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We have carried out computer simulations to identify and characterize various thermally activated
atomic scale processes that can play an important role in room temperature experiments where a metal
tip is brought close to a metal surface. We find that contact formation between the tip and the surface
can occur by a sequence of atomic hop and exchange processes which become active on a millisecond
time scale when the tip is about 3—-5 A from the surface. Adatoms on the surface are stabilized by the
presence of the tip and energy barriers for diffusion processes in the region under the tip are reduced.
This can cause adatoms to follow the tip as it is moved over the surface. [S0031-9007(96)01810-8]

PACS numbers: 61.16.Ch, 68.35.Fx

The scanning tunneling microscope (STM) has becomé&mperature, and on the time scale of a typical experiment,
one of the most important experimental techniques fothermally activated processes can play a role in the
surface science studies. The STM has mainly beeprocess of contact formation. The contact can be formed
used forimaging of surface structure and topography, by a sequence of individual hops of atoms from the
but dynamic surface phenomena such as diffusion haveép towards the surface. We refer to this scenario as
also been studied. In other experiments, one has maddiffusion-to-contact.”
constructive use of tip-surface interactions by using a We have carried out calculations of the interaction of
STM as a tool formanipulating atoms or molecules a Au tip and a Au surface. The surface is modeled by a
on the surface [1]. Recently, electronic and mechanicahu(100) slab consisting of six layers of atoms [11]. The
properties of atom-sized metallic contacts have beetip has a crystalline structure of stacked Au(100) layers.
investigated during indentation and subsequent retractionwo layers at the top of the tip and at the bottom of
of a STM tip on a metal substrate [2—4]. the substrate are static. The energies and forces of the

It is well known from STM experiments that when a atoms are calculated using potentials derived from the
metal tip is brought close enough to a metal surface, theffective medium theory [12]. These potentials provide
tip and surface rapidly form a contact [2,3,5]. Similar an approximate and computationally efficient description
observations have been made using mechanically controbf the interatomic interactions in metallic systems, and
lable break junctions [6,7] and other techniques [8]. Inthey have been applied successfully in studies of surface
experiments at a temperature of 4 K, or below, it hascience phenomena such as diffusion, surface relaxations
been observed that the contact consisted of a single atoand reconstructions, and surface premelting.

[2,6,8]. At room temperature, this has been reported in There is a very large difference between the time
some experiments [5], whereas in others [3,7] a contact afcale of a typical tip-surface experimentO(? s) and
10-100 atoms formed right away. the time scale of a MD simulationi§¢~'° s). Processes

On the theoretical side, a mechanism involving awhich can occur readily in an experiment will likely
sudden jump-to-contact due to a mechanical instabilitynot be seen in a direct, dynamical simulation. In order
at close proximity of the tip and surface was originally to identify and characterize processes which could take
proposed by Pethica and Sutton [9] and has been studigiace in an experiment, we have carried out the following
by several workers [10]. The picture that has emergedomputational procedure: First, we have performed
from continuum modeling, static atomistic calculations,MD simulations at an elevated temperature of 520 K,
and molecular dynamics (MD) is the following: When where diffusion events can take place and a tip-surface
two surfaces are brought close to each other, the systeoontact can form. From the MD simulation trajectories
becomes unstable at a certain critical distance of a fewe have extracted atomic configurations and quenched
angstroms, and the surfaces suddenly jump into contacthem in order to clearly identify the atomic migration
This so-called “adhesive avalanche” involves collectiveprocesses that have taken place and to determine the
motion of many atoms and occurs within approximatelystable initial and final configuration for each process.
1 psin a MD simulation. Second, for each migration process, we have used the

In this Letter, we suggest another mechanism fomudged elastic band method [13] to determine a minimum
contact formation. At higher temperatures, e.g., roonmenergy path (MEP) [14] for the transition from the

0031-900796/77(25)/5067(4)$10.00 © 1996 The American Physical Society 5067



VOLUME 77, NUMBER 25 PHYSICAL REVIEW LETTERS 16 BCEMBER 1996

initial to the final configuration. In this method, a In the high temperature simulations, atoms from the
discretized path consisting of 20-40 replicas of thesecond tip layer migrate down to the bottom layer. In this
system is constructed by linear interpolation betweemway, a contact with a cross section of four or five atoms
the given initial and final states, and then optimizedis formed. The processes involved are typically one-atom
iteratively. Assuming that diffusion can be well describedhops or two-atom exchange processes, but some of the
within harmonic transition-state theory, the diffusion rate,processes are quite complicated in the sense that several
1/7, at a temperaturel’ can be written asl/7r =  atoms may be displaced significantly.
v exf(—E,/kgT), where E, is the activation energy =~ We have picked out one of the transitions for a more
barrier and the prefactory, is an effective vibrational detailed discussion. Snapshots of the system in stable,
frequency. For each migration process, the energy barrientermediate configurations along the MEP are shown in
E, is obtained as the maximum energy along the MEPFig. 1(c). The corresponding variation in the potential
E., minus the potential energy at the initial sta#, energy is shown in Fig. 1(d). A compact contact is
i.e.,E, = E, — E;. For self-diffusion on metal surfaces, formed with four atoms in the bottom tip layer and six
prefactors are typically on the order ®0'> s™!, which  atoms in the second layer. The energy of the system is
implies that a process with an energy barrier lower thar®.58 eV lower in the final state compared to the initial
0.50 eV occurs within less than 1 ms at room temperaturestate. The potential energy change can be understood as
The first set of simulations is performed with a tip thata competition between a lowering of the surface energy
has a single apex atom at the bottom and then 9, 1&nd an increase in elastic strain. The slowest migration
25, 36, 49, and 64 atoms in the six subsequent layergrocess is the initial two-atom exchange process by which
[Fig. 1(a)]. The vertical (core) distance between the apex contact with a cross section of essentially two atoms is
atom and the surface atoms just below is 3.3 A, when théormed [A— B in Fig. 1(c)]. The activation energy is
atomic positions are relaxed. At this distance, a contadd.29 eV, which implies the process would occur on a time
between the tip and surface does not form spontaneousicale of approximatel9.1 ws at room temperature. The
at 0 K. When the tip is moved 0.3 A closer to the surface subsequent migration processes can also be described as
the separation becomes unstable, and the tip and surfat@o-atom exchange processes, but they have significantly
get connected by a one-atom point contact. lower energy barriers and thus have much higher rates.
This implies that in a typical laboratory experiment,

e VV "%j%j’ the contact formation could appear as an instantaneous
(a) @ @ (b) cascade rather than a sequence of individual events.
It can be seen from Fig. 1(d), that several metastable
)OOOOOOOOOOOC% )Qgg%%?oc% configurations are found along the MEP. In some of
NINTXTNTNTNTN NONTXTNTNTNT these configurations [not shown in Figs. 1(a)—1(c)], atoms
A: Initial D: Final occupy positions that do not correspond to ideal lattice
®P® ® O® LW sites. Because of the strain on the system, the potential
() @ 93969 eﬁégo energy landscape is qualitatively different from that of the
010]0) 0,0 (@ crystal.
A B C D With the limited set of simulations we have carried out,

we have not found all possible transition paths for contact
formation. However, we have investigated in detail the
first migration process by which an atom from the second
tip layer migrates down and forms a contact with a
cross section of two atoms. We have calculated energy
barriers for all such processes that are either one-atom
hops or two-atom exchange processes, and we find that
the two lowest activation energies belong to two exchange
processes; one is the process—AB in Fig. 1(c), and
the other can be described as atom 2 moving down and
atom 1 moving one site to the right, with an energy
barrier of 0.27 eV. Another low-barrier process is a one-
atom hop with a barrier of 0.36 eV [atom 4 moving
FIG. 1. Formation of a contact between a Au tip and adown]. The main point is that several processes have
Au(100) surface. (a) Side view of initial configuration. (b) energy barriers significantly lower than 0.5 eV, and they

Final configuration. (c) Top view of four stable configurations, yharefore occur at room temperature on the time scale of a
A-D, showing three two-atom exchange processes leadin

to contact formation. (d) Potential energy along minimum%/pical experiment. .
energy path. Labels, A-D, indicate points corresponding to In the following, we study the effect of the tip-surface
configurations in (c). distance. Here we have chosen a flat tip (analogous to
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several previous simulations [10]) with X 5 atoms in  When the tip and surface are separated by a large distance,
the bottom layer. Again, there are six layers in the tip andhe activation energy is 0.8 eV, and the energy at the
in the substrate. We have calculated the barriers for afinal state is 0.3 eV larger than the energy at the initial
one-atom hops or two-atom exchange processes by whidtate. As the tip moves closer to the surface and the
an atom moves down from the lowest tip layer and endslistance becomes shorter than approximately 5 A, the
up as an apex atom at the bottom of the tip. If the tip andactivation energy is reduced significantly, and furthermore
surface are close enough, a one-atom point contact withe process becomes energetically favorable. The energy

form.

barrier is only 0.35 eV at a separation of 4.7 A. The

One of the migration processes is shown schematicallpotential energy landscape also changes qualitatively with
in Fig. 2(a). It is a one-atom hop of an atom initially the tip-surface separation.
positioned at the corner of the bottom layer of the tip. The The activation energy for three different processes
variation in the potential energy along the MEP is shownis given as a function of the tip-surface distance in
in Fig. 2(b) for three different tip-surface separations.Fig. 2(c). One is the process shown in Fig. 2(a). The

others are a hop of an edge atom and a two-atom exchange

process. In all three cases the activation energy is reduced
D¢ OO~ ggg gg §ignificantly when the tip is close to the surface, but there
(a) @) 00000 is a crossover from two-atom exchange to one-atom hop.
% QOO0 00 0O The results presented in Fig. 2 indicate that for the
A C%Q-@i DD%@ geometry in Fig. 2(a), tip atoms can diffuse down and
form a contact on a millisecond time scale at room
(b) 1.0 e g temperature when the tip-surface distance is less than
08 F —— M:"”f'“;"y - approximately 5 A. Moreover, the simulation results in
o b ﬁzg; A Fig. 1 suggest that once the contact formation is initiated,
= o4 : subsequent migration of atoms can make a one-atom
< i contact evolve quickl_y into a contact_of se\_/eral atoms.
g - This has been confirmed by MD simulations of the
5 007 \ / . system in Fig. 2(a) at a temperature of 520 K. In these
-0.2 b ‘kﬁ_ﬁ,f A simulations we observe that approximately one half of the
04 F N atoms in the bottom layer of the tip migrate towards the
gal 5 oo ; , ] surface, thereby forming a contact of 10—15 atoms. When
00 02 04 0B 0B 1. comparing the diffusion-to-contact to the “avalanche,” we
Reaction coordinate find that the former mechanism occurs in simulations
1.0 —— where the tip-surface distance is too large for the latter
(c) | o A mechanism to operate. More generally, the competition
— 08+ e o o between diffusion and avalanche depends on a number
z of parameters besides time scales and temperature; the
06k = most important being tip shape and surface structure
E and materials. Indeed, a perfect pyramidal tip without
£ u .
5 04T A | adatoms is very stablg and preferably forms contact by
5 4 &= comer hop the avalanche mechanism.
i 02+ :: e We now address a different effect in tip-surface inter-
--4 gdge hop . i
actions. Instead of focusing on how the surface affects
0.0 RN T S T N T S " the barriers for migration of atoms on the tip, we now dis-
30 40 50 60 infinity

Tip-surface distance [A)

cuss the influence which the tip may have on diffusion of
adatoms on the surface. We have chosen the geometry

FIG. 2. (a) Schematic illustrations of a migration processshown in the inset in Fig. 3 for the calculations. It is the
where atom 1 at the corner of the bottom layer of the tipsame as in Fig. 1(a) except that the tip apex atom has been

hops down and becomes an apex atom (shown gray) at t

Nemoved, and instead an adatom is initially placed on the

bottom of the tip. (b) Variation in potential energy along th . . . . .
minimum energF))/ p(at% for the procf)ess shown ir?y(a) atgthreesurface outside the interaction range of the tip (position

different tip-surface separationsiz is the difference between 1). In Fig. 3, the potential energy is shown as the adatom
the average (relaxed) height of the atoms at the bottom ohops into the region underneath the tip (reaction coordi-

the tip and the average (relaxed) height of the surface atomgatel — 5) and is then transferred from the surface to the
underneath the tip. (c) The energy barrier as a function of tipy (reaction coordinaté — 6).

. ; ; i
surface separation. Circles: the process shown in (a). Squaresp_l_h WO | tant ob f to b de f
a two-atom exchange process where atom 2 moves down and is ' N€ré are two important observations 1o be made irom

replaced by atom 1. Triangles: a single-atom hop where atorfrig- 3. First, energies at stable sites on the surface close
3 moves down. to the tip are lower than energies at stable sites far from
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