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We determine the atomic-scale friction associated with a layer of Pd atoms moving across a graphite
substrate from ab initio total-energy calculations. We evaluate the friction energy caused by variations
of the chemical bond strength and work against an external force (load) due to variations of the bond
length along the trajectory. We find only a very small dependence of the Pd-graphite interaction on the
adsorption site which gives rise to a very small friction coefficient u == 10 ~2 for loads near 10 "8 N. We
also find u to increase with load in agreement with recent experiments.

PACS numbers: 71.45.Nt, 61.16.Di, 68.35.Gy, 81.40.Pq

Friction forces are observed in nature when two bodies
in contact are in relative motion.! They occur in addi-
tion to the reaction forces of classical mechanics and are
related to the external force (load) Fey applied between
these bodies as

Fy=pFeq. 1)

The coefficient of friction u ranges typically between
1072 for smooth surfaces and 1 for rough surfaces.
Friction forces have dissipative character: They couple
macroscopic mechanical degrees of freedom of two ob-
Jects in contact to microscopic degrees of freedom which
occur as heat or plastic deformations. Moreover, friction
forces depend sensitively on the interface structure which
makes their prediction an extremely difficult undertak-
ing. This second problem has experienced much progress
recently due to increasing sophistication in the charac-
terization of the interface, from the use of rather rough
interfaces>> to atomically flat contact areas.* The re-
cent application of the atomic-force microscope® (AFM)
to this problem has led to the observation of a friction
force resolved on the atomic scale.®

In this Letter, we present the first predictive theory of
atomic-scale friction. We use ab initio techniques to cal-
culate the interaction of a perfect layer of atoms with the
substrate as a function of their relative position and use
this information to determine the friction coefficient u.
Our results include quantitative predictions of u as a
function of the external force, a qualitative understand-
ing of the increase of u with increasing surface rough-
ness, and a qualitative understanding of the decrease of
u with increasing relative velocity of the objects in con-
tact (gliding friction).

Graphite is an ideal substrate for the study of friction
since the binding energy of atoms and its variations
along the surface are negligibly small near equilibrium
adsorption (Fig. 1). In our calculation, we determine the
adsorption energy of Pd atoms in the on-top (7) and the
sixfold-hollow (H) sites as a function of the Pd-graphite
separation. Total energies are calculated from first prin-

ciples using the local-density approximation.” We use
the ab initio pseudopotential local-orbital method which
has been described elsewhere® and successfully applied
to short-wavelength distortions of graphite.® In our cal-
culation, we replace ionic potentials by norm-conserving
ionic pseudopotentials of Hamann-Schliiter-Chiang
type'® and use the Hedin-Lundqvist'' form of the ex-
change-correlation potential. The surface of hexagonal
graphite is represented by a four-layer slab and the ad-
sorbate by a monolayer of Pd atoms in registry with the
substrate (one Pd atom per surface Wigner-Seitz cell of
graphite). The basis consists of s, p, and d orbitals with
four radial Gaussian decays each on Pd sites and of s
and p orbitals with three radial decays each on carbon
sites, i.e., 40 independent basis functions for Pd and 12
basis functions for C. In order to obtain accurate energy
differences between the T and H geometries, we intro-
duce floating orbitals on sites not occupied by atoms and
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FIG. 1. Pd adsorption energy E .4 as a function of the ad-
sorption height z above the surface of hexagonal graphite. The
solid and dashed lines correspond to the sixfold-hollow (H) and
the on-top (7) sites, respectively. Lower inset: An enlarged
section of the graph near equilibrium adsorption. Upper inset:
The adsorption geometry in top view; a possible trajectory of
the Pd layer along x is shown by arrows.
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use the same extended basis'? for both 7 and H calcula-
tions. To insure high accuracy and complete conver-
gence of total energies, we use an energy cutoff of 49 Ry
in the Fourier expansion of the charge density and sam-
ple the two-dimensional Brillouin zone with a mesh of 49
k points, using a special-point scheme. '3

In Fig. 1 we show the adsorption energy E .4 of a Pd
atom (representing the Pd monolayer), defined by

E 24 =E 01 (Pd-graphite) — Eo1a1(Pd) — E (a1 (graphite) ,

for the on-top- and hollow-site registry. We obtain a
very weak adsorption bond strength < 0.1 eV at an equi-
librium adsorption height z = 3 A. At this distance from
the substrate, the corrugation of the graphite charge
density is negligibly small due to Smoluchowski
smoothening and the position dependence of the adsorp-
tion bond strength is <0.1 eV.'* Our calculations show
that at bond lengths z <2 A, the hollow site is favored
with respect to the on-top site. At z=2 A, the adsorp-
tion energies are nearly the same, and at larger dis-
tances, it is the on-top site which is slightly favored by
<0.05 eV. This is consistent with the dominant interac-
tion changing from closed-shell repulsion (which strong-
ly favors the hollow site at very small adsorption bond
lengths) to a weak chemisorption bond'> (which is stabi-
lized by the hybridization with p, orbitals in the on-top
site).

For a microscopic understanding of the friction pro-
cess, we first consider the motion of an atomic layer
along the surface. This layer is in registry with the sub-
strate and experiences an external force per atom !¢ Sext
normal to the surface. At each site, the equilibrium ad-
sorption length z is given by the condition

fexl= _aEad(Z)/aZ . )

We consider a straight trajectory along the x direction in
the surface connecting nearest-neighbor hollow sites
which are separated by Ax [see the inset in Fig. 2(a)l.
The position-dependent part of the potential energy V of
the system has two main components. These are varia-
tions of the adsorption bond energy and work against the
external force f.x applied to the adsorbate due to varia-
tions of the adsorption length. Hence,

V(x,fm) = Ead(x,z(x,fexz))
+fextz (x,fex\) - Vo(fex[) , (3)

where we arbitrarily set the potential energy to zero at
the hollow site by defining

VO(fex[) =Ead(xﬂ,z(fex[))+fex[z(XH,fcx() . (4)

In Fig. 2(a) we show V(x) for different external
forces.!” We find that the mechanical component dom-
inates and is only partly compensated by adsorption-
energy differences. As a result of variations of V along
x, there is a position-dependent force f, along the x

direction, shown in Fig. 2(b), which is given by
fx(x,fcx()=aV(x,fex[)/ax. (5)

The maximum value of f, describes the static friction
governing the onset of stick-slip motion. The gliding
friction, on the other hand, must be obtained as a
weighted average over this force from the energy dissi-
pated in friction along x. We first consider a conserva-
tive part of this process corresponding to a potential-
energy increase AV max(fext) =VmaxFext) = Vimin Fext)
along Ax which yields a positive value of f,. The non-
conservative part corresponds to a decrease of V(x)
along x and a negative value of f,. Friction losses AE,
along Ax must not exceed the maximum increase in the
potential energy; hence,

AE; =< AV max - 6)

For very slow tracking velocities, any gain in potential
energy during the nonconservative part of the friction
process is efficiently transferred into surface phonons and
electron-hole pairs.'® Then, we can consider both sides
of Eq. (6) to be equal which corresponds to fr=|f,|,
shown in Fig. 2(b). This is the first quantitative predic-
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FIG. 2. (a) Potential energy ¥ (x) of the Pd-graphite system
as a function of the position of the Pd layer along the surface x
direction, for external forces fex=3x10"° (dotted line),
6x10 ~° (dashed line), and 9% 10 ~° N (solid line). Inset: The
adsorption geometry and trajectory of the Pd layer in side view.
(b) Atomic-scale structure of the force along the surface f
(dashed line) and the friction force fy=|f.| (solid line) for
Feox=9%10"° N.
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tion of atomic-scale structure in the friction force which
has been observed recently.®

The energy dissipated in friction along Ax can also be
related to the average friction force < fy> along the
trajectory as

AE;=<fr>Ax. @)
Using Eq. (6) for AE/, we obtain'’
< fr> =(1/B5)AV . )

Applying the definition of the friction coefficient u in Eq.
(1), we find

<fr> AV max
u= Js = max | )
fext fexlA-x

In Fig. 3 we show u as a function of f.x,. We find a gen-
eral increase of u with increasing external force. The
minimum in p(fex) near fo =5x10"° N is caused by
the switching of the minima in ¥ (x) from H to B, shown
in Fig. 2(a).? From our former calculations® we con-
clude that if the external force (per atom) exceeds 10 %
N, the graphite surface is very strongly deformed?' and
likely to be ruptured.* Since no plastic deformations
have been observed in the AFM studies,® the applied
forces were probably in the region fex < 1078 N. For
these values of fex, our calculated friction coefficient of
the order u = 10 ~ 2 agrees with the experiment. *®

In order to obtain a meaningful comparison with ob-
servable friction forces, we have to make further assump-
tions about the macroscopic interface and the elastic
response of the substrate to external forces. In the sim-
plest case, we consider an atomically flat interface, where
N atoms are in contact with the substrate, and neglect
elastic deformations. Then, the external force per atom
Sfext is related to the total external force Fex by

Sext =(1/N)Fex . (10)
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FIG. 3. Microscopic friction coefficient 4 as a function of
the external force per atom fex.
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In Fig. 4 we use the calculated u(fex) to plot the total
friction force F, for such a perfectly flat interface con-
sisting of 1500 Pd atoms. Since u increases with increas-
ing value of fex, the Fy vs Fey relationship is nonlinear,
which has also been observed in the AFM experiment.

In the case of large external forces and an elastic sub-
strate such as graphite, elastic theory predicts?? the sub-
strate deformations to be proportional to F B3 In the
case of a spherical tip,® the tip-substrate interface area
and the corresponding number of atoms in contact is
proportional to FZ?. Then, the force per atom fex is
proportional to F&. Hence, for increasing external
forces, variations of the effective force per atom and of u
are strongly reduced due to the increasing interface area.
This is illustrated by the dashed line in Fig. 4, where we
used N =1500 atoms for Fex, =10 "¢ N. These results
are in good agreement with the AFM results for a large
unspecified tungsten tip with a radius R =1500-3000 A
on graphite,® but show a slightly larger increase of the
friction force than observed for the range of external
forces investigated.

Our theory can also be used to explain the dependence
of u on the roughness of the interface and on the relative
velocities of the two objects in contact. At a rough sur-
face, the number of atoms /N in contact with the sub-
strate is smaller than at a flat surface which leads to an
increase of fex and hence of u. Also, with increasing
relative velocity, the coupling between macroscopic and
internal microscopic degrees of freedom (phonons,
electron-hole pairs) gets less efficient. Then, AE[
< AV qax in Eq. (6) which causes a decrease of <fr>
and u.
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FIG. 4. Macroscopic friction force F, as a function of the
external force Fex for a large object. The solid line corre-
sponds to a “flat” object, the surface of which consists of 1500
atoms in contact with a rigid substrate. The dashed line corre-
sponds to the friction of a large spherical tip and also considers
the effect of elastic substrate deformations on the effective con-
tact area. The dotted line corresponds to a constant friction
coefficient 4 =0.012.



VOLUME 64, NUMBER 25

PHYSICAL REVIEW LETTERS

18 JUNE 1990

In summary, we have determined the atomic-scale
friction associated with a layer of Pd atoms moving
across a graphite substrate from ab initio total-energy
calculations. We evaluated the friction energy caused by
variations of the chemical bond strength and work
against an external force. The calculated value of the
friction coefficient is very small, of the order u = 102
for loads near 10 % N, which could be explained by the
Pd-graphite interaction being only weakly dependent on
the adsorption site. We also found u to increase with
load in agreement with recent atomic-force-microscopy
experiments.
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