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Abstract

We have performed a computer simulation study of the force required to slide xenon monolayer and bilayers on a silver surface.
With information about the adsorbate-substrate interaction potential deduced from experimental data, we find that for the
compressed incommensurate monolayer film the observed sliding friction is very close to the parallel microscopic friction which acts
on the individual adsorbates, which is of mainly electronic origin. For the bilayer film a small fraction of the observed sliding friction
may arise from internal excitations in the film, and the rest from the direct energy transfer to the substrate via the electronic friction.
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1. Introduction

The sliding of lubricated surfaces has been
studied for many years [1], but the microscopic
origin of the friction is not well understood. During
sliding at low velocities, the lubrication fluid will
be squeezed out from the contact areas between
the two solids, but usually one or a few monolayers
of lubrication molecules will be trapped between
the surfaces (boundary lubrication) [2,3]. If the
lateral corrugation of the adsorbate—substrate
interaction potential is weak, as is typically the
case for saturated hydrocarbons, then during slid-
ing the molecules will slip relative to the surfaces.
One important problem in sliding friction is to
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understand the origin and magnitude of the friction
force acting on the individual molecules during
slip. If the adsorbate velocity v is much smaller
than the sound velocity and (for a metallic sub-
strate) the Fermi velocity of the substrate, then the
friction force acting on a molecule is proportional
to the velocity [4]

Fy=— Mpnv.

The microscopic friction # is assumed to be a
diagonal matrix of the form

m 0 O
n=10 n O
0 0 #n,

where || and L refer to motion parallel and perpen-
dicular to the surface, respectively. For insulating
surfaces (e.g. most metal oxides) the friction # can
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only be due to phonon emission but on metallic
surfaces both electronic and phononic friction
occur.

Information about the friction parameter 5 can
be deduced from infrared spectroscopy [5] and
inelastic helium scattering [ 6 measurements, since
7 determines the line width of adsorbate vibrations
if inhomogeneous broadening and pure dephasing
processes can be neglected. Information about 5
can also be deduced from quartz crystal microbal-
ance (QCM) measurements. In the measurements
by Krim et al. [7] two sides of a quartz crystal
was covered by thin silver or gold films. When a
voltage is applied to the crystal it performs in-plane
oscillations. If adsorbates are adsorbed on the
metal film the resulting mass-load will decrease the
resonance frequency of the QC oscillator. But
Krim et al. also observed an increased damping of
the QC oscillator which can only result if, due to
the inertia force, the adsorbates slides relative to
the metal surface. If the pinning by the corrugated
substrate potential can be neglected then from the
adsorbate-induced change in the resonance fre-
quency and damping of the QC oscillator, one can
deduce both the adsorbate concentration and the
damping #,. Finally, for metals, the electronic
contribution to the friction n; can be deduced from
surface resistivity measurements [89]. In these
measurements the adsorbate-induced change AR
of the resistivity of a thin metallic film is measured.
It is easy to prove that ARocy, by equalizing the
ohmic energy dissipation with the frictional energy
dissipation calculated in a reference frame moving
with the drift velocity of the conduction electrons
[91.

In this paper we present a computer simulation
study of the force required to slide xenon mono-
layers and bilayers on a silver surface. With infor-
mation about the adsorbate—substrate interaction
deduced directly from experimental data, we find
that for the compressed incommensurate (IC)
xenon monolayer the sliding friction 7 deduced
from the simulations is very close to the parallel
microscopic friction #, (of electronic origin) which
enters in the Langevine equation, while the sliding
friction for the bilayer is about 20% larger. For
monolayer coverage (and below), we find that the
motion of the adsorbates perpendicular to the

surface is irrelevant, and a 2D model gives nearly
the same result for the sliding friction as a 3D
model.

In the light of our theoretical results we discuss
the recent QCM measurements by Krim and Daly
[10] of the sliding friction of monolayers and
bilayers of Xe on Ag(111). We conclude that for
the monolayer film the observed sliding friction #
is nearly completely due to the direct coupling to
the substrate via the friction #;, which is mainly of
electronic origin. For the bilayer film a small
fraction of the observed sliding friction may arise
from internal excitations in the film, and the rest
from the direct energy transfer to the substrate via
the electronic friction.

These conclusions differ from those of Cieplak
et al. [11], who claim that the observed friction
force for all coverages is due to energy transfer
into internal degrees of freedom (lattice vibrations)
of the adsorbate layer, and that the nature of the
dissipative adsorbate—substrate coupling is irrele-
vant. In particular, they put #,=0, ie. they only
included the perpendicular friction. Our earlier
results [4] and the present study cast doubt on
this procedure, at least for low-corrugation sur-
faces. In particular, for the Xe/Ag system studied
here, we have found that for the compressed incom-
mensurate solid monolayer film, the sliding friction
equals 77, to a very good approximation.

In this paper we measure angular frequency and
damping in units of s™! or ecm™!. The latter unit
can be obtained from the former by multiplying
with the factor 1/2n¢=15.309 x 10~ 1% s cm ™%, where
¢ is the light velocity.

2. Quartz crystal microbalance study of Xe on
silver

The quartz crystal microbalance (QCM) has
been used for decades for microweighing purposes,
and was adapted for friction measurements by
Krim and Widom, [12]. A QCM consists of a
single crystal of quartz which oscillates in
transverse shear motion (see Fig. 1). If the driving
power for the QCM oscillator is switched off at
time t=0, the amplitude of oscillation decays as
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Fig. 1. A quartz crystal microbalance (QCM). The surface of the QCM is covered by a thin metallic film with adsorbates. During the
QCM vibrations the adsorbate layer slides relative to the metal film, giving rise to energy dissipation and a damping of the QCM

oscillator.

an exponentially damped sinusoidal
u =1, cos (wot) € 7072,

where w, is the resonance frequency and y, the
damping of the oscillator. If a layer of adsorbates
is deposited on one side of the QCM, this will
result in a frequency shift 4w and an increase in
the damping 4y, which can both be measured [ 13].

Krim and Daly have performed QCM measure-
ments for Xe adsorbed onto the surface of silver
film electrodes which were evaporated onto quartz
crystals. The measurements were performed at T'=
77.4 K, where a thick Xe film would be in a solid
state (the bulk melting temperature of Xe is 161
K). For a solid Xe slab adsorbed on the QCM
surface, the frequency shift and the damping are
given by [14]

Nlm 601721)1

WM o p W
and

2 27
dy= Nym i )

M *+(@P)*’

where N, is the number of adsorbates in the first
layer in direct contact with the substrate, and

P, =N,/N is the fraction of the adsorbates in the
first layer. For coverage up to monolayer coverage
N,=N and P;=1. Note that Eqgs. (1) and (2) give

Ayjwy= —24w/P41. (3)

Krim et al. have defined the slip time t=1/P;#
so that

Ayjwg = —24wT. (4)

The sliding friction # is defined as follows.
Consider an adsorbate layer on a substrate. If the
adsorbate layer moves relative to the substrate
there will be frictional stress o acting on the
adsorbate layer from the interaction with the sub-
strate and given by ¢ =n,mijv, where v is the drift
velocity of the adsorbate layer and n, is the number
of adsorbates per unit area in the first layer, in
direct contact with the substrate. Eqgs. (1) and (2)
are not valid for a thick fluid layer, where addi-
tional energy dissipation will arise from the viscos-
ity of the fluid. However, in the present case the
adsorbate slab is in a solid state and all energy
dissipation is assumed to be derived from the
adsorbate—substrate interaction.

Suppose an adsorbate layer is sliding on a
substrate. In the steady state the energy pumped
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into the adsorbate layer by the external force must
ultimately be transferred to the substrate. This can
occur in two different ways (see Fig. 2). First (case
(a)), there is a direct energy transfer from the center
of mass motion of the adsorbate layer to the
substrate. Secondly (case (b)), due to the lateral
corrugation of the adsorbate—substrate interaction
potential, during sliding energy will be transferred
into internal degrees of freedom (lattice vibrations)
of the adsorbate layer. If the adsorbate—substrate
interaction is weak, the latter energy may be com-
pletely thermalized in the overlayer before it is
finally transferred to the substrate. (Note: if the
energy input is completely thermalized in the film
before being transferred to the substrate then the
temperature of the film T* will be slightly higher
than the substrate temperature T. In steady state,
the temperature increase T* — T will be determined
by the condition that the power transferred to the
adsorbate film from the external force F equals the
energy transfer from the film to the substrate,
which can be written as o(T*—T)+mn<{v)?,
where the heat transfer coefficient o=kg(2ny+7,)
(see Ref. [5]). Using this result, in Ref. [4] it is
shown that the temperature increase can be written
as T*—T=(F*/mhkgi))(1—n,/D/(2n, +1.). In the
present case the force of inertia is extremely weak
(see estimate below), F~107%eV A~%, and if 1 —
n;/T=0.5 then we get T*—Tx~107° K, ie. com-
pletely negligible. For the incommensurate mono-
layer film the temperature increase is even smaller,
since in this case 1—#,/if is much smaller than

0.5). In a recent work by Cieplak et al. [11] it is
claimed that only the second process (b) is impor-
tant and that the nature of frictional coupling
between the adsorbate layer and the substrate is
irrelevant for the sliding dynamics. This conclusion
is opposite to what we have found earlier [41], and
also in the present work where, in fact, the sliding
friction for the IC solid monolayer is nearly com-
pletely determined by process (a).

The force of inertia which acts on the adsorbate
slab in a QCM measurement (which is the origin
of why the slab will slide relative to the substrate)
is extremely small, at least for thin adsorbate layers.
This is the basis for the linear response assumption
implicit in the theory behind Egs. (1) and (2). To
prove that the linear response assumption is an
excellent approximation, note that the force of
inertia acting on an adsorbate F,, & mAw?,, where
A is the vibration amplitude and wy is the vibration
frequency of the quartz crystal. Using A~100 A
and wo~ 108 s™1 gives Fo,~10"%eV A%, which
is extremely small compared with the force due to
the corrugated substrate potential, which is of the
order of U,/a, where a1 A is the substrate lattice
constant and Uy~ 1 meV is the amplitude of the
lateral corrugation of the potential energy surface.
Thus Uyjax1073eV A"'»F,,, and the linear
response approximation is very accurate.

Fig.3 shows the slip time as a function of
coverage for Xe on Ag(111), where monolayer
coverage is defined as 0.0597 Xe atoms per A2 (this
is the highest possible density of Xe atoms in the

Fig. 2. An Xe bilayer sliding on a surface. Two processes contribute to the friction force acting on the bilayer. In (a), a direct process
occurs where the kinetic energy of the translational motion of the bilayer is directly transferred to the substrate via the microscopic
friction acting on the first layer of adsorbates in direct contact with the substrate. This energy transfer channel occurs also for an
energetically perfectly smooth substrate surface (i.e. semi-infinite jellium model). Process (b) is an indirect process where the corrugated
substrate potential excites vibrations in the bilayer (virtual phonons). These vibrational modes may thermalize before the energy is
finally transmitted to the substrate via the same microscopic friction which determines the direct adsorbate—substrate energy transfer

(channel (a)).
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Fig. 3. Slip time 7 as a function of coverage (1 monolayer=0.0597 A~2) for Xe on Ag(111). From Ref, [107].

first layer in direct contact with the substrate). The
slip times of the monolayer and bilayer Xe—films
are 7=1.19+004%x107° s and 1.874+0.07x10~°
s, respectively, corresponding to the sliding friction
7=844+03x10% s! and 10.7+04x10% s,
respectively. The slip times at low adsorbate cover-
age tend to vary from one silver substrate to
another indicating that surface imperfections may
have a strong influence on the sliding dynamics at
low coverage. However, the sliding friction for the
monolayer and the bilayer films are very reproduc-
ible indicating that the pinning centers have a
negligible influence on the sliding dynamics of
these layers, and we mainly focus on these limiting
cases below.

3. Model

Consider an adsorbate system and assume
that in addition to the periodically corrugated
adsorbate—substrate potential U=2Xu(r;) and
the adsorbate—adsorbate interaction potential V=

32",;0(p;—r;), an external force F acts on each of
the adsorbates. This will lead to a drift motion so
that mN,7<{#> = NF, where {...) stands for thermal

average, and where » denotes the coordinate of an
arbitrary adsorbate. N; and N denote the number
of adsorbates in the first layer in direct contact
with the substrate and the total number of adsor-
bates, respectively. For coverage up to monolayer
coverage P, =N;/N=1, but for higher coverage,
P, < 1. This definition of 7 assumes that for cover-
age beyond monolayer coverage, the adsorbate
system is in a solid state so that no (or negligible)
energy dissipation occurs as a result of internal
friction in the adsorbate system, e.g. due to the
viscosity of a fluid slab. For a weak external force
F, the sliding friction 7 is independent of F; this is
the linear response limit directly relevant for the
interpretation of QCM measurements.

We consider adsorbates on a (100) surface of an
fce crystal, but the general results emphasized
below should be independent of the substrate
lattice structure and of the detailed form of U and
V. The equations of motion for the particle coordi-
nate r;(t) is taken to be

2 o UV +f,+F, 5
mF; +mn¥; = — or, - or, i+ I, (5)

where F is the external force introduced above,
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and £ is a stochastically fluctuating force which
describes the influence on particle i from the irregu-
lar thermal motion of the substrate. 7 is a diagonal
matrix of the form

m O 0
n=10 M 0. (6)
0 0 no

The components of £ and f; are related to the
friction # via the fluctuation-dissipation theorem

CFHOSH0)) = 2mby Ty, 3,;0(2). (7)

The friction #, associated with motion normal
to the surface is usually much larger than the
parallel friction #,. Note also that # depends on
the adsorbate—substrate separation and on the
position of the adsorbates along the surface.
However, in the present case, because of the low
temperature and the weak lateral corrugation of
the adsorbate—substrate interaction potential, all
the adsorbates in the first monolayer will, to an
excellent approximation, experience the same fric-
tion #. Since the adsorbate—substrate interaction
is very short ranged, for multilayer adsorption, to
a good approximation the friction # vanishes for
all adsorbates except for those in the first layer in
direct contact with the substrate. Thus, for the Xe
bilayer case studied below we take #=0 for the Xe
atoms in the second layer (more accurately, we
assume that # switches from a constant non zero
value for z<z; to zero for z>z,, where z, is the
z-coordinate in the middle between the first and
second layer; in reality # changes smoothly with z,
but since weli-defined Xe layers are formed, with
essentially zero probability to find an adsorbate
between two layers (see Fig. 5 below), both
prescriptions should give identical resuits).

The adsorbate—substrate interaction potential is
taken to be

u(r)=EB [:e—Za(z—zo) -2 e—nx(z~zo):|

+U, [2—cos (kx)—cos (ky)] e““"z_zo), (8)

so that 2U, is (approximately) the activation bar-

rier for diffusion and k=2=/a, where a is the lattice
constant of the substrate. The adsorbate binding
energy Ey has been measured experimentally for
many adsorbate systems, and « can be deduced
from the vibration frequency for the perpendicular
adsorbate—substrate vibrational mode. Writing
z=2z4+¢q, where g is the perpendicular vibrational
normal mode coordinate, we get to quadratic order
in q: u~ Eyo?q?. This must equal Mw? ¢*/2, where
o, is the vibrational resonance frequency of the
perpendicular vibration. Hence

Mo \M?
o= .
(%)

For Xe on silver, @, 22 cm ™! and Ez~0.23 eV,
which gives «=0.72 A%, In the simulations pre-
sented below we have also taken o' =0.72 A™%,
Similarly, from a knowledge of the resonance fre-
quency oy, it is possible to estimate the barrier
height 2U,. Using Eq. (8) we get Uy=Mw?/k*
The frequency e has not been measured for Xe
on Ag(100) (or Ag(111)), but it has been measured
[15] using inelastic helium scattering for the
(V3 xV/3) Xe structure on Cu(111) where at the
zone center wy;=3+1cm™ ' In the calculations
reported in this paper we have used
w;=2.7 cm™* corresponding to 2U,=1.9 meV.

The friction parameters 5, and #, can be esti-
mated as follows. Consider first the phonon contri-
bution to the friction. If the characteristic frequency
of the forces exerted on the substrate by the motion
of the adsorbate is well below the maximum
phonon frequency (or the Debye frequency) of the
substrate, which usually is the case for physisorp-
tion systems, then ‘the phononic friction can be

calculated using the elastsic continuum model. This
gives [16]

3 Mo\
e P T 9)
T
and
3 M [(w)?
0y = 8 p \er . (10)
For Xe on silver with o, ~22cm™! and
wy~2.7 cm ™, these equations give

7y =25x10"1 st and 5, =55x107 s71.
i
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The phononic frictions n; and #; calculated
above for isolated adsorbates should also be
good approximations for fluid adsorbate layers.
However, for perfect IC solid adsorbate layers, the
phononic friction is expected to vanish [17,187.
Real surfaces always have imperfections, so that in
practice the phononic friction is always finite, but
for incommensurate structures it may be much
smaller than predicted by Egs. (9) and (10). In the
applications below we find that the electronic
friction is much more important than the phononic
friction, and since the electronic friction varies
relatively little with the coverage (in particular, it
does not vanish at incommensurate coverage) the
uncertainty in the value for the phononic friction
is of no practical importance.

The parallel electronic friction has been esti-
mated from surface resistivity measurements as
well as from theoretical calculations; both theory
and measurements give the electronic contribution
to #; to be of the order ~5x10% s™*, which is
about one order of magnitude larger than the
estimated (low-coverage) phononic contribution
to #7;. On the other hand, for fluid adsorbate layers
the electronic contribution to #, is negligible com-
pared with the phononic contribution.

The adsorbate—adsorbate interaction potential
V is taken as a sum of Lennard-Jones pair
potentials

7o \12 7o \®
s=e| (%) () ). (1)

where € is the well depth and r, to the particle
separation at the minima in the pair potential. For
Xe we have used e=19 meV and ry,=4.54 A. We
have chosen a to correspond to Xe on Ag(100); in
this case a=b/\/2=2.89 A (where b is the lattice
constant of Ag) so that ro/a=1.56. Table 1 summa-

Table 1
The parameter values used in the simulations unless otherwise
stated

w;=22cem™! wy=27cm™*
Eo=023eV a=0.72 A1

U, =0.95 meV «=072A1
e=19 meV ro=4.54 A
a=289A 7. =2.5x 101 g1

rizes the parameter values used below, unless other-
wise stated.

Eq. (5) describes the motion of an adsorbate
system on a corrugated substrate. When the exter-
nal force F=0 a particle performs irregular motion
(diffusion) with no long-time drift, i.e. {r;>=0. For
F>0, in addition to the irregular motion, the
particles drift in the direction of F with the speed
{¥>=F/mij. Note that when U,=0, the thermal
average of Eq. (5) gives

ml# +mn {F)=F,
or, since F is constant,

m’1||<’:> =F,

so that #f=1,, as expected in this limiting case.

We have obtained the sliding friction 7 from
computer simulations based on the Langevin
Eq. (5). The stochastic forces f; are assumed to be
uncorrelated Gaussian random variables and are
generated by a standard procedure [19]. The time
variable was discretized with the step length 4=
0.01t (where the natural time unit t=ry(m/e)'/?)
and the integration routine described by Tully
et al. [20] was used in all the simulations. The
basic unit was chosen as a square containing
M x M substrate atoms, where typically M =12.
In the snapshot pictures of adsorbate structures
shown below, it is assumed that the hollow sites
have the largest adsorbate—substrate binding
energy, i.e. these sites correspond to the local
minima of u(r) given by Eq. (8). In N denotes the
number of adsorbates in the basic unit, then the
coverate 0= N/(M x M). In all simulations periodic
boundary condition have been used. The system
was “thermalized” by ~ 10° time steps which corre-
spond to the actual “preparation” time 10*z; this
was enough in all cases in order to reach thermal
equilibrium. The drift friction 7 was obtained from
the simulations using the definition 7= F/mP{v),
where F is a weak external force acting in the
x direction on each adsorbate and which results
in the adsorbate drift velocity <{v), which was
obtained from the simulations by averaging over
all the particles in the basic unit and over many
integration steps corresponding to the time
~10%r.,
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4. Results

All results presented below have been obtained
with the temperature T=77.4 K. Fig. 4 shows the
number of adsorbates N,, N, and N3 in the basic
unit cell, occupying the first, second, and third
layers, respectively, as a function of the total
number N of adsorbates. Note that all Xe atoms
occupies the first layer for N up to 68 atoms in
the 12x 12 basic unit; for N=69 one Xe atom
occupies the second layer. Thus the monolayer Xe
coverage in the simulations correspond to
n, =68/(144a%)~0.0565 A 2. Close to the comple-
tion of the bilayer one additional Xe atom is
transferred to the first monolayer giving a com-
pressed layer with n, =0.0574 A~ 2, Experimentally
[21], at T=774 K, Xe condenses onto Ag(111)
as an “uncompressed” solid monolayer with
0.05624 atoms per A%. The monolayer accommo-
dates further atoms by compressing, until it reaches
0.0597 atoms per A2,

Fig. 5 shows the Xe-probability distribution P(z)
and the drift velocity <(v) (arbitrary unit) as a
function of the distance z from the surface for two
different cases: (a) for one complete monolayer of
Xe (coverage 6=68/144) and (b) for the bilayer
(132 particles in the basic unit). In both cases P(z)
is normalized so that

{ d(z/ro)P(z)=1.

0y, Ny

N3
0 | | j

0 50 100 150
N

Fig. 4. The variation of the number of adsorbates in the first
Ny, second N, and third N; Xe layers as a function of increasing
number N of adsorbates in the basic unit cell. Note that the
third layer starts to become populated before the second layer
is completed.

or N=68
P
5k
0 ) ! ol
) N=132
5_
p
JV
B e s At
0 w ‘
0 1 2
(z-2Zo)ITo

Fig. 5. (a) The probability distribution P(z) of particles in the
direction normal to the surface for one complete monolayer of
Xe on Ag(100) (coverage 6 =68/144). (b) The same quantity for
two monolayers (132 particles in the 12 x 12 cell). In both cases
P(z) is normalized so that the integral over all z equals unity.
The horizontal wavy line in (b) shows the drift velocity v (arbi-
trary unit). In the calculation, , =6.2x 10° s™* and the other
parameters are as in Table 1.

In the calculation, #,=6.2x 10° s*. Note that
the Xe atoms form well-defined layers, and that
the probability distribution P(z) for the first layer
is narrower than that of the second layer. This is,
of course, related to the stronger Xe-—substrate
interaction as compared with the Xe-Xe inter-
action, which results in a higher frequency of the
perpendicular Xe—substrate vibration as compared
with the perpendicular Xe vibration of the second-
layer Xe atoms. Note also that there is already a
small occupation of the third layer before the
second layer is fully occupied (see Fig. 4).

The horizontal wavy lines in Fig. 5 show the
variation of the drift velocity with the center of
mass position (normal to the surface) of the adsor-
bates. The fluctuations in the curves comes from
the limited time-period over which the velocity has
been averaged, and are particularly large in the
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regions where the probability of finding a particle
is low. It is clear that the drift velocity of the
second (and higher) layer is identical to those of
the first layer. This is true even when the second
(or third) layer is incomplete, and simply reflects
the fact that the lateral corrugation experienced by
an Xe atom in the second (or third) layer is much
higher than the (small) corrugation of the adsor-
bate—substrate interaction potential. Daly and
Krim [10] have pointed out that since for the
bilayer the second layer is perfectly commensurate
with the first layer, the two move in unison while
sliding. However, they also suggested that just
beyond monolayer coverage, where a dilute “gas”
of second-layer adsorbates occurs, the second-layer
atoms slide relative to the first layer. However, our
simulations shows that this effect is negligible at
the low temperature which the experiments have
been performed.

Fig. 6 shows snapshot pictures of the adsorbate
layer in cases (a) and (b) in Fig. 5. As expected, the
Xe monolayer forms a hexagonal structure which
is incommensurate (IC) with respect to the sub-
strate. In the bilayer case the second-layer atoms
(filled circles) occupy the hollow sites in the first
layer (the two arrows points at an Xe atom in the
third layer occuping two hollow sites of the
second layer).

Fig. 7 shows the dependency of #,/ff on the
coverage up to monolayer coverage. In the calcula-
tion, n;=2.5x10° s™1. Note the initial drop in
1/f when going from the dilute lattice-gas state to
the formation of small solid islands, and the
increase of 1/ close to the formation of the full
monolayer phase. At monolayer coverage (68 Xe
atoms in the unit cell) the sliding friction is nearly
equal to #,.

Table 2 shows #,/ij for the IC solid monolayer
and the bilayer when 5, =6.2 x 108 s~*. Note that
for the monolayer film, 77 is equal to #, within the
accuracy of the simulation, while for the bilayer
film, the sliding friction # is about 20% larger
than #.

5. Comparison with experiments

In the light of the theoretical results presented
above, let us discuss the QCM experiments by
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Fig. 6. Snapshot pictures for the adsorbate layer in cases (a) and
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Fig. 7. The dependency of the inverse of #,/% on the coverage
up to completion of the first Xe-monolayer. In the calculation,
71 =2.5x10° s~* and the other parameters are as in Table 1.




270 B.N.J. Persson, A. Nitzan/Surface Science 367 (1996) 261-275

Table 2
The inverse of the normalized sliding friction, n,/7, for an Xe
monolayer and bilayer; in the calculation, 7, =6.2x 10% s™*

System m/n
Monolayer (N = 68) 0.98+0.04
Bilayer (N =132) 0.83+0.02

Daly and Krim. The experimental data (see Fig. 3)
are for the Xe/Ag(111) system while our simula-
tions are for Xe on Ag(100). We have chosen to
study the latter system because this system is easier
to analyze analytically. Nevertheless, the qualita-
tive results obtained above should also be valid
for the Ag(111) surface. In particular, the sliding
friction of the compressed IC solid monolayer
system should be nearly equal to 1, i.e. a negligible
contribution to the sliding friction from internal
excitations in the film is expected. From Fig. 3 we
obtain #7=(8.440.3)x10® s~ ! for the monolayer
film; this value is similar to the parallel electronic
friction deduced from surface resistivity date [22],
and is also in accordance with theoretical estimates
[9,23] of the electronic friction. For an Xe bilayer
on Ag(111) we have found that a small fraction
(about 20%) of the sliding friction is due to internal
excitations in the film. The observed sliding friction
for the Xe/Ag(111) system is approximately 27%
larger for the bilayer than for the monolayer film,
ie. of the same order of magnitude as we obtain
in the simulations. Nevertheless, surface resistivity
measurements [ 22 ] have shown that the electronic
friction of a bilayer film may be about 20% larger
than for the monolayer film; the observed increase
in the sliding friction for the bilayer film may
therefore result partly from internal excitations in
the film, and partly from a slight increase in the
electronic friction.

6. Analysis of the results of the computer
simulation, and discussion

In this section we address the following funda-
mental question related to the simulations pre-
sented in Section 4.

Why is the sliding friction for the compressed IC

solid monolayer essentially equal to the parallel
friction ny, i.e. why is the contribution from the
perpendicular motion unimportant and why is the
contribution from internal excitations in the film
(process (b) in Fig. 2) negligible?

Let us first discuss the relative importance of
the “perpendicuiar” and “paraliel” friction (see also
Ref. [24]). We first derive a formally exact expres-
sion for 7. The power absorption (per adsorbate)
P induced by the force F can be written in two
different ways. First, from the definition of #

P={v F>={v) - F=mij{v)>. (12)

Next, let us write the velocity of an adsorbate
as

v=<{v)+dv,

where {d6v) =0. Now, in the steady state, the power
P that the external force F “pumps” into the
adsorbate layer must equal the energy transfer per
unit time from the adsorbate layer to the substrate.
The latter quantity is given by

P=— <<U'Ff>—<v'f>)
=mn, <<5Ui>‘<502¢>0)
+mu, ((50@—(51}%}0) +mn {v)?, (13)

where f is the fluctuating force of Eq.(5), <{...>
stands for thermal average when F=0, and where

Ff= —m (1’“_'0_]_"‘1’”]171]) .

Combining Egs. (12) and (13) gives
=n. (<5vi> — <5vi>o> RO
+1 [(<5vﬁ>—<5vﬁ>o) /<v>2+1]. (14)

The relative importance of the contributions to
7 from the “perpendicular” and “parallel” friction
for the IC solid monolayer film can be estimated
as follows. Consider first the perpendicular term.
As an adsorbate drifts with the velocity {v) parallel
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to the surface the distance of the adsorbate from
the surface will fluctuate by the amount §z. We
can obtain 6z from the potential Eq. (8) by assum-
ing that an adsorbate, as it translates along the
surface, always occupies the position normal to
the surface which minimizes the adsorbate—sub-
strate interaction energy, ie. by requiring
0u/0z=0. This gives z=z,+ dz, where

6z=(Uy/20Eg)(2 —cos kx—cos ky).

The contribution to the perpendicular velocity
by the drift motion parallel to the surface is
therefore dv, =0z or

ov, =(kUqv/20Ey) sin kx,

where we have assumed that the drift motion
occurs along the x-axis with the speed v (i.e. x=
vt). Thus

1/ kUqy \?
(<évi>—<5vi>o) ROSS 5(2055,;) L)

For the Xe/Ag(100) system, the prefactor 7, in
Eq. (14) for 7 becomes ~3x 107>, The friction
parameter #, has been estimated above using the
elastic continuum model to be 5, ~2.5x 10* s71,
Hence, the perpendicular contribution to # for Xe
on Ag(100) is of the order of ~7x10° s~'. The
contribution from the parallel friction to Eq. (14)
for Xe on Ag(100) is of the order (see above) of
~10° s~ Thus, the parallel contribution to 7 is
a factor of ~102 larger than the perpendicular
contribution.

We have shown that the perpendicular adsorbate
motion is unimportant at monolayer coverage.
Our simulations shows that this is true also for
coverages below monolayer. For example, in
Table 3 we show the sliding friction for §=152/144
for two different values of the decay constant «

Table 3

The inverse of the normalized sliding friction, #;/4, for two
different decay constants «; in the calculation, N=>52 and #; =
25x10%s7*

a (A1) /i
0.72 0.3840.03
1.98 0.404-0.02

occurring in the potential u(r) in Eq. (8). A large «
implies that the particles cannot displace in the
direction normal to the surface, i.e. the motion is
nearly two-dimensional. We note that increasing «
from 0.72 to 1.98 A~ leads to a negligible change
in the sliding friction ie. a strict 2D model gives
nearly the same result for the sliding friction as
the 3D model.

Next, let us discuss why there is a negligible
contribution to the sliding friction from internal
excitations in the film (see also Refs. [25,187). We
use a 2D model since we have just proven that the
motion in the z-direction is unimportant. Let us
write the coordinates for the particles in the IC
solid sliding state as

ri=vt+x;+u;, (16)

where v is the drift velocity, x;=(x;y;) are the
perfect lattice sites (in a reference frame moving
with the velocity v) of the hexagonal structure,
and u; is the (fluctuating) displacements away from
these sites. Because of the weak corrugation of the
substrate potential, |#;] is small. Substituting
Eq. (16) in Eq. (5) and expanding U and Vto linear
order in #; gives

mii; +m77”lii + 2] Kij U

=f,—kU, [)”c sin k(v,t + x;)+ J sin k(v,t + yi)]
—k2U, [)Euxi cos k(v t+x;)

+ Ju,; cos k(v,t+ yi)]

+m(if—m))o, (17)

where the force constant matrix K;; has the compo-
nents K =a*V/ougouf. To linear order in U, we
obtain

miii +mr("lii -+ z Kij : uj
i

=f,—kU, |:>€ sin k(v t + x;)+ § sin k(vyt+y,-)} .
(18)

Let us introduce the matrix K(g) with the
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components

K*#(g)= ¥ Kif ™8 =7,

J
or

K#g=2 ¥ [(53—53) 5up

2
L)

o B
+ (1452—853) x"f" ] <1—ei’1"‘") ,
o

where £, =r2/x%, and where the sum is over all the
sites x, of the hexagonal lattice of the adsorbate
layer (excluding the site at the origin). Assume that
v=vX. If e; and e, (¢; e;=¢;;) denote the longi-
tudinal and transverse eigenvectors of K(g) for
g=(k,0), corresponding to the eigenvalues mw?
and mw?, respectively, and if we expand X=
ayeq+oye,, then the solution to Eq.(18) can be
written as

kU, oy sin(wt +x; +¢,)
u; =) — —m“‘ € 12
[(a)2 — i+ wznﬁ]
o, sin(wt +x; +
re, T S(@x+4) 19)

[(wz_w2)2+w2 2:] 12
2 i

where tan ¢, =wn /(0> —w?) and w=ky, and
where (#;)y is the thermal contribution to #; derived
from the random forces f;. Substituting Egs. (19)
in (17) and averaging over time gives

k* U%ﬂu 1€x1
(o’

2m? — o3P + oyt

n=mn+

%2€x2 :| (20)

(0* — 03P +’n}

In the present case v—0 so that w< w,, w,, and
Eq. (20) reduces to

T=n,+ k4U3”I|} 0l1€x1 " 02€x2
I 2m? o] wd |

(21)

It is important to note the physical mechanism
behind the two terms in Eq. (21). The first term

describes the direct energy transfer to the substrate
owing to the center of mass motion of the adsor-
bate system (process (a) in Fig. 1). The second term
describes the transfer of energy from the center of
mass motion into sound waves in the adsorbate
system (process (b) in Fig. 1). This is caused by
the corrugated substrate potential which exert an
oscillating force on the (sliding) elastic 2D solid.
In the analytical calculation above, the sound
waves are only damped via the friction #; which
is very small. However, in a real system (and in
the simulations), an additional damping of these
sound waves comes from scattering against imper-
fections and from phonon-phonon collisions aris-
ing fron nonlinear terms in the expansion of the
Xe—Xe interaction potential (not included in the
analysis above). To account for these processes
one must replace the damping #, in the second
term in Eq.(21) with a new damping #,/'=
1y +#y", where ;" has its origin in the scattering
process described above.

_ k* Utz)ﬂul 0l1€x1 005>
It is convenient to write
6e \? 6e \?
W= <EF_% ) fl(na)> Wy = (;,17(2) ) fZ(na):
(23)

where f; and f, are a dimensionless functions of
the adsorbate coverage n,. In Table 4 we give f;
and f, for four different coverages corresponding
to N=60, 65, 68 and 69 Xe atoms in the basic
unit. Substituting Egs. (23) in (22) gives

_ 4 (mrg 4 U, 2 0l1€x1 X2€x2 ,
”‘""+9<a><e £ e

=ny+Any. (24)
Table 4
The frequency factors f; and f, for four different coverages
N=60 (n=0.0499 A2 fi=19 fr=14
N=65 (n=0.0540 A~2) fi=42 fa=31
N =68 (n=0.0565 é“z) fi=57 fr=44
N=69 (n=0.0574 A"?) f1=62 f,=4.8
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If the sliding occurs along the e, direction
we obtain 4A=9x1072, 4x1073,9x10™* and
6x 1074, for N=60, 65, 68 and 69, respectively.
Note that if #, ~#, then, since A« 1, the contribu-
tion from the corrugated substrate potential (pro-
portional to U3) to the sliding friction is
negligible small.

Snapshot pictures of the monolayer film (N =68
or 69) show a nearly perfect incommensurate hex-
agonal structure, and it is likely that phonons in
the film are very weakly damped, ie. 5" is very
small and n,’~#,. Thus, since A« 1, the contribu-
tion A#n," to 7 will be negligible for the monolayer
film, as observed in the simulations. However,
snapshot pictures of the adsorbate structures for
N=65 and N=60 shows that the structure has
vacancy-like imperfections. (Note: these imperfec-
tions may, in fact, be an artifact of using too small
a basic unit. At low temperature, for a real system
a very big, nearly perfect IC solid island sur-
rounded by a dilute 2D gas may occur instead).
These will act as scattering centers for the 2D
phonons in the overlayer and give rise to damping
which we may estimate as #," ~c/l where c is the
sound velocity in the overlayer and / the phonon
mean free path.

From Eq.(24) we expect 5,/ to depend on g,
according to

m_ ny
7 A+ +An"

Thus, for “large” iy we have i7~#, while #,/7j—0
as n;—0. This qualitative behaviour is observed in
the simulations; see Fig. 8 for two different cases,
(a) N=65 and (b) N=60.

The strong rise in #,/ij (see Fig. 7) and of the
slip time 7 (see Fig. 1) during the compression of
the monolayer film is due to the very strong
dependence of the phonon frequencies w; and
@, on the spacing of the Xe atoms: when the
Xe-coverage increases, o, and «, decreases and
the contribution to # from the last term in (21)
decreases.

At very low coverage (lattice gas) the ratio #,/7
is independent of 7. To prove this, let us note that
Eq. (5) depends on the dimensionless parameter

2
7 (10"~

Fig. 8. The dependency of 7,/ on the parallel friction #,. In the
calculation for two different coverages, (a) 0=65/144 and (b)
60/144. All the parameters are as in Table 1.

#/M0» Where
Ho =270y, /d.

Here, the thermal velocity vy is defined by
vy = (kg Tm)2~100 m s~ ! in a typical case (we
have used T=100K and m=131u). No analytical
solution of Eq.(5) has been presented which is
valid for arbitrary #,/n,, but the “high” and “low”
friction limits can be treated analytically. Let us
therefore estimate 7, /5, in a typical experiment by
Krim et al. If a~2A then 1/go~10"% s and
Hi/Mo~10"* if n,~10° s™*. Hence, n/no<«1 and
since typically Uy/kyT«1 the low-friction limit
should prevail in the experiments by Krim et al.
Within linear response and for low friction, Risken
and Vollmer [26] have shown that

n= ”IuI(Uo/kB T),
where

1 jgﬂ: dxeé(l +cos x)
I(f) = 43R

(25)

- e "

o de 27 dx[e+&(1 +cos x)]*?
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Note that I—1 and hence #—#n; as Uy—0
while I—-(4/m)exp (2Uy/kgT) and hence #7—
(4n,/m)exp (2Uo/kgT) as Ug—oo. In the latter
case, 1/ exhibit an activated temperature
dependence.

It is interesting to note that the sliding friction
Eq.(24) is a non-analytic function of U, at
U, =0. This implies that it is impossible to perform
an expansion of the sliding friction in powers of
U,. This is likely to be true not only in the dilute
limit (non-interacting particles) but more generally
when the adsorbate layer is in a 2D fluid state,
and an analytical calculation of the sliding friction
for the fluid state is therefore likely to be extremely
complicated even when Uy is very small. However,
when the adsorbate layer is in an IC solid state,
then # is an analytical function of U, for Uy=0
and, for “small” U,, it can be expanded in a power
series of U,. As shown above, the leading U,
contribution in such an expansion is ~U3 it is
clear from symmetry that no linear U, term can
occur since translating the substrate by /2 in the
x and y directions, which is equivalent to replacing
Uy— — U, in the original potential, will leave the
sliding friction unchanged.

We have shown that the sliding friction of the
monolayer and bilayer films is dominated by the
electronic friction. Let us therefore briefly comment
on the physical origin of the electronic friction for
physisorbed atoms [23]. For inert atoms and
molecules adsorbed on metal surfaces one can
(approximately) distinguish between two contribu-
tions to the electronic friction associated with (i)
the long-range attractive van der Waals interaction
and (ii) the short-range Pauli repulsion associated
with the overlap of the electron clouds of the
adsorbate and the substrate. These contributions
to n, have, for Xe on Ag(111), been estimated to
be [9,23]~8x 107 57! and ~6x 107 s~*, respec-
tively. The fact that the two contributions are of
similar magnitude is probably related to the fact
that at the equilibrium separation the attractive
and repulsive adsorbate—substrate interactions are
of identical magnitude, which should result in
dissipative forces of similar magnitudes.

The electronic friction for Xe on Ag(111) can be
deduced from surface resistivity data [22],
ny~3 x 10% s~ This value is a factor of ~2 larger

than estimated above, but it is likely that a non-
negligible contribution to the electronic friction
comes from “chemical” effects, namely from the
fact that the Xe 6s electronic resonance state is
located around the vacuum energy with a tail
extending down to the Fermi energy. In Ref. [9]
the chemical contribution to #; was estimated to
be ~1.5x10% s71,

In the equation of motion Eq. (5) for the adsor-
bate layer there appears the friction coefficient #.
Thermal equilibrium properties of the adsorbate
layer do not depend on #, but non-equilibrium
properties, such as the sliding friction, depend on
this parameter. In a recent paper Cieplak et al.
[117] have presented a computer simulation study
of the sliding of adsorbate layers on smooth sub-
strates. Cieplak et al. claim that the sliding friction
do not depend on the nature of thermal interaction
between the sliding film and the substrate, e.g.,
they claim that the results does not depend on the
microscopic friction #. In particular, they put
n, =0, ie. they only included perpendicular friction.
Our earlier results [4] and the present study cast
doubt on this procedure, at least for the low-
corrugation surfaces employed here. In particular,
for the Xe/Ag system studied here we have found
that for the incommensurate solid monolayer film
the sliding friction equals #n, to a very good
approximation.

7. Summary and conclusion

We have presented a computer-simulation study
of the force required to slide xenon monolayer and
bilayers on a silver surface. For the monolayer film
we found that the sliding friction # is nearly
identical to the parallel microscopic friction #; (of
electronic origin) which enters in the Langevin
equation, while the sliding friction for the bilayer
film is about 20% larger than the microscopic
friction. For monolayer coverage (and below) the
motion of the adsorbates perpendicular to the
surface is irrelevant and a 2D model gives neatly
the same result for the sliding friction as a 3D
model.

In the light of our theoretical results we discussed
the recent QCM measurements by Krim and Daly
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[10] of the sliding friction of monolayer and
bilayers of Xe on Ag(111). We conclude that for
the compressed monolayer film the sliding friction
is mainly of electronic origin. For the bilayer film
a small fraction of the observed sliding friction
may arise from internal excitations in the film, and
the rest from the direct energy transfer to the
substrate via the electronic friction.

Finally, we would like to emphasize that the
present study has been performed for a perfect
surface with no defects. It remains to study the
influence of various types of defects on the sliding
dynamics.
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