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Dominance of Phonon Friction for a Xenon Film on a Silver (111) Surface
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Molecular dynamic simulations for a Xe film sliding on an Ag(111) substrate are performed from the
submonolayer through the bilayer regime, which, when compared to both friction and surface resistivity
measurements, demonstrate that the friction in this system is dominated by phonon excitations. Slip
times are found both by direct calculation of the decay of the center-of-mass velocity, as well as
from the decay of the velocity correlation function. Agreement of the slip times from the two
methods supports the occurrence of a friction force linear in velocity over a wide velocity range.
[S0031-9007(97)04756-X]

PACS numbers: 46.30.Pa

Although tribology, the study of friction and wear, has limit of zero applied force and, hence, zero velocity. This
been of technological interest since ancient times [1,2]method is the only one which is valid at theem/s veloci-
the topic continues to rouse interest today [3—12]. Rapidies appropriate for experiments using the quartz crystal
progress in experimental, theoretical, and computationahicrobalance (QCM) [6,8]; all other molecular dynamics
methods provides new insights into the atomic origins ofmethods for determining the slip time are only valid for
frictional energy dissipation. When a thin film slides on velocities of the order of0? cm/s or more.
a metal substrate there exists dissipation of energy via Molecular dynamics simulations of sliding friction have
two mechanisms: (i) electronic excitations in the metallictraditionally employedhermostatswvhich add or remove
substrate [4,9], and (ii) phonon excitations in the film orenergy to or from the system in order to achieve constant
in the substrate [10]. The dissipation of energy can beéemperature. Thermostats used in molecular dynamics
characterized by the slip time (i.e., the time it takes have the side effect of damping the atomic motions,
for the film's speed to fall tol /e of its original value, resulting in an additional contribution to friction [10,11].
assuming it is stopped by friction) or equivalently by aln order to study friction in a situation free of such
damping coefficienty ~ 1/7. complications, we employ a thermostat solely to establish

In this Letter we study the phonon contribution to statistical thermal equilibrium, but then turn it off while
friction for Xe films sliding along an Ag(111) substrate monitoring the system’s properties. The absence of a
using molecular dynamics simulations. It is of greatthermostat in the simulation allows us to focus exclusively
interest to determine the relative contributions of theon the film’s dissipation due to phonons.
phonons and electrons to friction, since to date it is not The model Hamiltonian folV film atoms of mass: at
clear which is dominant. To this end, we compare ourmositionsr; (k = 1,...,N) is given by
results with the slip time versus coverage data reported N 2
by Daly and Krim [6], and with the electrical resistivity H= Z P U(ry,...,ry), @
versus coverage data of Dayo and Krim [7]. The results of =1 2m
this comparison provide convincing evidence that phonoRyherep, is the momentum of the ator, and the total
excitations make a dominant contribution to the friction for potentialU(ry, .. ., ry) is given by
this system. N N

We determine the slip time as a function of coverage, = -
defined as the number of atoms in the film per unit area. ve,...m) ,Zl Usw) + 3, Vil = xd). @)
We treat a range of film coverages, from submonolayer ] ] ) ) o
to bilayer. The slip time is determined by two methods.Here. Us(ry) is a single particle potential describing the
In the first method, an initial center-of-mass velocky  Interaction between theth film atom and the substrate,
is produced by an external force exerted on the film forandyﬂrj —ril)is the pair potential interaction between
¢ < 0. The external force is turned off for> 0, andr is  the/jth andkth atoms in the film. o
determined by the resulting velocity decsiye /7. In the The interaction bet\(veen two Xe atoms is given by a
second method, no external force is applied. The slip tim&€nnard-Jones potential
is determined by the behavior of the thermal equilibrium o \? o \°
autocorrelation for the center-of-mass velocity as a func- Vir) = 48[<_> - < > }
tion of time. The autocorrelation function is related to the
linear response of the system to a small perturbation by thethere & = 19.83 meV, and o = 4.055 A [14]. The
fluctuation-dissipation theorem [12,13], which holds in theinteraction between a Xe atom and the substrate can be

j<k=1
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described by a substrate potential without internal degreesstablish thermal equilibrium. To calculate the slip time
of freedom given by [15] we use two methods:
Method I: An external force (parallel to the substrate
Us(rj.z) = Up(z) + Ur(z) D cosG - ry), (4  surface) is applied to all film particles for approximately
G} 100¢y. The external force is then removed. This induces
where rj = (x,y) are the coordinates of the Xe atom an initial center-of-mass velocit¥, in the film which
parallel to the substrate, arff@} is the set of the six decays at later times a¥pe /7. Indeed, we find an
shortest reciprocal lattice vectors of the substrate. Thexponential decay as shown in Fig. 1. The slip time
first term in Eq. (4) describes the mean interaction of theversus coverage results obtained in this manner are shown
atoms with the substrate, and the second term describ&s Fig. 2(a). The thermostat is turned off while the
the periodic corrugation potential. decay of the center-of-mass velocity takes place, and the
Expressions fot/(z) andU,(z) were derived by Steele temperature rises by, at mod} K during this process,
[15], assuming that the substrate potentialr) is a sum  which occurs for the largest value for the initial velocities
of Lennard-Jones potentials between one film atom and athat we use in these calculatiof®s6o /1).
of the atoms in the substrate. However, a potential such Method II: In this method no external force is applied
as U,(r), which is a sum of Lennard-Jones potentials, isat any time. In experiments using QCM [8], one conven-
not a correct description of the interaction of a metallictionally describes the data by the linear response in the
surface with a noble gas atom. The corrugation potentidiorce per unit are@ f to an applied substrate velociGy
is reduced (from the value found by summing Lennard-at complex frequency. This response defines the acous-
Jones potentials) due to electronic screening. For thiic impedance of the filmZ({) = lims;—o(6f/6V). The
reason we employ a weaker corrugation potential, as dikubo formula for the acoustic impedance has been de-
Cieplaket al.in Ref. [10]. The corrugation potential we rived [12] to be

use is ) ) % it
A*6 5 2 Z(g) = _l§p2 1+ l{ C(t)e dt s (6)
oo S 4] |
28127 [ 30 \2z 2z wherep, = Nm/A is the film mass per unit are4, and

the thermal equilibrium autocorrelation function

where o = 4778Xe/AgA*6/\/§, 7 =1z/a, a =289 A , (Ve()V,(2'))
is the lattice constant of the substratl, = oxe/ag/a, Ct —1) = V. (0)2) (7)
g1 = 4m/+/3. We calculate the Lennard-Jones parame- . :

ters oxe/ag and exe/ag by fitting (i) the position of the In Eq. (7), V,(¢) is the center-of-mass velocity of the

minimum of Uy(z) to the distance between a Xe atom M in the x direction [17]. The slip time model
in the first layer and the ion cores of the substratg, [12] may .be written gs a Drude—Da_lrcy law impedance
and (i) the attractive well depth to the binding energy of2(¢) = ~i({p2)/(1 — i{7) or, equivalently, as the
one Xe atom to the Ag substra(&y(zo) = —211 meV, autocorrelation function ,
fgr;g [r%](ie]\)/.. We find oxe/ag = 4.463 A and exe/ay = Cl— 1) = exp(— |t : t |>' ®)

The corrugation potential/;(z) in Eg. (5) falls off
exponentially at largez. The above parameters give
Ui(z0) 261 €0S(G - ) = 2.7 meV (for the maximum Thermostat
value of this sum), in contrast to the corresponding value 06 | off ~
of 10.13 meV for Steele’s potential afy [15]. Our
corrugation gives good agreement with the experimental
value of the slip time.

Our simulations are carried out at an equilibrium
temperature off = 77.4 K, and the particles move in a
three dimensional box of siZa X 10a+/3 X 10o. The

time scale for vibrations of the adsorbed film atoms is 00
to = +/(ma?/e) = 3.345 ps, withm = 2.16 X 1072 g. ' H
Periodic boundary conditions in theandy directions are

. o oz
employed along with a hard wall boundary condition in 2000 5500 5000 5500 7000

the z direction at the top of the box. time (t,)
We change the coverage by changing the number of Xe

atomsN. We uses0 = N = 370. All atoms are initially FIG. 1. Typical decay of the center-of-mass velocity (in units
: L ' of o /1) after applying the external force. After the force and

in the gas phasg. The atoms Qondense%mo or Ie_ss thermostat are turned off, the velocity decays; and this portion
and formed a triangular lattice incommensurate with thex the graph is fitted to an exponential curve as predicted by

substrate fcc(111) surface. A thermostat is used only tthe linear friction force law to obtain the slip time (method I).
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10°® : : these two coverages are, respectivaly3 A and 4.4 A.
These values are very close to those reported experimen-
tally by Unguriset al. [19] (4.52 A and 4.39 A for the
uncompressed and fully compressed monolayer). The fact
that our simulations, which include only the phonon con-
tribution to friction, reproduce the experimental results
provides strong evidence that phonon friction dominates
in the system under study. Furthermore, the fact that the
electrical resistivity does not reveal any coverage depen-
dence (reminiscent of the observed structure in the experi-
mental slip time versus coverage curve) [7] gives further
o | | support to this conclusion.

The structure factor,

slip time 1 (s)

0.01 0.06 0.11
N

Coverage (al oms/A®
R 5Q) = §<Z codQ - (r; - r,~)1>, (10)

i,J

(b) has also been calculated. In Fig. 3 we show the Bragg
B - * peaks in theQ = (Q., 0,,0) plane for three different
_ ?v [] coverages, corresponding to the submonolayer, slightly
— L below the uncompressed monolayer and the compressed
10° o L monolayer coverages. The Bragg peaks for the larger
slip times (compressed monolayer) are sharper than the
Bragg peaks for the smaller slip times (submonolayer
and slightly uncompressed monolayer). Thus, the lattices
corresponding to small slip times have more disorder than
lattices with large slip times. The tilting of the Bragg
00 ] peaks shown in Figs. 3(a) and 3(c) is likely to be due to
0.01 0.06 011 rotational epitaxy [20]. The fact that it does not occur
Coverage (atoms/A") for Fig. 3(b) is likely to be related to our use of periodic
FIG. 2. Slip timer (in units of sec) versus coverage (in units boundary conditions. A more detailed discussion of this
of number of particles per A for the two methods used; phenomenon will be reserved for further publications.
(@) method I, (b) method Il. Solid lines in both figures are  Persson and Nitzan [11] have recently calculated fric-
three of the experimental curves from Ref. [6], included fortion for the present system using molecular dynamics in
comparison. There is semiquantitative agreement with experiz " o 1ot includes a Langevin thermostat, which they
identify with the effect of electronic excitations in the sub-
strate. This thermostat uses unequal damping constants in

Equation (8) is the basis of the second method fodirections parallel and perpendicular to the sliding direc-
calculatingr. The thermal average in Eq. (7) is replacedtion (i.e., n; = 6.2 X 108 sec’! taken to represent elec-
by a time average over a timeg, tron friction andn, = 2.5 X 10" sec!). They find a

1 tot resulting friction constantn,, =~ 6.32 X 108 sec! in

(Ve()Vi(t')) = — f Vit + s)Vo(e' + s)ds. (9)  their simulations, for a coverage slightly below a mono-

ot 0 layer. Assumingmie = 1y + Mphon, they find that the

In Fig. 2(b), the values of the slip time as a function phonon contribution to frictiongynen /710t = 0.02. We
of film coverage found using method Il are shown.have performed simulations using the substrate potential
Methods | and Il yield results which are qualitatively of Egs. (4) and (5) with the same Langevin thermostat
similar to each other and to previous experimental resultsand damping constants as Persson and Nitzan. We find
as can be seen by comparing Figs. 2(a) and 2(b). Nt = 245 X 10° sec’!, so that Mpnon/ Mt = 0.75.

We find a dip in the slip time near a coverage of Thus, even if we include the value gfj used by Persson
0.0563 atonyA? followed by a sharp rise. The mini- and Nitzan, phonon friction dominates, which is consistent
mum in 7 corresponds to the uncompressed monolayewith our previous conclusion.

(see Fig. 2). [Slight differences in the positions of these In conclusion, we perform molecular dynamics simu-
features in Figs. 2(a) and 2(b) are likely to be due to thdations of Xe/Ag(111) in a thermostat-free environment.

heating that occurs in method I.] We are able to observ&Ve are able to semiquantitatively reproduce the experi-
directly, in the simulations, a compression of the mono-mental data [6] by means of two independent methods
layer when the coverage varies frah0563 atonyA? to  which simulate sliding speeds at least 3 orders of mag-
0.0594 atoryA2. The average interparticle spacings atnitude apart. In particular, our simulation reproduces the
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FIG. 3. Bragg peaks for (a) a submonolayer coverage,

0.040 atonyA2, (b) slightly below the uncompressed mono-
layer coverage,0.0538 atonyA2?, and (c) the compressed
monolayer coverag,.0594 atorryAZ2.

distinctive dip in the submonolayer regime found in ex-

in this regime [7] suggests that the phonon contribution
dominates over the electron contribution for this system.
The fact that the simulations yield comparable slip times
for greatly varying sliding speeds demonstrates the linear-
ity in velocity of the friction governing this system.
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