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Molecular-dynamics simulations of atomic-scale friction of diamond surfaces
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The friction which occurs when two diamond (111)hydrogen-terminated surfaces are placed in sliding

contact is investigated for sliding in different crystallographic directions, as a function of applied load,
temperature, and sliding velocity. We find a directional dependence to the friction coefficient, p; that for
certain crystallographic sliding directions p increases with increasing load and as the temperature de-

creases; and that for the sliding speeds investigated here, p is approximately independent of sliding ve-

locity. We also found that the sliding velocity may become a factor for very slow, experimentally achiev-

able sliding velocities when sliding in the [112]direction but not for sliding in the [110]direction.

I. INTRODUCTION II. METHODOLOGY

Recent advances in the chemical vapor deposition of
diamond films hold promise for producing hard protec-
tive coatings on a variety of substrates. As a result, it has
become important to understand the friction and wear
properties of diamond coatings. While a number of stud-
ies of the macroscopic tribiological properties of diamond
and diamond films' exist, relatively little is known
about the mechanism of diamond friction and wear at the
atomic scale.

Current technology has brought us to the point where
we can begin to investigate atomic-scale processes at slid-
ing interfaces. Experimentally, the use of the atomic
force microscope (AFM) has led to the observation of a
frictional force resolved on the atomic scale. ' Theoreti-
cally, friction that arises from slippage at solid-solid in-
terfaces has been investigated using molecular dynamics"
(MD) and first-principles calculations. ' ' The interac-
tions that occur at a tip-surface sliding interface (analo-
gous to an AFM experiment) have also been investigated
using molecular dynamics. '

There are also several early models, specifically
developed to examine the mechanism of energy dissipa-
tion, which have been used to examine the wearless fric-
tion that occurs when two atomically fiat surfaces are
placed into sliding contact. ' ' These models agree quali-
tatively with one another and with molecular-dynamics
simulations of friction between close-packed films. ' The
phenomenon of wearless friction has also been examined

by Sokoloff' ' and by Hirano and Shinjo. '

In this work, we use molecular dynamics to investigate
atomic-scale friction and associated processes between
two atomically flat diamond surfaces in sliding contact.
The simulations employed here allow for a detailed exam-
ination of the friction phenomenon. In particular, we
have examined atomistic sliding and energy dissipation
mechanisms; the dependence of the friction coefficient on
crystallographic sliding direction, temperature, and load;
and the effect of sliding speed on the friction process. We
also briefly compare our detailed results with earlier
models of wearless friction.

The MD calculations are carried out by integrating
Newton's equations of motion with a third-order Nord-
sieck predictor corrector using a constant time step of
0.5 fs. The forces are derived from an empirical hydro-
carbon potential that is capable of modeling intramolec-
lar chemical bonding in both diamond and graphite lat-
tices, as well as in a variety of small hydrocarbon mole-
cules. ' The potential used here is potential II of Ref.
22 with additional terms that better describe torsional
forces and short-range, repulsive terms ' that may
prove important under high compression. (Although it
was not a factor in this work, this potential allows for the
modeling of chemical reactivity, unlike more traditional
valence-force fields. The importance of this capability in
friction studies will be demonstrated in subsequent publi-
cations. ) Recently, this potential has been used to model
the compression of C6p between graphite planes, the
scattering of C6o from diamond surfaces, and the
compression and indentation mechanism in diamond
(111)crystals. '

In this work, a (1X1) hydrogen-terminated diamond
(111) surface is brought into sliding contact with another
(1 X 1) hydrogen-terminated diamond (111)surface. The
carbon portion of a diamond (111) surface consists of
first- and second-layer carbon atoms that are trigonally
arranged. The vertices of these triangles are rotated 60'
with respect to one another, thus forming a hexagon. (It
is important to note that this hexagon is not planar but,
rather, more similar to the chair conformation in cy-
clohexane. ) These hexagons are centered over the
fourth-layer carbon atoms, which are visible through
"windows" or "holes" in the surface layer. The hydrogen
atoms that cover the diamond surface are bound to the
first-layer carbon atoms.

The lattices contain ten layers of carbon atoms and two
layers of hydrogen atoms, where each layer contains 16
atoms [Fig. 1(a)]. Periodic boundary conditions are ap-
plied in the XY' plane that contains the (111) surface of
the lattices. This simulates an infinite (111)sliding inter-
face. The atoms of the three outermost layers (in the Z
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and —Z direction) of each lattice are held rigid. Fric-
tional forces are applied to the atoms of the next five
layers of both the upper and the lower lattice to control
the temperature of the system. The atoms of the four in-
nermost layers of each lattice have no constraints placed
on them.

Sliding is performed by moving the rigid layers of the
upper lattice at a constant velocity over the lower lattice
while maintaining a constant separation between the rigid
layers. It should be noted that, in a typical experiment,
the load rather than the distance is normally held con-
stant. The principal effect of the load is to vary the con-
tact area in the presence of surface roughness; since these
surfaces are atomically Hat, this effect is not relevant. '

The values of sliding velocity v examined here are 0.5
A/ps (50 m/s) and 1.0 A/ps (100 m/s). The normal force
and the frictional force on each lattice is calculated by
summing the forces on each rigid-layer atom and averag-
ing this sum over 20 time steps. These forces are then di-
vided by the number of atoms in the rigid layer to obtain
the force per atom. The positions and velocities of each
atom are recorded at various equally spaced time inter-

Y or [112]

X or [110]

Z or [111]

(b)

Y or I112]

vals throughout the simulation. These data are then used
to construct a video animation sequence of the sliding ex-
periment. These molecular-dynamics "movies" proved
invaluable in the analysis of the sliding process and the
elucidation of the sliding mechanism.

III. RESULTS

Initial atomic configurations for the hydrogen-
terininated (111) lattices are shown in Fig. 1. The layer
structure of these systems is evident in the side view
([110] direction) shown in Fig. 1(a). To show the place-
ment of hydrogen atoms of the upper surface relative to
the lower surface, the (111)surface view has also been in-
cluded in Fig. 1(b). In this view, only the hydrogen
atoms of the upper surface and the lower-lattice atoms
are shown. These atoms are viewed along the [111]direc-
tion. The large circles are carbon atoms in the lower sur-
face, cross-hatched circles are fourth-layer carbon atoms
of the lower surface, small open circles are terminal hy-
drogen atoms of the lower crystal, and small filled circles
are terminal hydrogen atoms of the upper surface. This
perspective will be subsequently referred to as the "sur-
face view. "

Figure 1(b) shows one of the starting configurations ex-
amined here. In this case, the hydrogen atoms of the
upper surface are centered over second-layer carbon
atoms of the lower surface. The hydrogen atoms of the
two surfaces are lined up in the [112](or Y) sliding direc-
tion (but not in the [110](or X) sliding direction).

We have examined friction as a function of crystallo-
graphic sliding direction, sliding velocity, normal load,
temperature, and starting configuration. The normal
load on the lattices is increased by bringing the rigid lay-
ers of both lattices closer together. The friction
coefficient p is defined as the average frictional force, di-
vided by the average normal force, e.g. , (F~ ) /(F, ) . The
average normal pressure (P, ) is defined as (F, ) divided
by the area of the rigid layer in the XY plane. The sur-
face separation is defined as the Z distance between the
hydrogen atom layer on the upper surface and the hydro-
gen atom layer on the lower surface. The Z distance of a
hydrogen atom layer is defined as the average Z position
of all the hydrogen atoms in the layer.

X or t110j

FIG. 1. (a) Initial configurations for the diamond (111) sur-
faces examined here viewed along the [110]direction. In this
view, large open circles represent carbon atoms, small open cir-
cles represent hydrogen atoms of the lower surface, cross-
hatched atoms represent fourth-layer carbon atoms of the lower
surface, and small filled circles represent hydrogen atoms from
the upper surface. (b) Only the lower surface and hydrogen
atoms of.the upper surface are shown, viewed along the [111]
direction. Large open circles represent carbon atoms of the
lower surface, small open circles, cross-hatched atoms, and
small filled circles are the same as in (a).

A. Load dependence

1. Sliding in the I112Jdirection

With the surfaces configured as in Fig. 1(b), the upper
surface is slid in the [112]direction at 1.0 A/ps with the
temperature of the system maintained at 300 K. The
force normal to the sliding interface, F„and the force
parallel to the sliding direction, F, i.e., the shear force,
on the rigid layers of the upper surface are shown as a
function of distance (in units of unit-cell length) in Fig.
2(a). (To determine the normal loading force, for exam-
ple, simply multiply F, by the total number of atoms in
the rigid layers of the upper surface. ) In this direction,
the repeat distance is 4.357 A, the distance between sur-
face hydrogen atoms in the [112]direction. The average
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normal pressure ( P, ) on the upper lattice over the entire
simulation is 1.9 Gpa and the friction coefficient p is
0.037. The F, curve is periodic, exhibiting one sym-
metric maximum per unit cell. In contrast, the F data
are also periodic with one maximum per unit cell; howev-
er, these maxima are not symmetric. It is also important
to note that the maxima in the F„data consistently occur
before the maxima in the F, data.

In an effort to gain insight into the shapes of the peaks
in the F and F, data, the periodic structure of these
data, and the displacement of the F maxima with respect
to the F, maxima, the atomistic mechanism of the sliding
process has been examined. As the upper lattice slides
over the lower lattice in the [112]direction, the terminal
hydrogen atoms of the upper surface pass over the
second-layer carbon atoms, then over fourth-layer carbon
atoms of the lower lattice before encountering the hydro-
gen atoms on the lower surface. As the hydrogen atoms
of the upper sliding surface begin to interact repulsively
with the hydrogen atoms on the lower surface, both F,
and F increase. If the hydrogen atoms of both surfaces

were held rigid, the hydrogen atoms of the upper surface
would be forced to pass directly over the hydrogen atoms
of the lower surface. However, since the system has some
thermal motion and the repulsive interaction is relatively
strong, the hydrogen atoms are able to "revolve" around
one another in the XY plane. That is, each hydrogen
atom of the upper surface follows a half-circle path about
the hydrogen atom on the lower surface closest to it.
This motion reduces some of the shear force in the [112]
direction; thus, F begins to decrease. Once the hydro-
gen atoms of the upper surface have revolved around the
hydrogen atoms on the lower surface, the hydrogen-
hydrogen repulsive interaction pushes the upper-surface
hydrogen atoms in the sliding direction. This corre-
sponds to the negative portion of the peak in the F data
shown in Fig. 2(a). The flat part of this curve corre-
sponds to a region where the hydrogen atoms of both sur-
faces are only weakly interacting. The maxima in the
frictional force data occur just prior to the revolution of
the hydrogen atoms. This motion of the hydrogen atoms
has little effect on the force normal to the sliding direc-
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FIG. 2. Frictional force and normal force per atom as a function of unit cell length for

in the [112]direction at 1.0 A/ps and 300 K for three different values of applied load.

represent F». [Starting configurations are as in Fig. 1(b).]
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tion. The maxima in the F, data occur when the hydro-
gen atoms of the upper surface pass over (albeit not
directly} the hydrogen atoms of the lower surface. Thus,
F has already begun to decrease when F, is at a max-
imum. The F, maximum corresponds to the point of
maximum hydrogen-hydrogen repulsive interaction.
This is evident from a plot of the separation between the
upper and lower surfaces versus sliding distance [Fig.
3(a)]. These data are periodic, with one symmetric peak
per unit cell. The positions of these maxima correspond
exactly with the positions of the maxima in the F, data
[Fig. 2(a}]. The increased repulsive interaction between
the hydrogen atoms causes an increase in the separation
between the two surfaces. Similarly, the minima in the
surface separation occur at the same points as the mini-
ma in the F, data.

Increasing the load on the lattices and sliding the rigid
layer of the upper lattice in the [112] direction at 1.0
A/ps (while maintaining the temperature at 300 K) yields
the F, and F data shown in Fig. 2(b}. For these data

(P, )=3.9 GPa and ju=0. 17. The atomistic sliding

mechanism at this load is qualitatively similar to the

lower-load mechanism discussed earlier. In this case,
analysis of the video animation sequence reveals that the

revolution of the hydrogen atoms about one another to
reduce repulsion is more pronounced, i.e., the hydrogen
atoms are pushed farther away from one another in the
plane of the surface. Also, the surface separation versus
distance data mirrors the F, data as before; however, in

this case the change in separation is less [Fig. 3(b)]. This
is not surprising in light of the increased pressure. In this
case, both the F, and the F data contain two maxima

per unit cell, one larger peak, followed by a smaller peak,
both of which are approximately symmetric. The larger
peaks in both sets of data correspond to the same type of
hydrogen-hydrogen repulsive interaction described for
the low-load data [Fig. 2(a)]. The smaller peaks arise
from hydrogen-carbon repulsive interactions. For exam-

ple, after the surface hydrogen atoms of the upper lattice
slide over the terminal hydrogen atoms of the lower sur-
face they encounter second-layer carbon atoms of the
lower surface [see Fig. 1(b)]. Due to the closer proximity
of the surfaces at this load, this repulsive interaction re-
sults in the smaller peaks in the data shown in Fig. 2(b).
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FIG. 3. Surface separation as a function of unit-cell length for the simulations shown in Fig. 2.
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but (,F ) does not, p decreases slightly.
It should be noted that shifting the upper lattice in the

[112] direction and repeating the simulations discussed
above merely shifts the location of the maxima in F, and
F . It does not alter the atomistic sliding mechanism, p,
or (P, ) significantly.

2. Sliding in the fllOJ direction

0.0
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0.2

FIG. 4. Friction coefficient as a fUnction of load for sliding in

tke [112]direction at 1.0 A/ps and 300 K.

Further increasing the load and repeating the simula-
tion with the same conditions used earlier (300 K and
v=1.0 A/ps) yields difFerent behavior. For this simula-
tion (,P, ) =14.2 GPa and p=0.43. In this case, F [see
Fig. 2(c)] is still periodic with one broad maximum per
unit cell; however, the larger peak is now asymmetric.
That is, the magnitude of the slope for the ascending por-
tion of this peak is less than for the descending (latter)
portion. This type of behavior is known as stick-slip. '
The frictional force increases linearly with unit-cell dis-
tance as the in-plane hydrogen-hydrogen repulsive in-
teraction increases. Due to the increased load, the hydro-
gen atoms are momentarily "stuck" in the head-on align-
ment. The frictional force builds up until the hydrogen
atoms can revolve around one another, resulting in a
"s ip,

" concomitant with a large decrease in F . The
video animation sequence supports this interpretation.
The "slip" causes the hydrogen atoms of the upper sur-
face to pass over the second-layer carbon atoms of the
lower surface very quickly. As a result, the smaller maxi-
ma visible in the 3.9-GPa data are no longer resolved.
(The slope of the desending portion of the peak changes
slightly near the baseline hinting at the presence of the
unresolved smaller peak. ) The F, data also exhibit one
very broad maximum per unit cell. Similar to the F
data, the very close proximity of the two lattices at this
load has caused the broadening of the two previously ob-
served maxima (3.9 GPa) such that the smaller peak is
not resolved. This broadening is also evident in the sur-
face separation data shown in Fig. 3(c). Finally, the max-
ima in the F, data are displaced further from the F max-
ima at this load than at the lower loads. This is again due
to the stick-slip behavior observed at this load.

Analysis of the three previous simulations suggests that
as load is increased p also increases. This behavior is il-

lustrated in Fig 4. Here p increases with increasing load
until the load is approximately 0.6 nN. In this region, as
the load is increased the repulsive interaction between the
surfaces increases. As a result it becomes more dificult
for the hydrogen atoms of the upper surface to pass over
the lower surface, increasing (F ). For loads higher

than 0.6 nN, increasing the load is not concomitant with

an increase in (F ), but rather with compression of the

bulk lattice. Therefore, since (F, ) increases significantly

Beginning with the same initial positions [Fig. 1(b)] but
now sliding the upper lattice in the [110]direction at 1.0
Alps and 300 K yields the F, and frictional-force F„data
shown in Fig. S(a). For this simulation p, =0.001 and
(,P, ) =0.98 GPa. (The distance between the hydrogen
atoms in this direction is 2.524 A.) These data are similar
to the data obtained from the [112] slide (at a similar
pressure) in that they are periodic in distance; however,
they differ in some respects. For example, the maxima in
the F, and F data are broader than for sliding in the
[112] direction [Fig. 2(a)]. Additionally, the maxima in

the F„data are now symmetric, oscillating about zero,
and contain no flat regions. This is due to the much
smaller distance between surface hydrogen atoms and to
the different sliding mechanism when sliding in this direc-
tion. The oscillations about zero in the F, data give rise
recall that to very small (F„) and as a result p is very
small.

At the start of the simulation the surface hydrogen
atoms of the upper surface are over second-layer carbon
atoms of the lower surface. As the rigid layers of the
upper surface slide in the [110]direction these hydrogen
atoms begin to interact with hydrogen atoms on the
lower surface. This is accompanied by an increase in F,
and F„. But now, instead of being in the head-on align-

ment, the hydrogen atoms of the upper surface are initial-

ly located at a diagonal to the hydrogen atoms of the
lower surface. Thus, when the hydrogen atoms of oppo-
site surfaces begin to interact, the hydrogen atoms of the

upper surface are gradually displaced in the direction to-
ward fourth-layer carbon atoms of the lower surface [see
Fig. 1(b)]. That is, as the surface hydrogen atoms come
into closer proximity the repulsive interaction "pushes"
these hydrogen atoms farther apart in the XYplane. This
motion relieves stress in the [110]direction, reducing F„,
and begins to increase stress in the [112]direction. The
configuration just prior to the point where stress is re-
lieved in the [110]direction corresponds to a maximum

in the F data. The point when the hydrogen atoms of
the sliding surface are approximately over fourth-layer
lower-surface carbon atoms corresponds to a maximum
in the F, data and to a rnaximurn in the stress in the

[112] direction [see Fig. 5(a)]. This also corresponds to
the point of maximum surface separation [Fig. 6(a)].
Continued sliding in the [110] direction allows the hy-

drogen atoms to move back to positions over
second-layer carbon atoms. This configuration results in

a minimum in both the F, [Fig. 5(a)] and the surface sep-

aration data [Fig. 6(a)]. The net result is the surface hy-

drogen atoms of the upper surface appear to "zigzag"
over the lower surface.
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FIG. 6. Surface separation as a function of unit-cell length
for the simulations shown in Fig. 5.

FIG. 5. Frictional force and normal force per atom as a
function of unit-cell length for sliding the rigid layers of the
upper surface in the [110]direction at 1.0 A/ps and 300 K for
two different values of applied load. Dashed lines represent F„
solid lines represent F», and dotted lines represent F„[Start.ing
configurations are as in Fig. 1(b)].

Increasing the load on the lattices and repeating the
sliding in the [110]direction yields the F, and F„data
shown in Fig. 5(b). The friction coefficient is 0.01 and
(P, ) =2.8 Gpa. Both sets of data are periodic, with one
maximum per unit cell. In contrast to the low-load slide,
here the F, data are asymmetric. The sliding mechanism
is very similar to the low-load [110]sliding case. That is,
the hydrogen atoms of the upper surface still appear to
zigzag over the lower surface. However, at this pressure
the zigzag motion is more pronounced, i.e., the hydrogen
atoms are pushed farther apart, which results in an in-
creased stress in the [112]direction [see Fig. 5(b)]. The
maxima in the F, data correspond to maxima in the sur-
face separation data as in the low-load case [Fig. 6(b)].

The asymmetry of the F, peak is explained as follows.
Consider one peak; the increasing portion of this peak
corresponds to the movement of the upper-surface hydro-
gen atoms to a position approximately over the holes in
the lower surface. To complete the slide these hydrogen
atoms must move diagonally back to a position over the
second-layer carbon atoms. At higher pressure, the two
lattices are closer together which increases the interac-
tion between surface hydrogen atoms and second-layer
carbon atoms of the opposite surface. This interaction
opposes the movement of these hydrogen atoms out of
the holes, thereby accounting for the asymmetry of the
peaks in the F, data. In other words, at this pressure it
takes more effort to climb out of the hole than to fall in.

Due to the differing sliding mechanism when sliding in
the [110]direction versus the [112]direction, increasing
the load does not increase p as much as it does for sliding
in the [112]direction. Increasing the load increases the
magnitude of the oscillations of F about zero; however
(F„)is still fairly small. Thus, p is only slightly different
at higher loads.

B. Directional dependence

For the initial configuration shown in Fig. 1(b) and ap-
proximately the same value of (F, ), the friction
coefficients tend to be an order of magnitude smaller
when sliding in the [110]direction versus sliding in the
[112]direction. This is attributed to the difFerent sliding
mechanisms. In the [112]direction, the hydrogen atoms
of the upper and lower surfaces are aligned. Therefore,
when sliding in this direction the terminal hydrogen
atoms of both surfaces come into direct contact and as a
result must revolve around one another. This head-on
repulsive interaction increases the friction coefficient. In
the [110]direction, the hydrogen atoms zigzag from po-
sitions over second-layer carbon atoms to positions over
holes of the lower surface. This mechanism does not al-
low for head-on hydrogen-hydrogen interaction; thus, the
friction coefficients are lower for sliding in this direction.

Due to the close proximity of the hydrogen atoms in
the [110] direction it is difficult to get the hydrogen
atoms of the upper and lower surface aligned in this
direction. The hydrogen atoms make space for them-
selves by pushing hydrogen atoms on the opposite sur-
face, which are in close proximity, away from them in ei-
ther the [112]or the [1 12] direction. Therefore, for slid-
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ing in the [110]direction the vast majority of simulations
exhibit the zigzag motion described previously.

C. Sliding-velocity dependence

1. Sliding in the [112Jdirection

Reducing the sliding speed to 0.5 A/ps and repeating
the low- and high-load simulations at 300 K yields the F,
and F„data as a function of distance shown in Fig. 7.
Comparison of Fig. 7(a) with Fig. 2(a) and Fig. 7(b) with
Fig. 2(c) reveals that these data are qualitatively very
similar. For the low-load 0.5-A/ps simulations, the mag-
nitudes of the maxima in the F, and the F data are
slightly larger than for the 1.0-A/ps simulation. The
slower sliding velocity allows the hydrogen atoms of the
upper and lower surfaces to remain aligned head on in
the [112]sliding direction longer before the revolution of
the hydrogen atoms about one another to relieve stress.
This causes the slight increase in the maxima of both the
F, and the F data. Since the hydrogen atoms are closer
together after the rotation, the hydrogen atoms of the
lower surface can give the hydrogen atoms of the upper
surface a slightly larger push in the sliding direction. As
a result, the slope of the F„data between a maximum and
a minimum (in the sliding direction) is slightly larger
than for the 1.0-A/ps data.

Similarly, for the high-load 0.5-A/ps slide [Fig. 7(b)]

the terminal hydrogen atoms of both surfaces remain in
the head-on configuration (or stuck) longer than for the
1.0-A/ps slide [Fig. 2(c)]. This results in slightly larger
maxima in both the F, and F data and for a more pro-
nounced slip. At this slower sliding velocity, the smaller
peak which is due to the interaction of the upper-surface
hydrogen atoms with the second-layer carbon atoms of
the lower surface is sometimes resolved.

0
These differences in the 0.5-A/ps data versus the 1.0-

A/ps sliding data are small and do not significantly alter
the sliding mechanism, p, or (P, ). Therefore, for the
sliding velocities examined here, the friction phenomenon
in the [112]direction is not dependent on the sliding ve-
locity to a great extent. (However, these results do hint
that for sliding velocities much lower than those exam-
ined here the diff'erences may be more pronounced. ) At
present, we cannot comment on the dependence on
slower sliding velocities more closely approximating ex-
perimental sliding speeds, since computational con-
straints prevent the examination of sliding velocities or-

0
ders of magnitude slower than 0.5 A/ps. (In order to
achieve very slow computational sliding speeds, a highly
parallel version of this code is currently under construc-
tion. )

The frictional forces cannot draw heat away from slid-
ing interface quickly enough to maintain the temperature
of the system for sliding velocities faster than 1.0 A/ps.
This is not a concern since experimental sliding speeds
tend to be orders of magnitude slower.
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ing the rigid layers of the upper surface in the [112]direction at
0.5 A/ps and 300 K. Dashed lines represent F, and solid lines

represent F [Starting configurations . are as in Fig. 1(b).]

FIG. 8. For two values of applied load, frictional force, and
normal force per atom as a function of unit-ce11 length for slid-

ing the rigid layers of the upper surface in the [110]direction at
0.5 A/ps and 300 K. Dashed lines represent F, and dotted lines
represent F„[Starting configurations . are as in Fig. 1(b).]
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D. Temperature dependence

The friction coefficient p is shown as a function of tem-
perature in Fig. 9. These data were well generated by
starting with the initial configuration shown in Fig. 1(b)
and sliding in the [112] direction for a total of 15.0 ps
while the temperature of the system was maintained at
the desired value. Due to differences in the degree of
thermal motion at different temperatures, (P, ) for these
simulations varies from 2.7 GPa for the 10 K run to 3.6

0.5

0.4

0.2

d

d
d

Pz)=27-36 GP

[112] Direction

v=1.0 X/ps

0.1

0.0
100

I

200

TEMPERATURE (K)

300 400

FIG. 9. Friction coefficient as a function of temperature for
sliding in the [112]direction at 1.0 A/ps and 300 K. [Starting
configurations are as in Fig. 1(b).]

2. Sliding in the (110/ direction
0

Reducing the sliding velocity to 0.5 A/ps and repeat-
ing both the low- and high-load simulations yield the F,
and the F„shown in Fig. 8. At low load, these data are
virtually identical to these same data obtained from the
1.0-A/ps sliding simulation [Fig. 5(a)]. At higher loads,
however, the shapes of the F, and F data are different
[Fig. 8(b)] from the faster sliding velocity. In this case, in
both the F, and F„data the maxima have developed
structure. That is, the F, maxima have split into two
peaks and similarly, the F„maxima have developed a
shoulder on the descending portion of the peak. While
there are hints of these features in these same data at the
faster sliding velocity [Fig. 5(b)] they are much more pro-
nounced at this sliding velocity.

As described earlier, when the hydrogen atoms of the
upper surface begin to move in the [110]direction, they
begin to interact with the hydrogen atoms of the lower
surface. This increases F„. As a result of this interac-
tion, the hydrogen atoms of both surfaces are pushed
away from one another in the XY plane, increasing the
stress in the [112] direction and decreasing F„slightly.
This results in the formation of the first small peak in F, .

These differences in the shapes of the F, and F data
do not alter p significantly; however, this added structure
does yield more insight into the sliding mechanism, al-
though it is basically unchanged. Therefore, for sliding
directions where the head-on arrangement of surface
atoms is not encountered, the sliding velocity may not be
as important as it is when head-on alignments of atoms
are encountered.

GPa at 300 K.
The friction coefficient is greatest at 10 K, dropping

sharply from 10 to 50 K. From 50 to 150 K, p is approx-
imately constant and from 150 to 300 K, p decreases as
the temperature increases. This behavior is easily ex-
plained in light of the sliding mechanism. As noted ear-
lier, for the hydrogen atoms of the upper surface to slide
past the hydrogen atoms on the lower surface they must
first be pushed away from each other in the XY plane so
that they can revolve about one another. At higher tem-
peratures (150—300 K) the increased amount of thermal
motion aids this process; as a result, p is lower. At very
low temperatures (10 K) where the thermal motion is
negligible, this "revolution" of hydrogen atoms becomes
very difficult; thus, p is greater.

IV. DISCUSSION

Macroscopic friction is usually accompanied by wear
and energy is dissipated in the bulk material by the move-
ment of dislocations. In contrast, at the atomic level, re-
cent experiments ' have shown that friction may not al-
ways be accompanied by wear.

Various simple models' ' have been invoked to reveal
the basic principles of this so-called "wearless friction. "
Two of these simple models, the independent oscillator
model' (IO) and the Frenkel-Kontorova Model, ' have
been shown to predict the same qualitative trends. '

The essence of the IO model is summarized below.
Consider two atomically flat solids, A and B, sliding over
one another. At the sliding interface, the B solid has sur-
face atoms (denoted as Bo) attached to it by harmonic
springs. These atoms can lose energy to the support
through vibration. As the surfaces slide over one anoth-
er, any given Bo atom experiences the potential Vzz aris-
ing from the interaction of the two surfaces. It is the
shape of Vzz which ultimately governs the friction pro-
cess. For example, for strongly interacting surfaces Vzz
will contain various local extrema. A given Bo atom
passes through various metastable local minima upon
sliding. Falling from these metastable minima to a lower
minimum causes Bo to become vibrationally excited, a
process termed "plucking. " This vibrational energy is
then dissipated to the solid as heat. Thus, plucking re-
sults in strain energy of translation being converted to vi-
brational energy which is the essence of the atomic-scale
friction process. For very weakly interacting solids the
friction vanishes, since Vzz would contain no metastable
local minima. The directional dependence of friction is
implicit in this model. A different placement of atoms
implies a different interaction potential Vzz governing
the friction process.

The simulations presented here contain a larger degree
of information than one could obtain from the earlier
models of wearless friction. However, it is interesting to
note that the predictions derived from these simple mod-
els are consistent with the findings presented here. For
example, the directional dependence of friction is implicit
in this model. A different placement of atoms implies a
different interaction potential V„z governing the friction
process. In our system, different atom placements are en-
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countered when sliding in the [110] direction of a dia-
mond (111)surface versus the [112]direction. Therefore,
these simple models would predict that the friction
should be different in these two directions; a prediction
which is borne out by these more sophisticated MD simu-
lations. The shape of the frictional force versus distance
functions [Figs. 2(a) and 5(a)] are very different when slid-

ing in these two directions for approximately the same
(P, ) and temperature. Ultimately, this results in a lower

p for sliding in the [110]direction.
On the macroscopic scale, the frictional properties of

various single crystals have been measured, and it has
been shown that the frictional forces of some crystals are
anisotropic with respect to the crystallographic direction
of sliding. ' ' ' Additionally, there have been several
studies of the effect of load on the friction coefFicients of
diamond sliding on diamond. However, some investiga-
tors found it increases with load, some found it is in-
dependent of load, and recently, it has been reported
that different dependencies on load are obtained for
different crystal and polish orientations. ' It is diScult
to compare these traditional friction measurements to
atomic-scale measurements because the experimental
measurements are averaged over large heterogeneous
samples. However, it is interesting to note that we also

observe frictional anisotropy in our atomic-scale simula-
tions.

While these simulations agree qualitatively with the
simple model discussed earlier, they also provide addi-
tional insight into the friction process. For example, the
mechanism of the sliding process was investigated at the
atomic scale. It was determined that this mechanism
differs depending upon sliding direction. Additionally, it
was determined that the frictional behavior is indepen-
dent of sliding velocity at 300 K. Finally, the explicit
dependence of p on applied load and temperature was
elucidated. Subsequent publications will investigate the
role of surface defects (e.g. , radical sites) and the role of
adsorbed species (e.g. , CH3) in the friction process, all of
which are not addressed by simple models such as the IO
model.
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