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Electronic versus phononic friction of xenon on silver
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Molecular dynamics simulations of a Xe monolayer sliding of0®4) and Ag111) are carried out in order
to ascertain the microscopic origin of friction. For several values of the electronic contribution to the friction
of individual Xe atoms, the intraoverlayer phonon dissipation is calculated as a function of the corrugation
amplitude of the substrate potential, which is a pertinent parameter to consider. Within the accuracy of the
numerical results and the uncertainty with which the values of the relevant parameters are known at present, we
conclude that electronic and phononic dissipation channels are of similar importance. While phonon friction
gives rise to the rapid variation with coverage, the electronic friction provides a roughly coverage-independent
contribution to the overall sliding frictior.S0163-182899)14231-0

[. INTRODUCTION proach to determine the electronic friction of Xe atoms on
Ag. The lateral component of the friction coefficient was
The microscopic origin of the sliding friction of thin films shown to agree qualitatively with the experimental value for
adsorbed on a metal surface has recently attracted consideér-full monolayer, suggesting that phonon processes play a
able interest:? The availability of refined experimental minor role in the compressed phase.
methods—> makes it now feasible to investigate the funda- In view of these fundamental theoretical discrepancies,
mental processes that contribute to the sliding friction on aryve decided to carry out molecular dynamics simulations for
atomic scale. On a metal surface, frictional energy is dissiXe 0N Ag, empI03y|1rég essentially the same overall model as
pated via two main channels: excitation of low-energyPrevious authors:™'°Key input parameters in these simula-
electron-hole pairs in the substr3t¥ and excitation of tons are, in particular, the corrugation amplitude of the
phonons within the overlayé? =% Phonon excitation within  X€/Ag interaction potential and the electronic friction of in-
the metal may also occur; however, this contribution usuallydividual Xe atoms sliding parallel to the substrate surface.
has only a minor influence on the lateral sliding of adsorbed®ince at present the corrugation amplitude is known from
films. independent experimental data only with very appreciable
Detailed experimental information on the friction of Xe uncertainty, a detailed understanding of how its magnitude
and Kr layers on noble metal surfaces was recently obtainet’j‘ﬂuenc_es the final result is in our view crucial. In contrast to
by Krim et al®*who performed quartz-crystal microbalance the earlier molgc_:ular dyn_amlcs studies, therefore, we_do not
(QCM) measurements for a variety of coverages. In thischoose a specific set of input model parameters but investi-
technique, the frequency shift and broadening of the resona§@té the net sliding friction within a wide range of these
line provide information on the number of adsorbed atomg?arameters. In addition, we consider the dependence on the
and on their slippage during the lateral oscillation of thecrystallographic orientation by studymg_the friction of a Xe
microbalance. The data were analyzed by various theoreticigyer adsorbed on Ag11) and Ad100), in order to check
groups that, surprisingly, arrived at contradictory conclu-the importance of the lateral symmetry of the substrate po-
sions: For Kr on A@L11), Cieplaket al**'4argued that the tential. By carrying out such a systematic investigation we
observed friction is caused by lattice vibrations within the€Ssentially cover the full range of overlayer-substrate models
overlayer and that substrate-induced energy dissipation playz@nsidered in the previous treatments. _
a negligible role. Dominant phonon damping was also in- A striking feature of the Xe/Ag quartz-crystal microbal-
ferred for Xe on Ag111) by Tomassonet al!® On the other ~@nce data by Krimet al."" is the strong variation of the net
hand, Perssoat al™® argued that the phonon-associated fric-Sliding friction with Xe coverage. To facilitate the discus-
tion for a full Xe monolayer on AGLOO) is small and that the Sion, we show in Fig. 1 the measured slip timas a func-
measured friction is mainly of electronic origin. These oppo-tion of Xe coveragéon Ag(111). The friction coefficienty
site interpretations are puzzling since all three theoreticais given by the inverse of the slip time. According to surface
studies were based on molecular dynamics simulations faresistivity measurements for Xe on Aghe electronic fric-
similar models of the rare-gas—metal-adsorption system. Ition coefficient depends weakly on coverage. It is evident,
addition, Liebsch'? performed dynamical surface responsetherefore, that the rapid coverage dependence observed in the
calculations within the time-dependent density functional apQCM data, in particular near completion of a monolayer, is
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25 - - ; - - - tion. Although there is considerable uncertainty both in the
calculated and measured friction coefficients, the most likely
scenario is the presence of a roughly coverage-independent
2,0 oo @@ electronic contribution of about~2 ns (~0.5 ns*) and

an additional, strongly coverage-dependent phonon friction,

which can reduce the slip time to abowt=1 ns (the net

sliding friction then increases approximately#e=1 ns 1).
Thus, roughly speaking, we associate the slip time in the
region between the horizontal dotted lines in Fig. 1 with
phonon processes, while the portion above the upper line is
related to electronic energy dissipation. Remarkably, the
electronic friction deduced from this analysis is in qualitative
0 T T s 10 15 20 agreement with independent surface resistivity data for Xe
) : . ) ' on Ag (Ref. 5 and with theoretical estimates of this dissipa-
coverage (monolayers) tion channet'? Thus, the friction of a full monolayer is
FIG. 1. Measured shp time for Xe on Aq:l_ll)’ as a function essel’ltia”y Of e|eCtI’0niC Ol’igin, Wh|le the rapid increase Of
of coverage, after Ref. 4. In this paper we put forward argumentsthe slip time before reaching the complete monolayer is due
based on extensive simulations, to show that the region roughljo excitation of phonons within the Xe overlayer.
between the dotted lines can be understood as due to phonon origi- This paper is organized as follows. Section Il summarizes
nated friction, while above the upper dotted line a friction mecha-the theoretical results available for the electronic friction of
nism of electronic origin seems to prevail. Xe atoms on a metal surface. Section Ill presents the model
employed in the molecular dynamics simulations. In particu-
caused primarily by phonons generated within the overlayelar, we specify the interaction potentials and the friction felt
This is not surprising since the probability of exciting by a single Xe atom. Various technical aspects of the calcu-
phonons varies greatly with interadatom spacing. With redation of the phonon friction are also discussed. Section IV
spect to this aspect of the data, there is little dispute amongontains the results, with special emphasis on the variation of
the previous simulations studies. the net sliding friction with the corrugation of the substrate
The important question, rather, concerns the relativgpotential and its dependence on the electronic friction. Our
weights of electronic and phononic dissipation channels, essonclusions are given in Sec. V.
pecially at coverages near a full monolayer where the slip
time reaches its maximum, i.e., where the sliding friction of
the incommensurate overlayer is smallest. Our results show
that the effective friction parameter may be approximately We consider first the electronic contributions to the slid-
written as ing friction of individual Xe atoms above a metal surface. In
a physisorption system, these may arise due to the van der
;: Nert ph- (1.1 Waals attraction and the Pauli repulsion. In the case of Xe,

_ ) some dissipation might also be associated with the formation
Here, ne= 7, is the parallel component of the single-atom of 5 \weak covalent bond.

electronic friction coefficient and the intra-adsorbate phonon |t js well known that the instantaneous mutual polariza-

contribution is roughly given byy,,=cug, whereug is the  tion between neutral species gives rise to the long-range van

corrugation amplitude of the Xe/Ag potential. A quadratic der Waals attraction. If an atom moves relative to a metal,

variation with u, agrees with the analytical and numerical the induced surface charge lags behind, causing kinetic en-

results of Cieplalet al***The coefficient depends weakly ergy to be dissipated. Thus, as pointed out long ago by vari-

on the crystal face and on the single-atom friction parametergus author$;’ the excitation of low-frequency electron-hole

7 and 7., but varies strongly with coverage. Evidently, pairs in the surface region contributes to the friction of neu-

according to the above expression, the measured sliding frigral atoms. If the adatom velocity is small compared to the

tion at any given coverage can be reproduced using severgermi velocity of the metal electrons, the friction coefficient

combinations of the parameteug and . For instance, by may be expressed7a%

reducing the single-site electronic frictio), one is able to

match the data if the substrate potential is assumed to be e2 1

sufficiently strongly corrugated. Conversely, if the electronic 7= — — lim —f d3rf d3r' V() Im x(r,r’, o)V;(r').

friction is chosen large enough, little additional phonon 0—0 @

damping is required to reproduce the samemetonstraints

o he range o sccepabl pavameter veles e RIS Bho ndexi—x, efers toparalel o perpendcuiar moton

ticular, by the steep slope near completion of the firs’t monop]c the atom, x s the many-body response fgnct!on of the

layer. ' metal,_ andm |s_the adatpm mass. The effective interaction
The molecular dynamics simulations for Xe on Ag, which Vi(r) is approximately given by

we describe below, suggest that the characteristic coverage

de d f . . . . a(o) 1 2
pendence of the observed slip time and its overall magni Vi(r)= —V~(V )

tude cannot be understood only in terms of phonon dissipa- : " r—d|

T (ns)

O [ e ~

Il. ELECTRONIC FRICTION

(2.1

5 (2.2
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Here, a(0) is the static polarizability of the adatom add uncertainty the simulations are carried out for a sufficiently
=(0,0d) is the location relative to the jellium edge. Since wide range of electronic friction coefficients.

V;(r) does not satisfy the Laplace equation, it can only be

approximately represented in terms of a superposition of I1l. MODEL FOR PHONON FRICTION

evanescent plane waves of the f8rm ) ) ) o
In this section we focus on the evaluation of the friction

induced by the excitation of phonons within the adsorbed

Vi(r)=§q: Vi(qye'arriraz, (23 Jayer of Xe atoms. The single-atom frictional properties are
o _ I _ assumed to be known and are used as inputs in the molecular
With this expansion we can writg; as dynamics simulation. We specify first the intra-adsorbate and
2 4 1 adsorbate-substrate potentials and then discuss details con-
m=—— lim — E |Vi(qH)|2q|m 9(q®), (2.4 cerning the molecular dynamics simulations.
I

m27Tw—>Ow q

. . . A. Potentials
where the surface response functm(y, ) is defined as

As in previous work3~1®the interaction between Xe at-

oms is expressed as a sum of Lennard-Jones pair potentials
o2 [ro

andn;(z,q,w) is the electronic surface density induced by v(r)=e (T _2<T

an external potential given by (27/q)e'%l 11792, ) _

In the case of Xe atoms physisorbed on(Ah) at a yvhereef 19 meV_ls the well depth_ando_=_4.54 A is the
temperatureT=77.4 K, the distancel=2.4 A. The static mterpamcle spacing at _the potential minimum. The total
polarizability of Xe is «(0)=4.0 A%. Using the density Xe-Xe interaction potential then takes the form
functional results fom,(z,q,0) and g(q,w), we find 7, 1
~0.34ns'andy, ~1.74 ns 11112 V=2 > v(r—T)). (3.2

We note that the theoretical value gf given above pre- 217
sumably represents a slight overestimate since the Xe atomihe adsorbate-substrate interaction potential is assumed to
not completely outside the range of the electronic density,q given by
profile as implicitly assumed in Eq2.4). Moreover, as a
result of the hybri'diza_t?on between the Agandq electrons,  y(r)=Ey[e 2%~ 2) -2~ ®(z-2) ]y~ @ 2y(x,y),
the surface polarizability of real Ag may be slightly smaller (3.3
than that of the corresponding jellium modéWe also point
out that, according to Eq2.2), the friction coefficient varies Where for Ag100
asymptotically as t*°, i.e., it is rather sensitive to the pre- u(x,y) =2+ cog kx) + cog ky) (3.4
cise location of the adatom above the metal surface. ' ’ '

The friction coefficient arising from the van der Waals Whereas, in the case of Aill),
attraction derived above is significantly larger than the con-
tributio% due to the Pauli repulslion which was estimated by u(x,y)=1.5+cog 2ky/\3) + cog k(x+y/3)]

Perssonto be abouty ~0.06 ns *. In addition, for Xe there _

may exist some fric”tion due to chemical effects resulting +eogk(x-y/V3)]. @9
from the broadening of the Xeslevel. Estimates of this Here k=2#/a anda=2.89 A is the spacing between neigh-
mechanism yield 7,~0.15 nst. boring Ag atoms. The unit vectors of the substrate lattice are

On the basis of these theoretical calculations and estia,0),(0a) for Ag(100 and @,0), (a/2,ay3/2) for
mates, we conclude that the total electronic contribution teAg(111). The binding energy for Xe on Ag i§,=0.23 eV.
the lateral friction of single Xe atoms on Ag is approxi- The decay constanrt may be deduced from the frequency of
mately 0.5--0.6 ns'’. At full monolayer coverage, this the perpendicular vibratiol,i.e., «=0.72 A~*. The decay
friction is presumably slightly smaller because of the weak-constanta’ of the Fourier component should in principle be
ening of the Xe/Ag bonds. An electronic contribution of this larger thane. However, this difference is not very important
magnitude is in excellent agreement with the surface resisand we chooser’ = . The corrugation factou(x,y) is as-
tivity measurements for Xe on AY. sumed to vanish at hollow adsorption sites. The potential

According to our molecular dynamics simulationsTat  barrier between neighboring hollow sites isXor the (100)
=77.4 K, the distance of Xe atoms normal to the surfaceface and 0.6, for the (111) face. The total barrier between
varies about 0.1 A around the equilibrium distande hollow sites across the substrate lattice sitesug #r the
=2.4 A. For the asymptotic van der Waals attraction, such &100) face and 4.6, for (111).
variation implies a variation ofy; roughly between 0.2 and The adsorbate-substrate interaction specified in(E®)

0.5 ns'. For the Pauli and covalent-bond contributions thehas the same form as the one used by Persson and Nfitzan.
variation is exponential due to wave function overlap, with Cieplaket al**'*and Tomassonet al.'® on the other hand,
an exponent determined by the work function. This leads to aised the expression derived by Stélor a sum of pair
variation of 77 of about 20%. Thus, for some Xe atoms, the potentials. Since this potential is much more corrugated than
electronic friction is larger, for others smaller than the equi-the true interaction between rare gas atoms and metal sur-
librium value 0.5--0.6 ns ! quoted above. Because of this faces, the coefficient of the nonvanishing Fourier component

g(q,w)=f dze”ny(z,q, ) (2.9

6
: 3.9
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was drastically scaled down. The functional form of this po-square containing 2212 or 24X 24 substrate atoms. Similar
tential also differs from expressidi3.3). However, the pre- unit cells were employed for AG11). These cells were then
cise shape near the potential minimum should not be cruciatepeated assuming periodic boundary conditions.
as long as the overall corrugation is the same. Except for the form of the substrate potential, the model
Since the parametar, is decisive for the excitation of outlined above is very similar to the ones used in earlier
phonons within the overlayer, we do not choose a particulasimulations:>~**The main difference between the treatments
value. Instead, we calculate the net sliding friction as a funcef Refs. 13—16 resides in the interpretation of the micro-
tion of ug in order to illustrate its sensitivity to the adsorbate- scopic friction of a single Xe adatom. In the work by Cieplak
substrate potential. In this manner, we cover the various sutet al*4this friction plays the role of a thermostat that al-

strate potentials considered previously. lows to establish a constant temperatiirevithin the over-
layer. Since the direction of this single-site friction is chosen
B. Simulations orthogonal to the direction of the external force, it was

claimed not to affect the net sliding friction of the overlayer.
Instead, in the work by Persson and NitZathis thermostat
was given a specific microscopic origin. In particulag,
coincides with the lateral friction of individual Xe atoms due
® excitation of electron-hole pairs in the substrate, ig.,

= 7q. According to the theoretical estimates and the resis-
tivity measurements discussed in Sec. I, this coefficient
should be abouty~0.5 ns L. Finally, in the work by To-

— massoneet al,'® the simulations were carried out in the ab-
F=mayyv, (3.6 sence of a thermostat or any other single-site friction forces.

wherem is the adatom mass. This procedure was used b¥_ In principle, electronic processes also contribute to the
Cieplaket al***and by Persson and Nitzan(ii) To simu-  Triction of the perpendicular motion of single adatoms. As
late the quartz-crystal microbalance measurement, one mdjpinted out in Sec. Il, density functional calculations yield
let the substrate atoms oscillate laterally and determine thg.~1.74 ns*. However, this contribution is much smaller
induced lateral vibration of the adatoms. This method waghan the normal friction induced by phonon excitation, which
also used by Cieplakt alX>!(iii) One can apply a constant Was estimated by Persson and NitZato be roughly 7,
force to the adatoms up to a specific point in time and ther=260 ns . Because of the present uncertainties in the
switch it off. If the friction is viscous, the decay of the €valuation of bothy and », , we have carried out simula-

steady-state velocity of the adsorbate is proportional’t%‘. tions for a whole range of these parameters, in order to illus-

. ; . — . trate the sensitivity of the net sliding friction to the micro-
(!V) Finally, one may determlna from the thermal equmb-. scopic processes governing the behavior of individual Xe
rium autocorrelation function of the center of mass velocity ;o\«
of the overlayer. The latter two methods were employed by
Tomassonest al1®

In the present work, we also apply a constant lateral force IV. RESULTS AND DISCUSSION
F to the adatoms and determine the steady-state velocity that

is reached after a sufficiently long time. The simulations are In this section we first discuss the sliding friction of a

rameter from the molecular dynamics simulatiofi$.One
can apply a constant lateral forEeto all the adatoms, while
keeping the substrate atoms at rest. After an appropria
number of time steps, the steady-state veloeitf the over-
layer is determined. If the friction is viscousg,satisfies the
linear relation

based on the Langevin equation monolayer of Xe atoms on Ag and then address the coverage
dependence. In the final part, we compare these results with

. . v the QCM data. The temperature of=77.4 K, which we
mri+manr=— - (9_ri+fi+ F, (3.7 adopt, corresponds to the one used in the measurements by

Krim et al® We define the coverag@ =1 as the fully com-
wheref; is a stochastically fluctuating force describing the pressed monolay®& with density n,=0.0597 A2, On
effect of the irregular thermal motion of the substrate on theag(100) this amounts tdN=72 Xe atoms within the basic
ith adatom. The components Hfare related to the micro- 12ax 12a unit cell (N=288 within the 24 24a cell). The

scopic friction » via the fluctuation-dissipation theorem uncompressed monolayer has a slightly lower density,
oo B =0.0565 A"?, i.e., ®=0.94 (N=68 atoms within the 12
(fH(OF7(0))=2mke T 7,50, 3(1). (38 x12a unit cell. The remaining parameters required in the

simulations, which we report below, have been specified in

The microscopic friction tens is assumed to be diag- > .
P Map 9 the preceding sections.

onal, with independent elemenig and 7, .
To solve Eq.(3.7) the time variable is discretized with a

step duration 0.}, where the natural time unit is, A. Corrugation dependence of the sliding friction

=r, (M/€)¥?>=3.84 ps. The simulations are carried out us- for an uncompressed Xe layer

. . . 19 . . .

ing the integration procedure suggested by Tuglyal. In Fig. 2 we display typical results of the center of mass

Typically, thermalization was reached after+@0,. The  velocity, in the direction of the applied force, as a function of
drift friction # was derived using the definitiony  time. The examples are fod =68 on the(100 surface and
=F/(m(v)), where the external forde was applied in th&x  the constant external force on each of the adsorbBtes
direction on each adsorbate, resulting in thme averaged =0.001€/r is applied after 106 as indicated by the arrow.
drift velocity (v). On Ag(100), the basic unit was taken as a The single-atom friction coefficients arg=0 and 1.3 ns*,
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0.8  An=0, u,=0.05¢
= 1,=0.0025¢," , 4,=0.05¢
©1,=0.0025¢," , u=0.1¢

0.6

<v> (A/ps)

<v>(r,/t)
[
=~

02t

0.0 - -
0.000 0.001 0.002
F(elr)

FIG. 3. Average center of mass velocity) (in units ofrg/ty)
as a function of external forcE (in units of e/ry) showing the
linear viscous regime for different values of the input paramegers
and uy. Each point was obtained by time averaging over a long
steady state run and over two independent runs. Error bars were
estimated from the fluctuations of the center of mass velocity as can
be seen in Fig. 2. Straight lines are linear fits of points accounting

for error bars. The values o_f are as followgfrom top to bottonx:
0.0023t,, 0.0045t,, and 0.010.

<v> (A/ps)

FIG. 2. Center of mass velocitjn units A/pg of a Xe layer on
Ag(100 as a function of time. The coverage corresponds to arand the coefficient depends weakly on the coefficien
uncompressed monolayer@t=0.94 orn,=0.0565 atoms/A The  and on the crystal structure of the substrate. This can be seen
arrow indicates the timet & 100,=384 ps) at which the external by comparing the results shown in Figgadand 4b) for the
force F=0.001e/r ,=4.2x10"3 meV/A is applied. Upper curves Ag(100 and Ag111) surfaces, respectively. Although the

— — =1
a:r(e) écérrzg/.o(i))lc;wirlc; ?:Zf/ correspond tg=1.3 1S~ (& U0 4yera|| variation ofz is similar for both faces, the coefficient
' ' o ' c is slightly larger for Ag111) than for Ag100), indicating

with 7, =260 ns'. The corrugation amplitude is,=0.95 that » is governed by the total barrier heig[m.s_uo for (1_11)
and 1.9 meV. One of the conclusions of the present work calfs Yo for (100], rather than by the corrugation barrier be-
be derived directly from this figure. In Fig(@, for a rela- \Ween neighboring hollow site.5u, for (111) vs 2u, for
tively low corrugation amplitudei,=0.95 meV, the effect (100); see previous sectidnThis trend is plausible since, at

of the single-site friction coefficieny is evident: suppress- monolayer coverage, the Xe atoms are not free to move
ing it, the center of mass velocity increases and so do th@long paths between nearest potential minima but are forced

fluctuations. But the effect of the suppression is attenuate8¢"°SS potentlal_ maxima. We note here that, in #e0
when the corrugation amplitude is bigger, as is the case ifase, a quadratic variation of with u, was also found by

Fig. 2(b) for uy=1.9 meV. Thus, the relative importance of Cieplaket al.*>**
phononic or electronic dissipation channels depends cru- In order to demonstrate the weak dependence of the coef-

cially on the magnitudes afy and 7. ficient c on 77, we collapse in Fig. 5 the data obtained for

The validity of the linear response regime can be checkedlifferent 7 into one curve by plotting
in Fig. 3, where we show the center of mass velogity,
time averaged over 40@Qafter the transient period follow- —
ing the application of the external for€e as a function of. Mph= 7177 - (4.2

The approximate linear relatidh=mz(v) is apparent in all
cases, indicating that the system indeed obeys a viscoudhe full lines correspond to a quadratic fit of the data points.
force law. The full lines represent weighted linear regresAccording to Figs. &) and §b), we deduce for th¢100
sions of the(v)~F relation, which we use to derive the net and (111) faces c~0.6; e >~0.42 ns' meV 2 and c
sliding friction 7. ~0.8, e 2~0.56 ns! meV 2, respectively.

The results shown in Figs. 4 and 5 correspondzto
=1/y=260 ns' . Simulations for different values af, in
the range 26 ns'<y, <260 ns?! yield nearly the same
overall sliding friction, confirming the results of previous
studies which suggested that the friction in the direction of
(4.1) the external force is essentially independent of the thermostat

or the single-site friction in the orthogonal directith®

with 7e= 7). The intra-adsorbate phonon contributigg;, The simulations discussed so far were carried out for 68
= cuj varies quadratically with the corrugation amplituse ~ Xe atoms within substrate unit cells corresponding ta 12

Figure 4 summarizes our results fgras a function of the
corrugation amplitudel, and for different values of the lat-
eral electronic single-atom frictiom. The overall sliding
friction is approximately of the form

— 2
n= 7Nt CUg,
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An =0 am =0
= 1y = 0.63ns™ 2t = n::=0.65ns"
v, = 1.30ns™ _
3t H
|
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" T
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piid
237 y 11
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4 an=0 . T = 1, =0.65ns™
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3t v 1
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g 1
= 2 1
1y =1 1
0 1 I I I 1 I
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u, (meV) u, (meV)

FIG. 4. Net sliding friction of Xe layer on Ag as a function of  FIG. 5. Phonon contribution to the sliding friction of Xe layer
corrugation amplitude,. The coverage i® =0.94. The results are 5, Ag obtained 39_7, 7., as a function of corrugation amplitude
shown for three values of the lateral single-atom electronic friction,uol Symbols as in Fig. 4. Full lines are quadratic fits accounting for
indicated by the symbolsz= 7=0, 0.0025(, and 0.00506.  errors of points. Error bars are the same as Fig. 4 but are suppressed

7, =1.0ky in all cases.(a) (100 surface;(b) (111 surface. The pere for clarity.(a) (100) surface;(b) (111) surface.
error bars were estimated on the basis of the linear weighted fits of

Fig. 3, taking into consideration the center of mass velocity fluctua-

tions of each individual run. B. Coverage dependence of sliding friction
As mentioned above, the coefficientof the quadratic

x12a for Ag(100 and 1Z2x14a\3/2 for Ag(11]). Re- term in Eq.(4.1) depends strongly on overlayer coverage.

markably, we observed pronounced finite-size effects associ-
ated with the small dimension of these unit cells. This is

AM =0 (o
illustrated for Ag100) in Fig. 6, wherez,, is plotted as a :Euz?éfézjzg;
function of ug. In general the Xe atoms form approximate 2+ N, =042u7 (@)
hexagonal layers. Their orientation, however, tends to prefer oI Sons™
two angles: with rows of Xe atoms nearly parallel to the = =T =024 B
axis, or nearly parallel to thg axis. We denote these phases 2
by a and B, respectively. Since these orientations persist :_il

even in the absence of the substrate corrugatigsQ) and
for vanishing external force, it is clear that they are a conse-
guence of the limited size of the unit cell. The reason is that

it is not possible to accomodate truly incommensurate hex- i
agonal overlayers, at arbitrary angular orientations, in a rect- 00 05 10 15 20
angular unit cell that is periodically repeated. u, (meV)
In order to reduce these finite-size effects, we have per-
formed simulations for much larger substrate cpilg., 288 FIG. 6. Phonon contribution to the sliding friction of Xe layer

Xe atoms in a 24x 24a cell on Ag100]. Qualitatively, the  on Ag(100) obtained asy— 7|, as a function of corrugation ampli-
net sliding friction for these systems agrees rather well withude u,. Symbols and quadratic fits as in Fig. 5. Full symbols and
the earlier results, but the tendency for orientational align4ull line: « phase, open symbols and dashed ligephase, corre-
ment of the Xe layer is greatly reduced. sponding to different angular orientation of Xe monolayer.
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6 - - ‘ In view of the great sensitivity ofy,(®) with respect to

the corrugation amplitude, it would be of interest to have
more accurate independent experimental and/or theoretical
determinations of the substrate-adsorbate potential. In prin-
ciple, the corrugation amplitude may be estimated from the
lateral vibrational frequencw; of adsorbed Xe, which can

be detected using inelastic He scattering. For Xe ofLTl),

one finds wy=3=1cm ** Using the relation uy

= mwﬁ/kz, one obtains values af, in the approximate range
between 0.5 and 2 meV. From E@.1) it follows that 7,
varies with the fourth power ob) . This is born out by our
simulations which show that such barriers yield a phonon-
induced friction in a very wide ranges,,~0.1- - - 5.0 ns i,

if the coverage is varied between 1.0 and 0.85.

-1

Ti(ns *)

0 L L I
00 05 10 15 20

(b) C. Comparison with experiment

" 0=0.94 As pointed out in Sec. |, the quartz-crystal microbalance
0 6-10 measurements by Krirat al2 for thin Xe films on Ag111)

4t 402085 1
7 show that the slip timer=1/7 exhibits a characteristic de-
pendence on Xe coveragsee Fig. 1L Close to one mono-
layer, the slip time reaches a minimum of abeut0.8 ns
and then increases to about 2.0 ns within a coverage range of
less than 0.3 monolayers. In this section we focus on this
coverage rangéoughly the “compression region’since it
provides the most challenging aspect of the data. The inter-
. . ‘ pretation of the slip time at submonolayer coverages in terms
00 05 10 15 20 of simulations based on small repeated cells is less reliable
Uy (meV) because they do not account for the formation of islands.
_ Also, the presence of defects and steps which are not in-
FIG. 7. Net sliding frictiony of Xe layers on Ag as a function  |,ded in the theory then plays a larger role. On the other
of corrugation amplitudey for coverage£®=10.85, 0.94, 1.0(a) hand, beyond full monolayer coverage, the observed slip
(100 surface;(b) (111) surface.n=0.65 ns . time shows a much weaker coverage dependence related to
additional phonon dissipation in the partly filled second
monolayer.
In Ref. 16 it is stated that the minimum efcorresponds

Ti(ns ')

We illustrate this point in Fig. 7, where the net sliding fric-
tion of the uncompressed monolayé £ 0.94) is compared

Yégz ghea;;grlg Elgjggg;eisﬁ:g;ernla?/(-:ﬁ(iz#.g)saeldnfg Iae a dto the uncompressed monolayemgt=0.0563 A~ 2 and that
Y B P the subsequent steep rise reflects the suppression of intra-

to a greatly reduced phonon-induced contributionztoOn  4q4sorbate phonon excitations as the Xe layer becomes more
Ag(100 as well as Ag11l), the magnitude of is reduced  compressedas noted above, the compressed phase is only
by more than a factor of 2. A strong reduction of dissipationgos, denser than the uncompressed [&eiThis coverage
via phonons upon compression is to be expected since the Xffssignment implies that the slip time increag@svhen the
atoms are much less free to vibrate about the equilibriumsyerage is reduced below that of the uncompressed mono-
positions. The opposite trend is found if the coverage is rerayer and(ii) when the coverage is increased beyond that of
duced below that of the uncompressed monolayer. For Xe Ofhe compressed layer. However, both of these implications
Ag(100 A covgrgge®=0.85_, the coefficientt is about  gre implausible since in general incommensurate solid layers
1.25ns " meV *, i.e., three times larger than f#=0.94.  gjige more easily than fluid$=2®Thus, the slip time should
An even more dramatic increase ofs found on Ad111).  gecrease rather than increggewhen the coverage is low-
The strong enhancement gfis caused by the higher prob- ered below that of the uncompressed layer Gndvhen it is
ability of exciting atomic vibrations in the less dense over-increased beyond that of the compressed layer, i.e., when the
layer phase. second layer is beginning to adsorb. Since absolute coverage
Concerning the overall variation ofi, in the coverage calibration in the experiment is difficult, there exists a clearly
range ® =0.85 --1.0, on Ad100 for uy=0.95 meV the appreciable uncertainty concerning the measured sliding fric-
variation is about 1 ns', while for u,=0.5 meV this varia- tion of a monolayer. In fact, it would appear more plausible
tion diminishes to less than 0.3 s and forup=1.4 meV it  to associate the minimum of the slip time not with the un-
is larger than 2 nst. On Ag111), in the same coverage compressed layer but with a slightly lower coverage. Part of
range, u,=0.3 meV yields a variation ofyp,, of about the observed steep rise efwould then correspond to the
1 ns !, whereasu,=0.2 meV Uy,=0.4 meV) lead to much reduction of intraoverlayer phonon processes upon reaching
smaller(largey variations. Thereforey,, is sensitive to the the uncompressed layer coverage, and the remaining rise
substrate topology. should reflect the additional phonon reduction due to com-
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2.0 rapidly larger than that of the measuredwhile the magni-
(a) o imame tude near monolayer coverage is still too small. Only when
s | 4 u=1.43meV | Ug is increased to much larger values dogs, in the com-
' pressed phase, match the observgdbut the slope of
= A 7pn(®) then is much larger than observed.
Ty 10F e ] As shown in Fig. 81, a similar picture is found on
‘g N Ag(100. Although the detailed dependence 9f(®) on
N \A the corrugation differs appreciably from the one obtained for
0.5 ‘\\ N\ 1 the (111) face, near monolayer coveragg,, remains less
. “u \\A than 0.1 ns! as long asi,<1 meV, with a moderate slope
e g for ®<1. Only if uy is increased to 2 meV we fing,,
0.0 -8 ~0.5 ns ! in the compressed phase. The slopengf(®),
08 09 10 11 . N
’ c'overage' ) however, then quickly becomes extremely large.
Thus, our results imply that it is not possible to simulta-
2.0 , , neously describe the magnitu@ad slope of the observed
(b) B ,=0.19meV variation of (®) exclusively in terms of phonon dissipa-
4 3ty tion. Only by adding an electronic friction contribution
151 \\ + Daily-Krim | (which in the narrow range shown in Fig. 8 can be assumed
+\\ *, to be independent of covera)gdoes_ the sumye+ 7,1 0)
= \A %, reproduce the measured variationgf®). The comparison
g0 e ey 1 with the data suggests that,~0.5 ns! together withu,
= \\ \ - Ty ~0.2 meV(total barrier height=0.9 meV) provides a quali-
‘e \ 5y tative description of the sliding friction measured on
051 . N\ | Ag(111) —if one allows a shift of the data of 0.14 mono-
TR layer to lower coverages, of course. As discussed in Sec. Il,
S an overall single-atom electronic friction coefficient of this
0'00.8 0.9 1.0 L1 magnitude is in agreement with surface resistivity measure-
coverage ments and independent theoretical estimates.

Interestingly, our findings for Xe/Ag differ from those on
FIG. 8. Calculated phonon frictiom,(®) of Xe on Ag as a  Kr/Au. As recently shown by Robbins and Kriffi, the
function of coverage® for several corrugation amplitudes. (8  Kr/Au QCM data up to monolayer coverage can be fitted
(100 surface;(b) (111 surface. The dashed lines are guides to therather well assuming negligible electronic friction. A finite
eye. Panelb) also shows the measured sliding frictigr= 1/7 in electronic friction would require a correspondingly smaller
the compression region where the slip timexhibits the charac- substrate corrugation, which, in turn, would yield too low
teristic positive slopésee Fig. 1 values of the phonon friction at submonolayer coverages. We
note, however, that the analysis of the low-coverage data is
pression. The maximum of the observed slip time shouldincertain since the simulations are limited to repeated finite
approximately correspond to the fully compressed phasezells and do not include the effect of defects or steps, nor do
According to these arguments, the uncompressed monolay#rey properly describe the formation of islands which most
might haver~1.3-- - 1.6 ns, givingy~0.6- - -0.8 ns ™. likely occur under experimental conditions. Thus, if one fo-
In Fig. 8 the phonon frictiony,,(©) is plotted as a func- CUSes on the slip time in the less problematic region near
tion of coverage, in the rang®=0.85 - - 1.0, for several Monolayer coverage, i.e., roughly 088 <1, the analysis
values of the corrugation amplitudg. For ease of compari- 1N Ref. 22 indicates that the inclusion of a finite electronic
son with the experimental results, we include in Fign)g@he ~ friction and a slightly reduced corrugatiar is not incom-

measured;= 1/r as a function of coverage in the region near IC)atllr? lgdvc\illitrort'\h?/vgat?)'int out that electronic friction of Kr on
one monolayer where exhibits the characteristic positive ’ P

slope. To account for the uncertainty of the measured c:over"i‘u indeed ought to be weaker than for Xe on Ag for the

) L - following reasons. Since the Adibands lie only 2 eV below
age, and for the expected behavior of the sliding friction a he Eermi level. in contrast to 4 eV for Ad. the larced
discussed above, a shift of the data to lower coverages, l\;&( bridization di,minishes the polarizabilit %f tkeelecfon
about 0.1--0.15 monolayer, should be allowed for. The y S P . y

—" tails decaying into the vacuum region and thereby reduces
coverage dependence gfin the range shown can be char- e probability of exciting substrate electron-hole pairs via

acterized by two important featlﬂes: the overall magnitude,ysorped particles. The larger work function of &u3 com-

and the slope. The comparison pfwith the calculated re- pared to 4.8 eYalso contributes to a stiffer, less polarizable
sults shows that none of the functiomg(®) obtained for  electronic density tait:*2Moreover, since the atomic polar-
different corrugation amplitudes, provides an adequate de- izability of Kr is about 40% smaller than that of X&the
scription of the data. However, farp=0.19 meV, the calcu- leading van der Waals part of the friction coefficient should
lated 7,, has roughly the right slope even though its magni-be much smaller than for Xe on Ag. For the same physical
tude at full monolayer coverage is far too small.uf is  reasons, the contributions associated with the Pauli repulsion
increased to 0.3 -0.4 meV the slope ofp,(®) becomes and the covalency of the adatom bond should also be
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smaller. The overall electronic coupling of Kr on Au should V. CONCLUSION

therefore be significantly weaker than for Xe on Ag. Thus, \ye have performed molecular dynamics simulations for

great caution is required when comparing electronic excitayg layers on AG100) and Ag111) in order to determine the
tion processes on different adsorption systems —even in thget sliding friction in the presence of a constant lateral ex-

case of rare gas atoms on noble metal surfaces. ternal force. We find thay depends sensitively on the cor-
The comparison of F|gs..(8) and 8b) SqueStS that, for rugation amplitudel, of the Xe/Ag interaction potential and
the same.cc')rruganon amp||tudxi.,5, Ag(11]) yields allarger on the single-adatom microscopic friction paramejgr For
phonon friction than A@L00). This trend seems at first sur- ¢oyerages approaching one monolayer, the phonon-induced
prising since the close-packed1l) face is generally re- contribution,,(©) decreases rapidly, in agreement with the
garded as the smoothest of the low-index faces of an fcgtrong positive slope of the observed slip timeA detailed
CryStal. On the Othel‘ hand, as pOInted out In Sec. I”, th%tudy Of 77ph(®) as a function Of Corrugation amp“tud'%
potential barrier between neighboring hollow sitesiig 2or  suggests that, close to monolayer coverage, it is not possible
the (100 face and 0.8, for the (111) face, while the total to consistently describe both the magnituadel slope of the
barrier between hollow sites across the substrate lattice sit§geasuredy=1/r without including a constant lateral elec-
is 4u, for the (100 face and 4.6 for (111). Thus, the(111)  tronic friction 7. Our simulations indicate that this elec-
surface has sharper potential maxima than @0 face.  tronic contribution should be about 0.5Tswhich is in
Since atoms of an incommensurate overlayer sample nqjualitative agreement with surface resistivity measurements
only the potential minima but the entire substrate surface, itind independent theoretical estimates.
is indeed plausible that A§11) causes more Xe intralayer The overall picture that seems to be consistent with the
phonon friction than A@LO0. According to this, the topol- available information is that the rapidly varying part of the
ogy of the substrate is a relevant feature if one want to makebserved sliding friction is due to excitation of atomic vibra-
a comparison with the experiments. tions within the overlayer and that single-site electronic fric-
In their analysis of an uncompressed Xe layer ontion processes contribute a roughly coverage-independent
Ag(100), Persson and Nitzahusedu,=0.95 meV and ob- background. For a fully compressed Xe layer, phonon dissi-
fained 7y,=001n (for 1062 1s™, they find 1, _PoN [ heaker han the cletoni fcton, Ac hecoverage
=0.98+ 0.04). From this result,_ they_ concluded that th? netportant and eventually, near the minimum of the observed
friction at monolayer coverage is mainly of electronic origin.

. 1 slip time, dominate over the electronic dissipation channel.

Instead,_ for the same pafameters, we fipg~0.3 ns~, In summary, even though both experimental and theoret-
suggesting a phonon friction roughly half as large as th§cqy results on sliding friction of Xe on Ag have inherent
electronic contribution. % uncertainties, our analysis indicates that both mechanisms—

On the other hand, Tomassoeeal.™ assumed a total phononic and electronic dissipation—do contribute. The
barrier height of 2 meV on Ag.11), implying in our notation  relative weight of these channels depends strongly on cover-
Ug=0.45 meV. On the basis of the simulations it was Con-age in the crucial region near a full monolayer.
cluded that phonon friction dominates over possible elec-

tronic contributions. For an uncompressed Xe layer, these

authors obtained a phonon frictiap,~1.8 ns'*, which is One of the authorgA.L.) gratefully acknowledges the
considerably larger than what we find for the same parampqgpitality of the Facultad de $ica, Universidad Catica,
eters. According to Fig. 2 of Ref. 16, in the compressionchjle, where this work was partially carried out, as well as
region, the calculated slip time fary=0.45 meV increases financial support by the European Community. A.L. also
extremely rapidly in agreement with our results. This in-thanks Professor Abe Nitzan for making available his mo-
crease, however, is much steeper than what is seen in thecular dynamics code and Dr. P. Ballone for several useful
experiment. Thus, a weaker corrugation, combined with auggestions concerning the simulations. M.K. and S.G. were
finite electronic friction might, in fact, provide a better fit of supported by the Fondo Nacional de Investigaciones Gienti
the data in this coverage range. The analysis of the submonéieas y Tecnolgicas(FONDECYT, Chilg under Grants No.
layer data is again more complicated for the reasons dist971212 and No. 3950028, respectively, and by Fundacio
cussed earlier. Andes.
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