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Friction on adsorbed monolayers
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Molecular-dynamics simulations and analytical calculations are used to investigate the mechanism of energy
dissipation in monolayer films sliding across a substrate. An explanation is given for the viscous friction found
experimentally in both fluid and incommensurate solid adsorbates, and for the observation that solids slide
more easily than fluids. We show that anharmonic coupling of phonons in the adsorbed monolayer can account
for the rate of energy dissipation seen in these experimgd@63-18206)04935-]

[. INTRODUCTION liquid becomes more dense. Eventually the monolayer un-
dergoes a phase change into a crystalline state that is incom-
Friction is a common force whose microscopic origins mensurate with the underlying Au substrate.
and dependencies are poorly understbétere we describe The results of Krim and co-workers experiments on
our work using molecular-dynamid®ID) simulations and ~ Kr/Au and related systems were surprisiholid monolay-
perturbation theory to study the friction present in a simpleers did not exhibit the static friction typical of macroscopic
system: a noble-gas adsorbate on a noble-metal substraf@lids. Instead, both the liquid and solid phases of the adsor-
Our interest in studying friction on a molecular level origi- bate exhibited a viscous force law. The frictional force on a
nates in recent experimeﬁT§ and computer Simu|atioﬁ§ fluid monolayer was measured to be about three orders of
which have revealed some intriguing differences between the1agnitude weaker than that between Kr layers in a bulk
behavior of macroscopic and microscopic Systems_ fluid. The frictional force on solid monolayers was even
Figure 1 illustrates two types of frictional force law that weaker. Solids slid more easily than fluids.
are normally observed for macroscopic fluids and solids. We To understand these results, we did computer simulations
will refer to them as viscous and static. For viscous forcewhich mimicked the important properties of Krim and co-
laws, commonly associated with fluids, the frictibris pro- ~ Workers’ experiments, and developed an analytical theory of
portional to the relative velocity between the sliding ma- friction due to anharmonic coupling between phonthsor

terials. This can be written as clarity, will first explain the analytical theory, then describe
the simulation technique. Finally, we will explain how the
M simulation results relate to, and elucidate, the experimental
F= v (1 results, and show that the analytical theory can describe them
both.

whereM is the total mass of the sliding object, ands the
sliptime. The sliptime characterizes the rate of momentum [ T [
transfer between the substrate and adsorbate. With viscous
friction no force is needed to initiate motion. For static force ___/
laws one must overcome a threshold force before motion A
occurs. Static friction is typically observed when one macro- -
scopic solid slides on another.
Recent investigations of fricion by Krim and F r P .
co-worker$* use the quartz-crystal microbalan@@CM) to e
measure the friction between adsorbed gas atoms and a sub- -
strate. In these experiments, gas atoms, such as Kr, Xe, or
Ar, condense onto the surface of a quartz-crystal oscillator -
covered by 4111) oriented noble-metal substrate such as Au o~ —
or Ag. The added mass of the adsorbate and the dissipation | !
due to friction shift and broaden the microbalance resonance 0
peak. By measuring these changes, information about the v
form and magnitude of the frictional force can be obtained.
In this paper we will focus on the experimental data for  FiG. 1. A sketch of viscous and static force laws. With viscous
the Kr/Au systent. As Kr adsorbs onto the Au surface, it friction (dashed ling the velocity and applied force are propor-

begins to form islands of liquid. These islands grow until ational. With static friction, a threshold forddilled circle) must be
full liquid monolayer exists. As more Kr is adsorbed, the overcome before motion will occusolid line).
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Il. PERTURBATION THEORY FOR VISCOUS FRICTION Linear-response theory can only treat viscous fricfigg.
(1)]. In this case the macroscopic expression for the dissi-

We treat the adsorbed monolayer as a two-dimension ated power is

elastic sheet which interacts with the substrate potential. Th
elastic sheet responds to the substrate potential, producing Mup2

density modulations. If the substrate moves, the deformation P=F.v= . 9
induced by the substrate will try to follow the potential. In T

the process, some of the energy stored in the modulationd/e can calculater by equating the microscopi¢Eqg. (8)]
will be transferred into other phonons modes due to anharand macroscopi¢Eqg. (9)] expressions for the power. The
monicity. Our use of perturbation theory to analyze the distesult can be written as

sipation associated with this transfer of energy is analogous

to Sneddon, Cross, and Fisher's study of charge-density- 1_2 UG 128,012l Aaga(Gy,Ck-V)
wave conduction at large electric fieltfslt is also similar to T X V(GO Gi VI G im MG-v
Sokoloff's'? calculation for semi-infinite solids, but is not (10)

restricted to ideal crystalline layers. o _
The substrate potentialU(r,t) produces a force The sliptime can be reexpressed in terms of measurable

F(r,t)=—VU(r,t) in the plane of the monolayer. The mi- €quilibrium properties. If the adsorbed layer is incommensu-
croscopic expression for the average power dissipated due f8te With the substrate, then the density modulations are di-

work on the adsorbed layer is rectly related to the static structure fac®(q) that would be
measured in a scattering experiment:
1T
P=Iim—J dtJ d2r A(r,t)-j(r,t), 2 S(a) | Aag ? | Aug 2
1T Jo | @0 = T a@0)] V@Ol (1
ad ad ad

wherej(r,t) is the number current density of adsorbate at- ;
. . e whereN_q4 is the number of adsorbate atoms. Thus @d)
oms. Particle conservation requir®¥s j(r,t)=—dn(r,t)dt, ad

i . . can be written a
wheren(r,t) is the number density. Integrating E@) by wr S

parts yields 1 . .S(Gy) 1
I rerewrv e ¥
1T , d T X ad tpn(Gik,Gk-v)
P_T“_'TL? 0 dtf dru b gnr.b. @ Wwhere the effective phonon lifetintg,, is defined by
In the case of interest, the substrate is a crystal which is L w|a(g,0)[?
much more rigid than the adsorbed layer, and the motion of tPh(q"")=ﬁrq|2 Im[a(q,w)]’ a3

substrate atoms around lattice sites can be neglected. So

U(r,t) is a periodic potential that only has Fourier compo-Here m=M/N,4 is the adsorbate particle mass, and

nents at the substrate’s reciprocal-lattice vect@s, As the  N=Na4/A,qis the number density. As shown in the Appen-

substrate moves relative to the adsorbate with velogjty dix, this expression reduces to the usual phonon lifetime for

U(Gy.t) oscillates with frequencw=v-G,. Thus underdamped phonons whenis much less than the sound
velocity. Friction studies are almost always in this low ve-
. locity limit.
U(r,t)=2k U(GrexdiGy (r=vt)]. (4) The only possible dependence ofon the direction of

sliding lies in|é-\7|. For substrates with square or hexagonal
We assume that the potentla(q, w) is small enough that symmetry, the sum over symmetrically equivalent

the number density responds linearly, reciprocal-lattice vectors always gives a scalar, arid in-
dependent of sliding direction. We will see in Sec. Ill that
n(g,w)=—a(q,w)U(q,0), (5 the potential is dominated by the shortest reciprocal-lattice

vectors for the cases of interést-or the hexagonal symme-

__ ) fm e try of the fcq111) surface used in experiments, summing
n(r.b Ek @(CiV-GIU(GIeHIG (r=v0]. (6) T e Six shortest reciprocal-lattice vectors gives

Using Egs.(4) and (6) in Eq. (3), the power can then be 1 3SG) 1
expressed as TSN L (14
ph
For a square lattice the prefactor equals 2 instead of 3.
Equation(14) reveals that the sliptime is determined by
two equilibrium properties: the structure factor and the pho-
whereA,qis the area of the adsorbate film. Sineg,t) and  non lifetime. The size of the normalized structure factor
U(r,t) are reala(q,0) = a*(—q,— ). This can be used to  S(G)/N describes how much the adsorbate deforms to match
rewrite the power as the periodic substrate potential, and is proportional to the
energy of this deformation. The inverse phonon lifetime
_ 2. . 1/t,, is a measure of the rate at which energy stored in this
P Aadzk: V(G (Giev)ImL a(Gy,G-v)] ® def%rmation, or frozen phonon, is transferred to other

P=Aad§ (—iGVIU(—Ga(Gy,v-GU(Gy), (7)
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phonons. The frictional drag 4/is proportional to both the Although Steele evaluatéed, for a Lennard-Jones poten-
energy stored in the deformation and the rate at which itial, the true substrate potential is more complicated. Delo-

couples anharmonically to other phonon modes. calized electrons in a metal substrate weaken the corrugation,
but not the adsorption energy. Thus for Kr on Au the full
. SIMULATIONS corrugation of a Lennard-Jones potentiéi(1) is inappro-

A. Potentials

6

V(r)=4e (15)

priate. Helium scattering studi®sshow that an appropriate
The interaction between two noble-gas adsorbate atonthough Au and Ag are about the same size, we expect the
separated by a distanceis well described by the Lennard- corrugation of Kr on Au to be smaller because Au is less
substrate surface as He atoms do. We will show that the
(0 12 (0' value of f needed to make our simulation data consistent
r r
The adsorbate atoms were kept from floating too far
The minimum in the potential occurs Bt,=2Y% with a  above the substrate by the addition of a hard-wall potential at
expressed in terms o€, o, and the characteristic time almost all of the atoms were on the surface, and the position
to=\ma?/e. For noble gase¥, the value ofe/kg typically ~ of the wall was irrelevant. Periodic boundary conditions
For the Kr-Kr interaction in the simulations of Kr on Au, we substrate had dimensiobhg=Ld,, by L,=( J3/2)Ld,, with
usede/kg = 201.9 K ando = 3.57 A® Hence the charac- L =10 or 20. These dimensions represent substrate surfaces
The experimental substrates were noble metals that ashown are folNg,,=400.
much more rigid than the adsorbed layers. In this limit, Equilibrium initial conditions were created by the follow-
materials is not greatly affected if the substrate atoms argositions in the volume above the substrate. During an initial
kept at lattice sites. In our simulations we used an adsorbat@0Q, equilibration period, these atoms condensed onto the
We will discuss the implications of this below. An important containingN,4 atoms. The coveraghl,4/A was gradually
advantage is that the corrugation, or variation of the potentiaincreased by adding 5 or 10 atoms at random positions, and
ing the adsorption energy. Because of this we were able taddition of particles was repeated until the monolayer was so
study the effect of corrugation on friction. dense that several atoms were forced into a second layer.
and a rigid substrate can be expressed as a Fourier expansigfe after the corresponding equilibration period. We also
in the reciprocal-lattice vectors of the substrate surface, tried other startup methods, and found that they resulted in

value of f for a He on Ag system is about 0.1 or 0.2. Al-
Jones potential interactive, and larger Kr atoms do not get as close to the

with experiments is about 0.03.
minimum energy ofe. The results of our simulations are a height of & to 100 above the substrate. In equilibrium,
ranges from 30 to 230 K, and ranges from 2.75 to 4.00 A. were imposed in the plane of the substrate. Thelftt)
teristic time scale of atomic motion wag=2.5 ps. comprised ofNg,;=L?=100 or 400 Au atoms. Most data
Thompson and Robbifgound that the friction between two ing procedure. We began by placing 5 or 10 atoms at random
substrate potential that models the substrate as fixed atomsubstrate of areé and diffused to form a compact island
within the plane of the surface, can be changed without varyallowing the system to evolve a further 2g@®r more. The

The interaction potentiaV/y,, between an adsorbate atom Friction measurements could be made at any stage of cover-
similar final states after equilibration.

Ve %,2)=|Vo(2)+ 12 Vi(2) 2 cogGj;-x)|, (16)
I ! B. Measurements of the sliptimer

wherex is the position within the plane of the substratés The frictional force was measured either by applying a
the distance above the first layer of substrate atoms, ancbnstant force to the adsorbed atoms or by oscillating the
Gjj is thejth reciprocal-lattice vector in thigh shell of sym-  substrate. In constant force simulations, the substrate remains
metrically related vectors. The coefficieMswere evaluated at rest, and an equal forde is applied to each adsorbate
by Steelé® for a Lennard-Jones potential with energy andatom in the first monolayer. This force starts at zero, and is
length scaless’ ando’. For Kr on Au we used’/e=1.19  ramped to its final value over 16 The force is then held
and o'/0=0.97. The adsorption energy is determined byconstant for another 20609, and the steady-state velocity of
V,, while the corrugation is determined by for i>0. We  the adsorbate;, is measured.
introduced the parametérto be able to vary the corrugation If the friction force is of a viscous form, then the applied
of the substrate without changing the adsorption energy. force is related to the measured velocity by Ef), and a

In our simulations we used Steele’s coefficielswith  plot of v vs F allows us to calculater. If the adsorbate-
i=0<5 for a fcd11l) substrate. However, the dominant substrate interaction follows a static force law, the velocity is
term comes from the first shell=1, which contains the six zero until unless the applied force is larger than the threshold
shortest wave vectors. These vectors have a length ar static friction forceFs.
47/\3d,,, where d,,=2.885 A is the nearest-neighbor A second type of simulation closely mimicked Krim and
spacing in the Au substrate. The corrugation due to waveo-workers’ experiment$? In quartz-crystal microbalance
vectors in the next closest shell is two orders of magnitudeexperiments, the substrate oscillates inxhe plane beneath
smaller for the range af where the density of Kr atoms is the adsorbate. Assuming that a viscous force law applies,
appreciable. Shells that are further out make successivelgrim and Widont showed that the shift and broadening of
weaker contributions to the potential. the microbalance resonance frequency can be related to the
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real and imaginary components, respectively, of the force on kT
the substrate from the adsorbate. These components can in (vf>= sz% (21)
turn be related to the sliptime.
In our simulations, the substrate’s position was varied as
Xsub:Asinwt, resu]ting in a substrate Ve|ocity of When(:;f) deviates from the equilibrium value, heat flows

v su=Awcoswt. Assuming a viscous force law, the velocity into the reservoir at a rate
of the adsorbate is

Usub

m ( ) kBT) Kg
Vad= 147

vy —| = AT, (22
(17 Ttherm m Ttherm *

We determined the real and imaginary party gfaveraged whereAT, is the difference between the effective tempera-
over 20 or more periods. If the force law is indeed viscousture associated witwa) and that of the bath. Equating this
both real and imaginary componentswigf( w) should be fit  to the dissipation yields

by the single unknown. To test this, we compared values of

7 from two independent equations: 5
AT, _ Ttherm U

—. (23
o IMad @) 8 T 7oy
! Re(vad @)’
For T=0.38%, corresponding to 77 Ky;=0.62s/t;.
| vsd® 1 vz 19 Values ofv?/vZ are typically less than IG in simulations
@T2= [vad? 19 and less than 1% in experiments. Therefore, the damping

rate of the thermostat 4/, can be much smaller than the

Deviations from a ViSCOUS force |aW can aISO be deterjntrinsic frictional damplng 1 without substantial heating
mined from measurements of the harmonic response at dif the adsorbate. Equatid@0) implies that there would be
ferent displacement amplitudes and frequencieso.r” In  little effect on the measurement offor such weak thermo-
experiments, it is difficult to vary these parameters over tats, even if coupling was applied in thedirection. We
large range. However, such studies are possible when doirfgnfirmed that damping did not effect our results by compar-
simulations. For a nonviscous form of the force, such adNg runs with different 1#ye,, and short microcanonical
static friction, 7 would be dependent oA and w, and there  'uns.
would be higher harmonics of the oscillation frequency in
v,4- TO Vverify that we were in a viscous regime, we checked
that the velocity of the adsorbate did not contain such har-

monics, and in Sec. IV we discuss results which show that The perturbation theory presented above points to two
the sliptime is independent & and w. gquantities as being fundamental: the static structure factor at

G, S(G), and the phonon lifetime,,. The static structure
factor S(q) was calculated every 0.2bduring the simula-
tion and averaged over 1500 To obtain thew=0 value for
Frictional dissipation causes the adsorbate to heat up asur finite systems, we subtracted the diffuse background
sliding occurs. The temperature does not rise significantly ifrom neighboringq. Values obtained in this manner were
experiments, because heat flows into the substrate. This cadnsistent with values obtained from the relation
not happen with the rigid solid of our simulations. In order to §(q, w=0)/N 4= |n(qg,w=0)|?.
simulate heat flow out of the system, we coupled a compo- To calculate the phonon lifetime via Eql13), we
nent of the velocity to a heat bath by adding damping and girst evaluated [Ima(G,w)/wRea(G,w)], which equals
Langevin noise term’*° The component, was chosen o [Ima(G,w)/w|a(G,0)|] in the limit of smallw, or equiva-
be perpendicular to the direction of motion in order to  |ently v <v ¢, q(Se€ the Appendix This quantity was deter-
minimize the effect of the thermostat on the frictional force.mined by varying the corrugation factdr sinusoidally in
The results remained the same whether this component Waigne with frequencyw. The in-phase and out-of-phase com-
in the adsorbate plang/) or perpendicular to the adsorbate ponents of the responsgG,w) were then measured. From
(2). If damping is applied in the direction, the total damp- gq. (6) the ratio Imf)/wRe(n) is equal to

D. Structure factor and phonon lifetime

C. Thermostat

ing rate 1f=F/(Mv) is increased from ¥/to Im(e)/wRe(a).
To determinela(G,0)|, one needs to know the absolute
1 £+ 1 20 strength of the corrugation. While the analytic calculation

assumed a two-dimensional sheet, the value tifat mini-
mizes the potential varies substantially in the plane of the
where 7y,.m IS the time scale for coupling to the heat bath. substrate. We found that atoms stayed near this minimum-

For a viscous force law, the rate of energy dissipation peenergy surface. The value & (G,w) was obtained from
atom at mean velocity is mv?/7. In steady state this equals U(x,z(x),t), wherez was the mean height of atoms at posi-
the rate of flow into the heat bath. For=0, damping and tion x during an equilibrium run. The responséG, w) was
random noise maintain a thermal distribution with obtained by projecting atoms into tkey plane.

t
Ttot T  Ttherm
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this model replaces the substrate by a periodic potential. It
J then models the adsorbate interactions as springs between
. . nearest neighbors. Since the springs fix the topology of the
0.1 . ba - layer, only crystalline phases can be studied. Also, there is
r 7 no way for the adsorbate density to change since particles in
one layer cannot move in or out of a second layer. For the
s ] usual case of harmonic springg,{— ), there is no damp-
0.05 |- { o _ ing due to coupling between phonons. Instead, an external
7 . damping term, like that in our thermostat, is added to the
- / 7 . equations of motion.
The simplicity of the FK model makes it amenable to
- _ g — —a— analytic treatments. When the spring lengths are naturally
0 0 :3~. Ll commensurate with the substrate, or pulled in to commensu-
0 01 02 03 04 rability by the potential, a static friction law is found. This is
V/(cr/t ) becau;e gll the atoms move up and down over the periodic
0 potential in phase. When the lengths are incommensurate,
the atoms sample all phases of the potential at each instant,
FIG. 2. Variation of steady-state velocitywith force per atom and there is no net energy barrier to motion. This leads to a
F. Results for an incommensurate case that models Kr on Awiscous force law withr equal to the external damping time.
(€' =1.1%, ¢'=0.970, f=1, Nay=49, andN,4/A,,~0.068 A2)  Some have argued that this implies incommensurate systems
at kgT/e=0.385 (solid phasg and 0.8(fluid phase are shown by could slide with zero frictiorf! but the presence of anhar-
open and filled circles, respectively. Results far'=c¢, monic terms in any real potential will always lead to a finite
o'=0=2Yd,, kgT=0.38%, andN,= 64 are shown by squares. friction force through Eq(14).
For f=0.3 (closed squargghe adsorbate is a commensurate solid,
and forf=0.1 (open squarg@she adsorbate is incommensurate.

Illlllllllllllllllllll

F/(e/0)

B. Oscillating substrate results

IV. RESULTS 1. Testing the premise of viscous friction

A. Constant force results As stated above, in simulations of Kr on Au the structure

We began by using constant force simulations for a numof the adsorbate was either a fluid or an incommensurate
ber of model adsorbate and substrate atoms to determine tiselid. Both cases fall into the regime of viscous friction. We
conditions under which static and viscous force laws appliedwill first present some data that show the range of conditions
The results showed that the structure of the adsorbate is ttver which we found Eqg18) and(19) to be valid. Then we
determining factor in the type of friction law exhibited. We will discuss results that support the analytical theory of Sec.
found three types of structure: a liquid phase, a solid phasH, and help explain the experimental results of Krim and
which was commensurate with the substrate, and a soligo-workers®*
phase which was incommensurate with the substrate. If the friction force is linear in the sliding velocity, then

Figure 2 shows force vs velocity data for several differentwe expect only the first harmonic of the oscillation frequency
simulation conditions. Dense fluid®pen circles and in- to appear in the adsorbate velocityy. Our results were
commensurate solid$illed circles exhibited a viscous force consistent with this expectation. We found that the second
law for all parameters tested. The circles in Fig. 2 indicateand third harmonics were less than the calculated error. This
results from simulations of Kr on Au with a strong substrateerror was typically less than 5% of the magnitude of the first
corrugation f=1). As in the experimental work of Krim harmonic.
and co-workers;* the force on the solid phase is smaller ~As mentioned earlier, Eq$18) and(19) should indepen-
than that on the fluid phase at the same velocity. dently give the same value farr if the force law is viscous.

Commensurate solids exhibited a threshold force or statitn Table | we showwr data for solid and fluid phases at
friction. As illustrated by the filled squares in Fig. 2, there various substrate amplitudes. Equati{@8) was used to cal-
was no motion until the applied force was larger than somesulate data in the column labeledr;, and Eq.(19) was
yield force. For these datd,,=2Y%c, ¢’'=¢, andf=0.3.  used forw,. Also included in this table is the peak-to-peak
Whenf was lowered below 0.2, we found that the adsorbateslip distanced;,, the distance the adsorbate slides with re-
underwent a structural change to an incommensurate soligpect to the substrate. For substrate oscillation amplitudes
and the measured friction was viscous. The reason for thié less than 18, the value ofr is constant. The two methods
structural change is that the adsorbed layer is slightly comef calculatingw 7 are in agreement, although the statistical
pressed when locked into the commensurate structure. Ferrors inw 7, are larger at lowA. We had originally thought
f=0.3 the substrate potential is strong enough to force théhat 7 would depend on the sliding distance, because atoms
adsorbed layer into registry, but £5.0.2 the adsorbed layer must move by more than a lattice constant in order to sample
adopts the lower-density incommensurate phase favored kg representative section of the surface. However, the differ-
its internal interactions. The extra atoms are pushed into thent atoms in liquid and incommensurate layers sit at all pos-
second monolayer. sible positions relative to substrate atoms. As long as the

Many previous studies of friction have been based on theubstrate potential is a weak perturbation, the sliding dis-
simple Frenkel-Kontorov&FK) model?®?! Like our model, tance is not important.
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TABLE I. Values of w, slip distance, and temperature increé3g(e) for different substrate oscillation
amplitudes atw=0.0628 andf =0.5. The two valuesw7; and wr, were obtained from Eqg$18) and (19),

respectively.
Solid Fluid

Amplitude 0Ty Ty OTy(€)  dgip(0) Ty Ty 5T, (€) dgiip( @)
40 0.4846)  0.5006) 0.04 34.93) 0.341) 0.422 0.04 25.86)

30 0.5243) 0.5426) 0.03 27.83) 0.241) 0.2711) 0.02 14.06)

20 0.621) 0.642) 0.01 21.15) 0.201) 0.174) 0.01 7.84)

10 0.792)  0.782) 0.00 12.45) 0.161) 0.173) 0.00 3.23)

5 0.823) 0.856) 0.00 6.33) 0.161) 0.144) 0.00 1.571)
2.5 0.823) 0.91) 0.00 3.22) 0.1711) 0.09 0.00 0.81)

1.0 0.876) 0.81) 0.00 1.12) 0.142) - 0.00 0.268)
0.5 0.175) - 0.00 0.177)

For larger amplitudesA>100), 7, and 7, are slightly 2. Dependence on corrugation and sliding direction

different, and both begin to deviate from the constant value Haying demonstrated that our system exhibits a viscous
found at smaller amplitudes. We attribute this change to thgorce law, we now turn to the verification of the form of the
temperature increase reported in Table |. The rate at whicperturbation theory proposed in Sec. Il. As explained there,
work is done scales as the amplitude squared, and at highshould not depend on the direction of motion with respect
amplitudes the thermostat cannot remove the associated hdata fcq111) substrate. This dependence was tested by vary-
fast enough. The effective temperature rise of each compdnd the direction of motion over its full range in 10° incre-
nent of the velocity was defined asT;=(m/kg)(v?)—T. Ments. We saw no change in the value ofwhich was
The velocity in thez direction was coupled to the heat bath greater than the 4% error in our calculations.

) o T IR NS The analytical theory also predicts that<|U(G)| 2
directly. The coupling in this direction was strong enough toocf_z To tes){ this we ev);luatedf%r systems wilh ((jiff)e|rent
keepAT, small. Kinetic energy in th& andy directions first :

corrugations. Figure 3 shows a log-log plotofs f for two
had to be diverted to motion in thedirection before being cover%gesNad/,gsu,FO.OS? and 0%7Og£ that correspond

removed by the heat bath. Because coupling between diffefy solid and fluid phases, respectively. Both sets of data are
ent directions of motion takes time, the temperature in thesglearly linear with a slope of 2, as predicted by the analytic
directions is sometimes higher than desired. We inC|Utheory_ Since small changes fnresult in large changes in
AT, in Table | as a measure of how much extra heat was inr, determinations ofr can be used as a sensitive measure-
the adsorbate. To confirm that the amplitude dependence iaent of the substrate corrugation. Once again, the data in
not intrinsic, we considered variations with frequency. TheFig. 3 show that solid§squarep always slide more easily
amount of heating scales ag’. As expected, at lower fre- than fluids(triangles for a given corrugation. This observa-
guencies the temperature amdremain constant to larger
amplitudes.

3

Viscous friction also implies that is independent ofv. AEEEANAN B L B
Table Il giveswr and 7 for frequencies ranging between :\A ~ = - ]
0.01571; and 0.25134. The values ofwr were calculated o [ “ . ]
using Eq.(18). Different amplitudes were used with different i A - ]
frequencies. Each amplitude was chosen such that the result- l‘o - ~a N ]
ing adsorbate velocity would be large enough to measure OE 1 ~a B —
accurately, and yet small enough to avoid heating problems. © [ by a ]

As expected for viscous friction; was constant within our - B DY o]
s » > D§

error. 0 a7
[ A

TABLE II. Values of w7 and 7 at f =0.5 for different substrate 1 T T T

oscillation frequencies. -1 -0.5 0

Solid Fluid logf
wty oT Tty oT Tty
0.2513 3.00 12(2) 0.692) 2.7(1) FIG. 3. Variation of 7 with substrate corrugationf at
0.1257 1.61) 13(1) 0.362) 2.92) Nag/Agui=0.057 A2 (triangles, andN ,q/Ag,=0.070 A? (square}
0.0628 0.80p) 13(1) 0.161) 2.52) for a model of Kr on Au {,=2.5 p9. Open symbols are for oscil-
0.0314 0.397) 12(2) 0.091) 2.53) lating substrate simulations that mimicked the QCM. Note that
0.0157 0.2171) 14(1) 0.0456) 2.93) these are consistent with constant force measurentgifesl sym-

bols). Error bars are comparable to the symbol size.
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FIG. 5. Simulation resultgtriangles for (a) 3S(G)/N and (b)
7/ty as a function of coveragd, 4/ Ag,: for a model of Kr on Au at
T=77 K (=0.38%/kg) with A,,~=2883 A2 andf=1. The prod-
uct of the two quantities is shown fi¢). Equation(14) implies that
this product equals,,/ty. Error bars indicate directly determined
values oft,n/ty . Experimental resultéRef. 3 for Kr on Au at 77 K
are shown as a solid line ifb). These values of were normalized
by ty, and then divided by 1000. Calculated valuesrofvould
increase by this factor if was reduced to about 0.03.

S(k)/N,q

FIG. 4. Particle positiongleft) and S(k)/N,q (right) are shown the coverage continues to increase, the adsorbate remains a

for three different coverageN,4/A.,+~0.057 A2 (top), 0.062 A2 solid whose density increases slightly.

(middle), and 0.068 & (bottom). Circles show the location of Kr An explanation of why solids slide more easily than fluids
atoms. Arrow indicatés. Au atoms sit at the vertices of the under- can be found in Fig. 4. At low coverages, up to the fluid
lying triangular grid. monolayer,S(G)/N,q is relatively large, while in the solid

tion agrees with Krim and co-workers’ finding that solid Kr phase,S(G)/Nad can barely be seen. Because of this de-
slides more easily on Au than fluid Kr do&&Finally, since ~ ¢f€3s€ IS(G)/Nag, Eq. 14 leads us to expect a correspond-
the solid and fluid curves scale in the same way, results fof?d increase in. A plot of 3S(G)/N,4 Vs coverage is shown

all f in the viscous regime can be determined from variationd? Fig- 5(@. The triangles in Fig. ) showr vs coverage as

in = with temperatur® or coverage at a single measured in our simulations. A comparison with Fi¢a)5
shows that indeed, & G)/N_qdecreases with coverage, the
3. Comparison with experimental data sliptime 7 increases.

We have done simulations at constant temperature, AlSO in Fig. 5, it can be seen thathas a constant low
0.385%/kg =77 K, for varying coverages in order to compare Value untilNoq/Ag,=0.055 A2. This is expected since for
directly to experiments done by Krim and co-workéfsThe  all coverages from islands to fluid monolayers the density is
adsorbate goes through structural changes as the coverageconstant. Deviations from this constant value may occur
increases, and we measured these changes by the structfme small islands if edge effects are important.
factor S(k). At low coverages the adsorbate layer is com- Equation(14) states thatr is inversely proportional to
prised of small islands of fluid. As more particles are addedS(G) and proportional td,,, the phonon lifetime. Using the
these islands grow larger, and finally coalesce to form a commeasurements of §G)/N and 7, as plotted in Fig. 5, we
plete fluid monolayer atN.4/Ag,=0.055 A? (No/Ngy,; have calculated the value afy, implied by Eq.(14) and
=0.40. The top of Fig. 4 shows the real-space particle po-plotted it in Fig. &c). As seen in this plot, the phonon life-
sitions andS(k)/N 4 for a typical fluid phase. The usual ring time remains fairly constant as the coverage changes. The
associated with a fluid(k)/N,q4 plot is modulated by the changes ir5(G) alone can account for the changesrinAs
underlying substrate. Notice the small peaks at the subexplained in Sec. Il D, we have also determirntgd by in-
strate’s reciprocal lattice vectofS. As the number of par- dependent means. The results are the points with error bars
ticles increases further, the fluid monolayer increases in derplotted in Fig. %c). The agreement between values tgf
sity. The middle of Fig. 4 shows typical positions and measured in simulations and values predicted by perturbation
S(k)/N,qfor a dense fluid. At this coverage, the fluid ring in theory allow us to conclude that the theory correctly ac-
S(k)/N,qis extremely modulated by the substrate. A furthercounts for the dissipation in our systems.
increase in coverage and the adsorbate crystallizes into an The changing ofr with coverage from a small value in
incommensurate solid monolayer &4/A,,~=0.068 A?> the fluid phase to a large value in the solid phase is exactly
(Nag/Ngu=0.49). At the bottom of Fig. 4 are the real-spacethe surprising change that Krim and co-workers saw in the
particle positions an&(k)/N,q for a typical solid phase. As Kr-Au experiments. By comparing our simulation data to
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Krim and co-workers’ data, we were able to estimate theMore work needs to be done to ascertain the relationship of
corrugation of Kr on Au. Our data were taken fat1.0.  these results to macroscopic systems and to more complex
Fitting to Krim and co-worker's data we estimate that themicroscopic systems. Solid macroscopic interfaces are al-
corrugation in the experiments fs=0.032. As expected this most always incommensurate. From the results reported here
value is slightly smaller than the corrugation measured by Heind work reported elsewhet&?* one would then expect to
scattering studies of AY The excellent fit of simulation observe viscous friction in almost all solid-solid systems. On
data to experimental data can be seen in Fig), 5vhere data the contrary, most solid systems exhibit a static force law. It
from Krim and co-workers’ experiment have been plotted ags possible that surface roughness and other disorder plays an
a line. These data have been rescaled from a corrugation @hportant role in the observed friction. Alternatively, the
0.032 to a corrugation of 1.00, by multiplyingoy a constant relatively high loads used in friction measurements may re-
factor of 1000. sult in large enough values of the corrugation to put the
system in a static friction regime.

V. SUMMARY AND CONCLUSIONS
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analytic perturbation theory. lifetime. We first solve for the response functiar(q, ).

Our perturbation theory and simulation results allow us tO\ewton’s equation of motion for an elastic sheet can be writ-
understand better why solids feel a smaller viscous frictionalg, 55

force than fluids. A monolayer solid is a rigid network of

atoms that cannot deform itself readily to an external poten-

tial. A fluid layer though, can easily deform and lock itself to — =] (q,t)=[

the substrate, thereby inhibiting its motion. Our theory uses dt'n

S(G) to relate this deformability ta. The difference in de-

formability is larger ak=G than atk=0, because deforma- —(iq)U(q,t)} (A1)

tions atk=G require only local atomic displacements while

deformations ak=0 require changes in the average density.,yheren=N/A is the number density, anti=M/N is the
Just as the substrate deforms the adsorbate, the adsorbﬁgmde mass. The left-hand side is, with some normaliza-

will deform the substrate. Since the structure factor scales g, Mdp/dt. The terms on the right are the forces from

the square of the compressibility, and Au is about 100 time%ompressibility, the damping term, and the external force

less compressible than Kr, the deformation of Au is negli-from the substrate potential, respectively.

gible. This justifies our use of a rigid substrate. In other \ve pnow use the continuity ~ equationV;j(r,t)

systems, where the compressibilities are more closely —dn(r,t)/dt, which can be  rewritten as

matched, deformations in both the substrate and adsorbafﬁj(q,t)z—dn(q,t)/dt. Substituting for j(q,t) gives a

would need to be accounted for. _ _damped harmonic-oscillator equation,
In our perturbation theory, the energy loss associated with

a(,0) (ig)n(g,t) =y g (ia)n(a,t)

friction occurs via anharmonic coupling of substrate-inducedg? —g°n ’ny d a°n
deformations to other phonons in the adsorbate. This is thg 2 n(q,t)=mn(q,t)— m an(q,t)— Y@y
only source of energy dissipation possible in our simulations, 9 (A2)

and can account for the frictional dissipation seen by Krim
and co-workers:* Perssoff has argued that adsorbate-

Y ) . o 1d
substrate friction is dominated by electronic excitations. In = —w(z)n(q,t)— T—n(q,t)—wga(q,O)U(q,t),
his model these produce a damping force on each adsorbate toh dt
atom that has the same form as our thermostat. As noted in (A3)

Sec. Il C, our thermostat did not effectbecause only ve- \yhere w2=q?n/(ma(q,0)), and the phonon lifetime is
locities perpendicular to the direction of motion were t°h= m/(yq?n).

damped. If Persson’s electronic damping term is added in the’ Fourier transforming to the frequency domain, we obtain
sliding direction, all of our values of %/increase by the '

same constant amount as in E20). Then, in order to obtain

o)
guantitative agreement with experimental data at any given —0’n(g,w)= —wgn(q,w)+ tTn(q,w)
coverage, we would have to use a smafleMoreover, f ph
would need to vary with coverage in order to maintain the — w2a(q,0)U(q, w). (A4)

correct ratio between fluid and solid friction.
The work discussed here shows that phonons can be adow using the relatiom(q,w)=—a(q,0)U(q, ), for a
important mechanism of energy dissipation due to friction.we have
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a(q,0)
a(q,w)—l—wzﬁ . (AS)
0y Wit

If we use the result of Eq28) in Eq. (13), we see that what
has been defined as the phonon lifetime is

AND CIEPLAK

ma(q,0)

tph(Qaw): qzn—

00 w2 2 ® 2
1- —| +|—=25| |- (A
“’0%“[( ws) (wstth (A6)

In the limit of w?<wj=qg’n/[ma(q,0)] and underdamped

phonons (< wo), we havety,=t3.
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