under the effect of tip atoms. These results and
does not have a carbon atom directly below it in the nexdiscussions are followed by conclusions in Sec. IV.
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I. COMPUTATIONAL METHODS TABLE |. Symmetry, total energy & and binding energy per

atom of small gold clusters.
The PLATO (Ref. 20 computational package is used for 9

all calculations. It implements a density functional approachs;,e Symmetry g (eV) Ey/N (eV)
using optimized numerical orbitals extracted from both neu

tral atoms and positively charged ions. The pseudopotentia® Dech —2.861 —1.430
for the atomic cores are adopted from the relativistic sepa3 Near DOy, —4.605 —1.535
rable dual-space Gaussian scheme of Hartwigsen, Goedecker D..h —4.553 —1.518
and Hutte? The exchange and correlation functional takes4 D, —8.012 —2.003
the local density approximation. It was found that including5s Coy —10.838 —2.168
additional orbitals is more effective in increasing structural Dan —-10.123 —2.024
accuracy for isolated clusters than increasing the cutoff radig Dsp, —14.628 —2.438
for the range of the integrals between centers. In order to Csy ~13.827 —21304
obtain the correct triangular structure for Auorbitals from Coy ~13.615 —2.269
Au** should be includedresulting in a triple numeric plus 7 Dy, —16.944 —2.420
polarization basis sgtwhile a set of orbitals including neu- Den ~16.739 —21391

tral atoms and doubly charged ions is sufficient for accurate
calculations involving lighter atoms such as carlfamouble
numeric plus polarization basis g€the cutoff radii for gold
and carbon atoms are 8 and 7 a.u., respectively. The superc

%Era\t study, the surface contraction, defined as the decrease in
scheme is followed in all of our calculations and is defined

e distance between the top and second layers, was found to
by the number of unit cells in the three primitive vector giesé)r.elzaé(,: ab\é?\l\llj:egrggrtﬁrJthae'tir:)r?g(lpaerqlc;nggtilr,irgfnsta?.re-rsmﬁs
directions. The supercell for static relaxation contains33 pancy P : XP e

was attributed to the known density functional theory diffi-

X2 primitive cells, including four atomic layers, decorated : ) . : :
. ; culty with weak interactions, such as the interlayer attraction
with vacuum regions above and below. The top two layers . ) . L
. , . in graphite. The success in locating the global minima for the
along with the deposited particles are allowed to relax. The

in-plane size, X 3, is sufficient to decouple the interactions gold clusters and the previous success with the graphite sur-
' ' s .~ face provide confidence that PLATO may be applied to the
between cells for both a single gold atom and a gold dlmermore complex aold adatom-araphite surface probldm
Optimized structures are obtained when the energy con- piexg grap P '
verges to at least: 810 “ a.u. and the maximum force any-
where in the structure is less than 0.001 a.u. Multiple Bloch A. Gold adatoms on graphite surfaces

states are included withiBpoints in the periodic calculation. i o )
Dynamic simulations are carried out using the Nose PLATO was used to determine the preferred binding sites

Hoover thermostat at a temperature of 300 K. The time ste#’r gold adatoms on graphite surfaces. The results, shown in
is set to 1 fs with the maximum number of steps equal to able 11, indicate that, energetically binding s'ltes are the
200. At each time step, the self-consistent calculation of thénost favored and hollowcenter of a hexagorsites are the
electronic states is converged. Only the top two layers aré@st favored binding positions. This is in agreement with the
kept in these simulations. From the dynamic simulations>TM obsgrvaﬂoﬁ’ that a gold adatom was typically located
clear pictures of the motion of dimers at room temperaturd'®@r a4 site and never observed over a hollow. While the
and under the effect of STM tip have been observed, al€nergy differences among the, 8 and bridge (carbon-
though thermodynamic or statistical properties may not p&arbon bongi sites are small, the hollow site is significantly

extracted due to the relatively short time scale and the smalfSs favored. The binding energies for gold adatoms are sys-
supercell size. tematically larger than those for silver adatoms. The energy

landscape along thgl10] direction is sketched in Fig. 2,
where the top site&x andB) are local minima and the bridge
and hollow points are obtained by constrained relaxation,
i.e., adatoms are limited to motion in the normal direction.

The effectiveness of our computational scheme was testethe energy differences along this direction of the surface are
by the application of PLATO to small isolated gold clusters.greater for gold than for silver atoms. Decreased mobility
For a gold dimer, PLATO returns a binding energy of 2.86was observed for gold, relative to silver adatoms, in SM.
eV and a bond length of 2.53 A, in good agreement with theA gold adatom was observed neaBaite for approximately
experimental dat#2.61 eV and 2.47 A?* For Au;_;, the 10 minutes, compared to only a few seconds for the silver
PLATO results reproduce all of the lowest energy structuresadatom. These experimental results are consistent with the
resulting from previous calculations using DFT increased energy differences from the calculations. Two
approache$!?3 Total energy values are collected in Table | other differences between silver and gold adatoms are com-
and the structures are shown in Fig. 1. These calculationgutationally observed. Gold atoms are negatively charged
with PLATO include the successful prediction of the groundwhen bound at any site, whereas silver adatoms are posi-
state triangular structure for Auwhich is found to be 0.05 tively charged. Larger surface deformation in the region
eV below the linear forns> The suitability of the PLATO close to the metal adatom is induced by gold in comparison
formalism for graphite has been previously reporftedn  to silver.

Ill. RESULTS AND DISCUSSIONS
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Au FIG. 1. Structures of small isolated gold clus-
ters. When more than one isomer is provided, the
N —
A

structure with the darker gold atoms is the most
stable conformer.
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B. Gold dimers on graphite surfaces and the surface. Dimers overand g sites feature a signifi-

Dimers parallel to the surfacePLATO has also been ap- cant angle, while dimers for other binding sites are nearly
plied to the adsorption of gold dimers on a graphite surfaceParallel to the surface plane. The bond lengtk.d of the
Results are collected in Table Il for typical binding configu- dimers does not significantly vary. This implies that the in-
rations of a dimer initially oriented parallel to the surface. t€rmal interaction in the dimers is stronger than the dimer-
The center of the gold dimer is set initially above the sitesSUrface interaction. The binding energy, Hs calculated as
listed in the first column. More detailed descriptions of thesdgn€ dissociative energy of the dimer from the surface,
initial  configurations can be found in a separate E(SyStem-E(graphitg—2E (gold atom. Also included in the
publication’? and are only briefly described here. TheleA ~ table, is the explicit dimer adsorption energy, Ecalculated
site means that the dimer is oriented along the diagonal of 85 ESystem—E(graphito—E (isolated dimer. The latter
hexagon, while forholeB the dimer spans two opposing qugntlty_ assumes that the dimer bond energy on the surface
bridge sites. There are two cases for the bridge site, on 'dentical to its value in the gas phase. With such an as-
perpendiculatbond 3 and the other parallébond 2 to the ~ Sumption, we observe that the gd;orptlon energy of the _d|mer
bond. For thex site case, one gold atom is over a hollow site!S €ss than the sum of the binding energy for two single
and the other over # site opposite. A similar situation ap- atoms. Th|§ is consistent with the previous co_nclusm_n that
plies to theg site case; one gold is over ansite and the the Au-Au mteracthn is greater than the Au-C mterac'qon.
other over a hollow site. Thg, designation denotes a case _ Pimers perpendicular to the surfacaVe also applied
with the gold atoms over adjacegtsites. The most favored PLATO to Au, binding with the internuclear axis initially
of all parallel cases is theoleAsite. This is consistent with Oriénted perpendicular, or nearly so, to the graphite surface.
the adatom case, since for this structure the two gold atom&aPle IV provides the energetics for these dimers. The bind-
are close to oner and oneg site. When compared to single INg energies, calculated as; Eor En, are systematically
adatoms, dimers bind at a higher distance above the surfad@rger than those for the parallel cases described above. At all

Since the two atoms encounter different surroundings, thefPur Pinding sites, the optimized dimers are nearly perpen-
are not necessarily expected to be located at the same height.

The heighth in Table Ill is the averaged value for the two -0.4 |
atoms. The variable; is the angle between the dimer bond Ag oo

TABLE II. Interactions between a gold adatom and a graphite
surface using PLATO with a:83x2 supercell. g is the binding
energy, h is the height of the gold atom above the average level of
the top layer and\h, denotes thegaveragg height of the closest

carbon atorfs) at the binding sites above the rest of other carbon
atoms in the top layer.

K
/N
\\/

Binding Energy (eV)

Site —Eg (eV) h(A) Ah,(RA)  Aucharge €) Au »———”*’\

a 0.662 2457  0.148 ~0.160 @; OB B Lo
B 0.674 2.468 0.276 —0.165
bridge 0.654 2.475 0.162 —0.143
hollow 0.512 2.621 0.016 —0.093 FIG. 2. Binding energy of gold and silver atoms on graphite
surfaces alon§110]. OB is a bridge site and OH is a hollow.

[110]
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TABLE lll. The interactions between near parallel gold dimers and graphite surfaces using3a 3
in-plane supercell with four atomic layers.

Site —Eg (eV) —E, (eV) h dayo 7 (deg) Charge(on Aul/Au2(e)

a 3.603 0.742 2.790 2.588 15 —0.230 (—0.190+0.040)
B 3.618 0.756 2.793 2.562 16 —0.235 (—0.194/-0.041)
Bond 1 3.523 0.662 2.815 2.564 0 —0.160 (—0.080/ 0.080)
Bond 2 3.502 0.641 2.849 2.559 0 —0.149 (- 0.075+0.074)
holeA 3.630 0.768 2.633 2.587 0.5 —0.220 (—0.110+0.110)
holeB 3.570 0.709 2.710 2.577 0.3 —0.190 (—0.097+0.093)
B> 3.568 0.706 2.716 2.576 0.3 —0.182 (—0.089/+ 0.093)

dicular to the surface as indicated by the small values for théor gold and silver dimers points to relativistic effects as a
angle 6. This parameter is defined as the angle between thiactor in the gold preference for perpendicular orientations.
dimer bond and the direction normal to the surface. A dimer
over a hollow site is not stable and is expected to quickly
relax to a position over one of the other three sites. One may
draw the energy landscape of perpendicular dimers along the
[110] direction. This landscape will be similar to that shown In Tables lI-1V, Mulliken charges for the adatoms and
in Fig. 2 for single adatoms. However, the binding energiesdimers are listed in the last columns. Mulliken charges are
per atom indicate that the dimer should be more mobile thacalculated as the difference between the atomic number of
the adatom. the atom and the calculated electron density about the atom.
There is one reported case in the literature of a dimeiThe electron density in bonds is partitioned according to
found to be more stable when oriented perpendicular rathestandard procedures using the overlap intedfslhe tables
than parallel to a surface. This was reported for silver dimeréndicate that the binding energy is strongly correlated to the
on the Mg@001) surfaceé® This observation was attributed charge. The binding energy increases with increasing charge;
to the differences in the Pauli repulsion between occupiedor example, the correlation coefficient is 0.98 in Table II
Ag, and MgO orbitals. The repulsive Pauli interaction for a(adatomg For the two cases, at and 8 sites, that involve
parallel dimer is greater than that for a vertically orienteddimers not oriented perfectly parallel, the upper gold atom
molecule and the energy released upon binding to the surfa@xhibits a greatefnegativg charge than the atom closest to
is not sufficient to overcome this repulsion. However, thethe surface. Similarly, for vertical configurations, the upper
MgO(001) surface features ionic bonds, while the graphiteatom has a greater charge than the atoms closer to the sur-
surface is covalent. Although the MgO and graphite surfaceface; the lower atom with less charge binds more tightly to
are chemically very different, we may draw analogies in thethe negatively polarized carbon surface. The charged adatom
local region of the adsorbed dimer. A silver dimer in theor dimer induces a charge distribution at the surface. The
vertical orientation on the Mg@O01) surface sits over a greater the charge on the adsorbed species, the higher the
negatively charged oxygen ion, surrounded by positivepolarization at the surface, and the stronger the interaction
Mg?" ions. For vertically oriented Auon graphite, the un- between the adsorbed particle and the surface. Significant
derlying carbon atom is negatively polarized and adjacenMulliken charges are calculated for the carbon surface at-
carbon atoms are positively charged. For the graphite suems. Charge distributions on the carbon atoms nearest to the
face, the charges on the surface atoms are induced by thending site are sketched in Fig. 3 for a gold adatom # a
gold dimer. Our calculations for the silver dimers indicatesite. The charge distribution featureg §ymmetry with the
that the perpendicular orientations have binding energiesotation axis passing through the gold atom and ghsite.
only 0.06 eV greater than the dimers in the parallel orientaThe charge distribution and deformation induced by dimers
tion. Since kT at room temperature is approximately 0.03 eVare shown in Fig. @) for dimers over arw site and(b) for
we find no significantly preferred binding orientation for sil- dimers over a bridge site, respectively. The surface polariza-
ver dimers. The difference between the binding preferenceson for both cases has mirror plane symmetry alongdahe

C. Surface polarization and deformation induced by gold
adatoms and dimers

TABLE IV. Energetics, configurations and charges for gold dimers perpendicular to a graphite surface
using a 3x 3 in-plane supercell with four atomic layers.

Site —Eg(eV) —Ep(eV) hem (A)  dap (A 6(deg) Charge(on Aul/Au2(e)

o 3.990 1.129 3.555 2.516 0.60 —0.288(—0.216/0.072)
B 3.999 1.137 3.542 2.513 0.33 —0.292 (—0.222/0.070)
bridge 4.015 1.154 3.519 2.515 0.05 —0.286 (—0.230f0.056)
hollow 3.783 0.919 3.573 2.520 1.84 —0.224(-0.113+~0.111)
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Al @ o a) c)

0.018 1 0.018
0.01% \
-0.012 o
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FIG. 3. Surface deformation and surface polarization induced by

an Au atom bound to @ site. Darker balls show the top layer with b) d) 4
all atoms in a plane, before it is deformed. White balls show the ¢ = | |
deformed surface and the black ball denotes the gold atom. Simila \’ /U\V/V\ /U
conventions are used for Fig. 4. ) —& —€ v . ‘f
¢ e ] / ‘ ?*

axis. The charges on the carbon atoms nearest to the bindin \( (/' “\p"\ S
site are positive, forming dipoles from the surface to the ; " o
deposited particles. >( . i !

The deformation of the surface layer is demonstrated P \( v\v/v\v/'

clearly in the surface polarization figurésigs. 3 and 4 In

the figures, darker balls are artificially drawn in the original  FIG. 5. Dynamic simulations of dimers on graphite surfaces
surface plane in order to provide a graphical representationsing the Nosddoover thermostat at 300 K;>33Xx1 primitive

of the deformation in the top lay€in the direction normal to  cells. Only the top atomic layer is show@) Dimer is initially in a
the surfacg For both adatoms and dimers, the surface defornear parallel orientation over@site and equilibrates after 0.1 ps to

mation is characterized by an elevation of the carbon atoma near perpendicular orientation over a bridge glig.Top view of
(a. (c) Dimer is initially in a perpendicular configuration over a
bridge site and remains nearly perpendiculdy.Top view of (c).

closest to the binding site. Surface deformation is confined to
the top layer; the second layer of the graphite is seldom
disturbed at all.

D. Dynamical simulation of Au, on a graphite surface

Dynamic simulations of gold dimers with two initial con-
figurations at 300 K on a graphite surface were completed
and the results are shown in Fig. 5. A Nddeover thermo-
stat was used in order to overcome potential energy barriers
in the approach to the global minimum. In one simulation,
shown in Figs. &a) and §b), the dimer begins from a near
parallel configuratioriwhite dumbbell over ag site and is
seen to be equilibrated after 0.1 ps in a near perpendicular
orientation over a bridge sitelarker dumbbell The angled
changes from 75° to nearly zero over this time period. After
equilibration, the simulation was continued for another 0.1
ps. During this period, the dimer is observed to move about
a vector normal to the surface. The anglduring this time
is confined to a value of less than 5°. The movement of the
dimer bond sweeps out a three dimensional surface during
the simulation. From the top view shown in Figlbh one
observes from this surface that the center of mass of the
dimer does not significantly change during the simulation.

In the second simulation, the dimer begins from a perpen-

FIG. 4. Surface deformation and surface polarization induced byicular orientation over a bridge site and remains nearly per-
(@) a gold dimer(black dumbbell over ana site. Dot-dashed line pendicular with only slight variations in the center of mass
denotes the symmetry plane of the surface polarizationA gold ~ during the 0.1 ps simulation. The side and top views of these
dimer perpendicular to the surfa¢elack dumbbe)l over a bridge changes during the simulation are shown in Fi¢c) &and
site. 5(d), respectively. The anglé remains within a 0-5 degree
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FIG. 7. Top view of the superposition of the instantaneous po-
sitions of the dimer from dynamical simulations with all four fixed
tip positions. Tip positions used in the simulations are indicated by
anx and numbered in the order that they are encountered.

four fixed tip positions in the order shown in Fig. 7. Once
equilibration is reached at a tip position, the equilibrated ge-
ometry is used as the initial condition for the simulation at
the next tip location. At the third position, when the tip is
directly over the dimer, the tip is raised 2.3 A in the direction
normal to the surface. This tip movement, corresponding to
the tip motion in STM experiments, is arbitrarily chosen and
represents the distance between the lower gold atom and the
surface at the start of the series of simulati¢iig. 5).

Figure §a) shows the simulation results when the tip is

FIG. 6. (a) Effect of STM tip at position II. A fixed diamond tip located betweens and hollow sites. Three instantaneous
of 11 atoms is above the two layer surface. Also shown are thregonfigurations of the dimer are shown: the initia/hite
instantaneous positions of a dimer: initiathite dumbbel, mid- ~ dumbbel), the mid-simulation transieridarker dumbbe|
simulation transient(darker dumbbell and equilibrated(black  and the equilibrated positiofblack dumbbe)l. Other instan-
bally. Other instantaneous positions are shown by the position ofaneous positions are indicated by the Au-Au bond only. Fig-
the Au-Au bond only(b) The top view of(a), but for clarity only  ure §b) provides the top view ofa), with just the apex atom
the apex atom of the tip and the top layer of the surface are inof the tip and the top layer of the surface shown for clarity.
cluded.(c) Effect of a STM tip with apex over g site (tip position Figure c) shows the dynamics simulation picture with
V). the tip at the fourth position, over g site. Again, three

instantaneous configurations as described for Fig) ére

range during this 0.1 ps period. The simulation results arshown. The upper gold atom moves over a much larger re-
consistent with the optimizations reported in Tables Ill andgion of the surface than does the lower atom. Several instan-
IV. The most stable dimer orientation is perpendicular to theaneous, non-equilibrated states are shown as the smaller
graphite surface. Dimers iinea) parallel configurations white balls for the upper gold atom. The trace of this atom is
tend to move to a perpendicular orientation with little appar-bent towards the surface, relative to the initial perpendicular
ent energy barrier. A simulatioimot shown of a perpendicu- orientation. The upper atom is deflected toward the underly-
larly oriented dimer over a hollow site found this position to ing carbon-carbon bond by the tip. The dimer does not fol-
be unstable and the dimer moved to one of the stable bindingpw the tip indefinitely, but returns to the preferred vertical
sites, through a relaxation process. orientation after the tip passes. This was verified by using the
geometry shown in Fig. (6) and moving the tip past the
dimer. A final simulation was completed using this starting
point and the dimer was observed to equilibrate to a vertical

In an attempt to investigate the effect of an STM tip on anposition during the 0.1-ps simulation. Figure 7 provides the
adsorbed dimer, a cluster of 11 carbon atoms extracted frotop view of the superposition of instantaneous positions of
a diamond lattice is used to simulate an STM tip as shown irthe dimer from all of the dynamics with the four fixed tip
Figs. 6 and 7. The simulation is begun with the dimer-surfacepositions. The apex positions are indicated byxanThe
system in the equilibrated geometry shown in Fi@)5Dur-  angle @ varies between 5° and 55°.
ing all simulations, the STM tip is maintained perpendicular The overall picture of the dimer motion in Fig. 7 may be
to the surface at a distance equal to the height of the uppdoosely compared with the image obtained in an STM
gold atom from the surface as defined in the simulation deexperiment® In that STM experiment, the gold dimer
scribed by Fig. &c). Dynamic simulations are completed for bondlength was observed to be longer than that reported for

E. Effect of STM tips on gold dimers
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the isolated gold dimer. In such a comparison, we must keepelaxed graphite surfaces. Results for adatoms on graphite
in mind that a direct comparison of STM images to theorysurfaces are in qualitative agreement with STM observations.
requires estimates of the tunneling current that may only b&8ased upon the energetics of the adatofsites are favored
obtained by integrating the density of states at the surfacday single gold atoms and hollow sites are not stable. How-
The calculations reported here were not intended to directlgver, several types of binding sites have comparable energies
provide a simulated STM image. There are several possibland are essentially indistinguishable based on this criterion.
reasons for the change in Au-Au bondlength observed in th@he energy landscape indicates that a gold adatom is not as
STM experiment. The Au-C interaction may be greater tharmobile as a silver adatom, also in agreement with STM ex-
that for Au-Au, so that the gold atoms reach a potential wellperiments. Static calculations and dynamical simulations for
by a lengthening of the bond to bind to more favorable sura dimer on the graphite surface indicate that the dimer pre-
face sites. Alternatively, the gold-carbon interaction may befers to stand vertically on the surface. This phenomenon has
weak so that the dimer has a high surface mobility and theéot been previously reported for dimers on covalent surfaces
apparently increased bondlength is a reflection of slight mosuch as graphite.

tion on the surface. Finally, the STM tip may interact with  We also observed that adatoms and dimers induce surface
the dimer and cause movement of the adsorbed species agitlarization, as well as surface deformation. These results
passes over. Our dynamical simulations suggest that theiadicate that surfaces or deposited particles and STM tips
may be an observable impact of the tip on the gold dimewill interact both mechanically and electronically. An asym-
position during STM scanning. The simulations indicate thatmetry of STM images with respect t8 site carbons in

tip attracts the vertically positioned dimer as it approachegraphite has been observed by several grééip¥whangbo
from a distance. As the tip moves closer to the upper golet al?’ concluded from experimental work that this feature
atom of the dimer, the dimer is repelled, but tends to remairof STM images derived from both mechanic and electronic
above or along a carbon-carbon bond. Finally, the upper goldffects. Our findings of surface polarization and deformation
atom returns to its equilibrium position as the tip passes byinduced by deposited particles support this theory.

In contrast, the motion of the lower gold atom is much more

limited and confined to a small region over the initial bridge-
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