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Friction between a Ge tip and the(001)-2X 1 surface: A molecular-dynamics simulation
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In order to investigate the friction between a Ge tip and its (00%)}tZurface by molecular-dynami@siD)
simulation, two schemes are adopted. In the first scheme the tip advances over the substrate each MD step
while in the second scheme the tip advances every 1000 MD steps. It is found that if the tip and the substrate
approach each other closely enough, for both schemes wear occurs via a slip-stick mechanism, but their details
are quite different. We present a detailed explanation for this phenomenon and conclude that the second scheme
is more appropriate for the description of experimental situations. In additions, we find that the friction
properties of the nanomaterials are related to sliding direction.
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The dynamical interaction between a tip and a substratef the tip advance 0.1 Aor 0.05 A along the direction of
involves cohesion, wear, adhesion, friction, diffusion, etc. Itsliding. The process is repeated. For all of the simulations,
is closely related to indentation processes and interfacial phehe temperature of dynamic atoms is controlled by a Hoover
nomena in nanomaterial science. It has been widely explorethermostat* The numerical integration of the equation is
both theoretically and experimentaly*?However, in recent done by a velocity Verlet algorithi?:*® with a time step
theoretical works there exists an obvious weakness, i.e., dugt=3.0x 10" 1° s in the integration algorithm. The initial
to the limitation of computer resources the speed the tip adsimulation temperature is set &#=50 K, and this value is
vances over substrate is greater than 1.0 m/s, and in somgaintained throughout the simulations by implementing the
cases as large as 100.0 m78Experimentally, the velocity Hoover thermostat. Before the simulations are performed for
is only in the ranggum/s to mm/S~* Thus the experimen- the system by MD, a conjugate gradient method has been
tal and the simulation velocities are quite different. For thisged to relax the tip and the substrate of the system, respec-
reason, we may questipn the gonclusions from those Sim“""lrvely. For the substrate we obtain a dimerizing (002
tl_ons. In order to |nve_st|gate this PVOb'em' as an example, Wfeconstructed surface. The bond length of the dimer is 2.43 A
simulate the interaction of a Ge t'P and the (002} SUr and slightly smaller than the nearest neighbor distance of Ge
face of Ge by a molecular-dynamics method. Our aim is t02 45 A). In all of the cases we simulate a constant height
present a reasonab'le method to describe the friction phenoréb'an of ;':1 tip over a substrate. In order to do a clear compari-
enon of nanomaterials theoretically. on of the two methods the tip is kept close to the substrate.

In the simulations, the computational cell consists of a G . L
tip which is placed above a Ge substrate. The substrate is ahe scan height of the tip is 1.132 A above the surface of the

thick slab and constructed with 17 G601) atom layers. substrate.

: L .. We first perform MD simulations for the tip-substrate sys-
Each layer contains 100 atoms. The tip is constructed with . : .
13 Ge (111 layers, including 3 atoms in the bottom most tem by the first method. With this method, we perform three

layer, and 30 atoms in the top layer. The total number Ofsimulations. In the three simulations, the displacing veloci-

atoms in this computational cell is 1873. Periodic boundar)}Ies g{)sgatécoatorgszo;the/tlp,T\;]wth referenced_to trletstjbstra;e,
conditions are used in the two dimensions parallel to th re 90.0, >.band 2.5 m/s. 1he corresponding total number

surface plane. In the third dimension, fixed boundary condi-Of time steps are 20 000, 120 000 and 160 000, respectively.

tions are established by static atoms in the bottom most fiv-el—lhese S|mulat|pns take 2’. 12, and 16. dgys on an 600 MHz
layers of the substrate and the top most three layers of th pha workstation, res_,pectlvely. The S"dm.g dlr_ectlons are all
tip. The positions of the static atoms are fixed at their bulk“'0S€N along th& axis. TheX, Y, and Z directions of the
lattice sites. There are ten and twelve dynamic atom layers jgubstrate ar¢110], [110], and[001] while the X, Y, andZ
the tip and in the substrate, respectively. The interatomidirections of the tip ar¢ 011], [211], and[111], respec-
potential is the Tersoff potenti&f. The potential provides an tively. For convenience, hereafter we shall call the three
approximate and computationally efficient description of thesimulations 1-I, 1-II, and 1-11I, respectively. We have plotted
essential physics of the interatomic interactions in semiconthree sets of snapshots for the three simulations, and all are
ductors C, Si, and G¥ found to be similar to each other. As an example, only two of
In this work two methods are used. In the first method, thehe snapshots are shown in Fig. 1, one shapshot from simu-
static atoms of the tip are displaced by a MD time step in thdation 1-(@ and one from simulation 1Ib). From the three
direction of sliding and the dynamic atoms are relaxed simulsets of snapshots, it is obvious that a wear has occurred in all
taneously. This is a traditional method and has been widelpf the three simulations and some atoms of the tip have
used in the study of a tip-substrate systemin the second transferred into the substrate. This is not difficult to under-
method, the tip is fixed over the substrate while its dynamicstand. The tip has a far larger ratio of surface area to bulk
atoms are relaxed for 1000 time steps. Then the static atommlume than the substrate has. This makes the surface energy
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FIG. 1. Snapshots of a GA11) tip on a Ge(001)-X 1 sub-

FIG. 2. The same as Fig. 1, but, for simulation 2-1.

of the tip higher than that of the substrate. Thus some atoms
in the tip are attracted by the substrate more strongly than by
the tip and transfer to the surface of substrate. From the three
sets of snapshots, we also see that an atom is “kicked” out
from a dimerizing row and into a trough between two dimer-
izing rows for all three simulations. This causes that an atom
row of the dimer row loses an atom and the trough obtains an
atom (for example, see Fig.)1In the Ge(001)-X 1 surface

this damage is permanent, at least by this first simulation
procedure. From these computational results, it should be
noted that although the difference of the tip’s velocities in
simulation 1-1 and 1-1or simulation 1-1 and 1-Il)l is of one
order (or more than one orderof magnitude, the atomic
configurations during friction for this three simulations are
very similar.

Using the second method we perform two additional
simulations. In simulation 2-1 the tip advances 0.1 A every
1000 time steps, while in 2-11 the tip advances 0.05 A every
1000 time steps, corresponding to an average velocity of
3.33 and 1.666 m/s. In the two simulations the total number
of time steps are 120 000 and 240 000, respectively. Snap-
shots for simulation 2-1 and 2-II are found to be similar to
each other. As an example, we show one snapshot from
simulation 2-1 in Fig. 2. As in set 1, wear can clearly be
observed. However, we find that the results of simulation 2
are quite different from those of simulation 1 in the atomic
configurations. Although a dimerizing row has been de-
stroyed, an atom from the tip has been embedded in the

strate. They are taken when the tip arrives at the position of 8 Adimerizing row in simulation 2-1 and 2-1l. This leads to the

from the same start point on the substrate (&simulation 1-1 and
(b) simulation 1- 11,

partial recovery of atom structure of the dimerizing row in
simulations 2-1 and 2-II. In simulation 1-I, 1-Il, and 1-lll a
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2 wear occurs in the sliding process as shown in Figs. 1 and
W’M (@) Fig. 2. Note that the saw-tooth shape of friction force versus
oL MWHIW | sliding distance from the present simulations is also observed

in experiments and previous theoretical simulations for a tip-
substrate systef’ Likewise, the amplitudes of fine oscilla-
tions in the force are larger in Fig(@ than in Fig. 3d). This

is probably an effect of phonons. Finally, from Fig. 3, we can
see that the the shapes of the curveRgfversus sliding
distance from 1-1, 1-ll, and 1-lll are different from the ones
from 2-1 and 2-1lI.

Why are the atomic configurations and the friction prop-
erties of the first method quite different from the ones of the
second method, although the equivalent speed of the tip in
simulation 2-1 (3.33 m/s) is the same order of magnitude as
the one in the simulation 1-lll (2.5 m/s)? And why are the
configurations and the friction properties of simulation 1-I
almost the same as the ones of simulation 1-1l and 1-IIl,
although the difference of the their tip’s speeds is larger than
one order of magnitude? This may be explained as follows.

It is well known that the velocity of atomic thermal move-
ment(ATM) of Ge spans the range from several m/s to sev-
eral of hundreds m/s at the room temperatiren experi-
ments the advancing speed of the tip with respect to the
substrate is at the range from sevepaim/s to several
mm/s>~ This velocity is very much slower than the veloc-
ity of the ATM. This means that when the tip is moving, due
to the ATM, the dynamical atoms have enough time to adjust
themselves to approach a quasiequilibrium state. In other
words, in the experiments the tip-surface system is at a qua-
siequilibrium state all along when the tip is moving. How-
ever, in the first method the velocity of the tip is at the range
of the velocity of ATM. In other words, the distance a dy-

F, (nN)

_10 L 1
0 3 6 12 namical atom walks by the ATM is approximatively equal to
S the distance the tip moves. In this case, the dynamical atoms
Sliding Distance (A) do not have enough time to arrive at a quasiequilibrium state

when the tip is moving. Thus the first method is unsuitable
for the description of a friction process with the present com-
puter resources. In the second method, the tip advances 0.05
A every 1000 time steps, and the average component veloc-
single atom row of the dimerizing row loses an atom permaity of ATM of Ge atom at 50 K is equal to 75 m/s. There-
nently (see Fig. 1 fore, within 1000 time steps, a dynamical Ge atom may walk
The atomic configurations of the first method are differentan average distance of ATM of 2.25 A along the direction of
from the ones of the second method, the friction propertiesliding. It is a far longer distance than the distance of 0.05 A
are also different in detail. These properties can be seen fromhe tip moves. This means that the tip-substrate system has
the friction force as a function of sliding distance. Becausesnough time to reach a quasiequilibrium state when the tip
the shape of curve of the friction force versus sliding dis-advances 0.05 A every 1000 time steps. Thus, the second
tance of simulation 1-1 is almost the same as that of simulamethod should be closer to the experimental situation than
tion 1-II (or 1-11l) and the shape of the curve of simulation the first method. Moreover, a force that an atom “feels” in a
2-1 is similar to one of 2-1l, as an example, we plot the quasiequilibrium state is quite different from one in a non-
friction force F, in Fig. 3 for simulation 1-II, 1-1ll, 2-1, and  equilibrium state, and the atomic configuration and the fric-
2-1I. The friction forceF, is calculated as the sum of thé  tion properties are determined by the force field. Therefore,
components of the forces on all atoms in the tip. From thehe atomic configurations and the friction properties of the
figure it may be seen that the variation of the friction forcefirst method are different from ones of the second methods,
versus sliding distance has the well-known saw-tooth shapelthough the order of magnitude of the average speed of the
andF, varies between larger and smaller values. This corretips is nearly the same in simulations 1-1l and simulation 2-I.
sponds to the sliding and stick and slip motion. The frictionThe difference of the velocities of simulations 1-1 and 1-Il is
force F, is built up during the elastic stages, until yielding one order of magnitude, but both velocities are in the range
occurs and the force suddenly drops. The variation of thef the velocity of ATM. This means that the tip substrate
force with the sliding distance increases. This indicates that aannot reach a quasiequilibrium state whether the tip moves

FIG. 3. The friction forceF, on the tip as a function of the
sliding distance. Simulatiofe) 1-11, (b) 1-1l I, (c) 2-1, and(d) 2-II.
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at the speed of 50 or 5 m/s. Perhaps, this is the reason thi@rger force exerting on an atom, the atomic configuration is
the atomic configurations and the friction properties of simu-destroyed more easily when the tip moves along[th#l |
lation 1-I are almost the same as ones of simulation (bl than along[21_1].

1-11). Finally, we should also stress that in order to simulate the
It should be emphasized that different from the firsttip-substrate system more realistically the computational cell
method, at large mean tip velocifgeveral m/sthe second should be large. By considering this situation, the research
method may be used to simulate the process of a quasiequn nanofriction using a parallel algorithm is under way in
librium state to another quasiequilibrium state, thus, usingpur group at present. In addition, we also did the same cal-
the second method to simulate a tip-substrate system hasilations for a Si tip-surface system. We obtained the similar
become possible. Note that, according to our experience, igonclusions to the present. The results will be published else-
order to simulating a quasiequilibrium process the distancahere.
the tip advances should be smaller than 0.1 A. We also add a In summary, to investigate the consequences of the dy-
simulation more using the second method using equivalerfi@mical interactions between the tip and the substrate we
velocity 16.66 m/<tip moves 0.05 A per 100 time step#n have performed MD simulations, employing Tersoff poten-

this simulation, we find that the atom configurations agred!d! for Ge. We use two methods to simulate the system. In
with the results in Fig. 1 very well, and they are different the first scheme the tip advances over the substrate each MD

(tjime step (the traditional method while in the second
scheme the tip advances every 1000 MD steps. We find that
for small separations of the tip and the substrate a wear oc-
X . Yeurs in these simulations and the atoms of the tip transfer
100 steps, the second method will can not simulate a quasjyg the surface of the substrate. In the two methods, the
equilibrium state. . . L . friction properties, including friction force versus sliding dis-

_We repeat all above simulations by considering a different, e and the atomic configurations, are quite different from
sliding direction, i.e., now the tip moves along tedirec-  g40h other in detail. In addition, it is found that the frictional
tion. We obtain similar conclusiongthe results are not ,,herties depend on a sliding direction in the interactions
shown here In addition, it is found that there are more zig- peqyeen nanomaterials. From our numerical simulations we
zag subpeaks in the curve of friction f_orce VErsus SIIdIngconclude that the second method is more appropriate for the
distance when the tip moves along #11] (Y direction  description of tribology between solid and solid materials
than along thg 011] (X direction. This is due to the fact than the traditional method under the present computer re-
that the sliding of atoms is easier along fi&11] direction ~ Sources. Using the present method simulation of a tip-
than along the[OTl] direction in the(111) face of the tip. substrate system has become possible.

When the tip advances along th211] direction we do not We thank Dr M. Machholm for her reading through this
find a permanent damage in the substrate for both procenanuscript with helpful suggestions. This work was sup-
dures. Since sliding may inhibit a process of building up aported by a Singapore-MIT Alliance Research Grant.

method is indeed similar to the first method when tip’s ve-
locity is over 16 m/s. Therefore, using fewer time steps, sa
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