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Nonlinear effects of physisorption on static friction

G. T. Gao and X. C. Zeng
Department of Chemistry, University of Nebraska-Lincoln, Lincoln, Nebraska 68588

D. J. Diestler
Department of Agronomy, University of Nebraska-Lincoln, Lincoln, Nebraska 68583

(Received 1 August 2000; accepted 26 September)2000

The effects of a physisorbed film on the force of static friction in a model coritachatomic
adsorbate confined between plane-parallel walisre investigated by Monte Carlo simulation. At
fixed coverage the friction curdshear yield stress vs normal streeghibits a marked nonlinearity,

which results from a competition between adsorbate—wall interactions that predominate at low loads
and wall-wall interactions that set in beyond a threshold load, which increases with coverage.
Previous proximal-probe and computer experiments, carried out at high coverages, see only the
initial (low-load) linear portion of the friction curve. @000 American Institute of Physics.
[S0021-9606)0)70148-9

I. INTRODUCTION EqQ. (2). Now if 75 is linear in the normal stres§.e., the

, o , stress applied perpendicularly to the interfage=L/A, then
The classical law of friction between macroscopic ob-

jects, which states that the force of static friction is propor-  74=r75o+\ 7y, 3
tional to the force pressing the objects togettiead), lacks )
a satisfactory fundamental explanation. When macroscopignd it follows from Eqs(2) and(3) that
surfaces are pressed together, they make molecular contact at Eo— s AAL 4)
only a few discrete asperities, the total area of which is a s 7s0 '
small fraction of the apparent interfacial area. The force ofsome SFA data, for example those on Langmuir—Blodgett
static friction (i.e., the force required to initiate slidings  monolayer& and on multilayer hydrocarbon filfi& be-
then equal to the sum over all asperities of the shear yielglyeen atomically smooth mica sheets, conform to @jjas
stress () times the area of molecular conta@) of the  do AFM data on the sliding of an Si tip over tl{@01) face
asperity. In general, botA and 75 vary from asperity to  of GeS partly covered by patches of £t
asperity. To achieve a molecular understanding of friction it |n contrast to proximal-probe experiments, computer
is desirable to study single, well characterized asperitiessimulations are performed on model asperities at constant
This is being done by means of proximal surface probesarea of molecular contact. They are concerned essentially
such as the surface forces appard®BA)*>° and the atomic  wijth the determination ofr, for homogeneous contacts.
force microscope(AFM),* as well as by analyticdlland  Simulations of clean crystalline surfaces sliding over each
numerical treatments. The purpose of this article is to other, such as thel11) face of a Cu tip on th¢111) face of
present the results of computer simulations of a model aspeGy substraté? and (111) diamond surfaces terminated with
ity that demonstrate how physisorption at the interface cami or alky! radicals® show thatr, may be a nonlinear func-
give rise to a striking nonlinear dependencergbn the load.  tion of 7,,, depending on the structure of the surfaces and the
The force of frictionFs on a single asperity can be ex- relative crystallographic direction of sliding. In a recent com-

pressed generally as putational study of a bead-spring model of hydrocarbons ad-
sorbed between walls comprising incommensurate face cen-
Fo= ff dR 7(R), (1)  tered cubidfcc) (111) planes, Heet al* found that Eq(3)
A

is well satisfied for a wide range of model parameters. Pre-

hereR denotes thétwo-di onalvect ion of the  V10US simulation® !’ of confined thin films demonstrated
wherer denotes thetwo-dimensiongivector position oTine .o strong influence of adsorbed layers on friction, but none,

element of area and the integration is over the area of MO%xcept that of Heet al, systematically explored the depen-
lecular contact. BottA and 75 are implicit functions of the

loadL. If th tact i d1to be h A dence of shear yield stress on normal stress. Moreover, all
oad*. € contact Is assumed to be homogeneous Byer prior simulations were performed at coverages so high or
Eq. (1) reduces to

loads so low that interactions between atoms in opposite
Fo=7A, ) walls (wall-wall or tip—substrate interactionsvere negli-
gible. Here we present the results of a Monte Carlo study of
where 74 is now to be interpreted as the mean shear yielda model contact that show how a coverage-dependent com-
stress. Equatiof®) is the usual starting point for the analysis petition between wall-wall and adsorbate—wall contribu-
of proximal-probe measuremerit8oth F, and A can be tions to the shear stress can lead to strong nonlinearities in
measured as functions &f Then 7 can be calculated from the “friction curve” (i.e., 75 VS 7).
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Downloaded 18 Apr 2007 to 129.93.16.206. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



11294  J. Chem. Phys., Vol. 113, No. 24, 22 December 2000 Gao, Zeng, and Diestler

- ing as aquasistaticprocess. We compute the equilibrium
properties of the system by means of the isothermal—
isostress Monte Carlo methd®ijn which temperatureT),
N, A=n??, x-registry (a), and 7, (=—T,,, the normal
stres$ are controlled thermodynamic state variables. The
shear stress,, is given in terms of the Gibbs ener@y by
T, =A"Y(3Gld(al))1n1,; AT,y is just thenegativeof the
x-component of the mean force acting on the moved wall.
Since the potential energy is separable into contributions due
to film—film, film—wall, and (opposing wall-wall interac-
tions, the force acting on the wal(sr the stress applied to
the wallg can be expressed as a sum of film—wall and wall—
wall components, that i$,,=T,x rw+ Txww- By symme-
H‘ < try T, is periodic ina with a period of unity. We take, to
X o be the maximummagnitudeof T,, in the range &< a<1.
This is theminimumforce that would need to be applied in
rder to initiate(irreversible sliding.
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FIG. 1. Top view of system, not showing adsorbate atoms. Filled circles?
denote atoms in fixed wall, open circles atoms in moved wall. Small dotted

square indicates unit cell of wall. Number of cells along an edge=ig.
IV. RESULTS AND DISCUSSION

In all cases we sefT=1.00, n=16, N,,=512, andI
Il. MODEL =1.5985. We define the coverage by N/N,,=N/512. Fig-

The idealized contact, schematized in Fig. 1, comprise$ireé 2 displays plots off,, and the mean separatidnbe-
two identical plane-parallel walls, one of whi¢labeled 3 tween the walls as functions af for the caseorr/oww
plays the role of substrate and the other of whieibeled 2 =1 and#=0.0195. Since symmetry dictates tiaand T,
functions as the probe tip and can be translated. Each wafie, respectively, symmetric and antisymmetric abe&t0
consists of a single fc€100) plane containing\,,=2n? at- anda=0.5 and that both film-wall(,, ry) and wall-wall
oms, wheren is the number of X | square unit cells along an (Tzxww) contributions toT, vanish ate=0 anda=0.5, we
edge. The surface density of wall atoms is therefote ae ~ Need to plot these functions only on the inter&| 0.5. We
take the walls to beigid and to remain crystallographically consider first the case of the lighter logBig. 2a)], for
aligned as wall 2 is translated. The lateral displacement oWhich Tz, ry is positive andT . ww is negative, except over
wall 2 is measured in terms of theregistrya by the relation ~ the range 0.8 a<<0.5. Hence, as the walls are moved out of
al. Thus,« is the fraction ofl by which the walls are mis- alignment(that is asa deviates from @ the film—wall com-
aligned in the x-direction. For simplicity we fix the Ponent of the force tends to restore them to alignment,
y-registry. Between the walls are constrainddatoms of whereas the wall-wall component tends to push them further

monatomic film. The potential energy is taken to be a sum oPut of alignment. BecausfT,,rw|>|T,xwwl for all e, a
Lennard-Jones (12,6 interatomic  potentials u(r;;) net-restoring force _tends to keep the walls aligned. In the
= €ij[ (j /rij)lz_(o'ij /rij)ﬁ], wherei and j label atoms. _absence of_ an applied shear for_ce the walls come to rest at
Since the effects with which we are concerned depend littléntegral registriesa=0, £ n, n an integey where the system
on physically reasonable variations of the well degih we IS Stable(i.e., G is minimum. By similar reasoning, the sys-
sete;; = e for all pairs ), regardless of the identities of the €M is unstable at the half-integral registries =n/2 (n an
atoms. Ifi andj both refer either to film atoms or to wall 0dd integer. When the walls initially at rest at=*n/2 are
atoms, thenr;; = o OF ay; = oy, respectively. Ifi refers displaced §I|ghtly, a net force tends to push them to. the next
to a film atom and to a wall atom, owice versatheno;; ~ Stable registrf a==(n=1)/2]. As the walls are slid re-
= orw= (g + oww)/2. Numerical values of all quantities Versibly out of alignment, say ag is increased from 0T,
are henceforth given in reduced dimensionless units, ifeéaches a maximum arount,,,~0.2. The value off,, at
which distance is expressed in units @f,,y and energy in  @max, about 3.7, is therefore the shear yield stresst 7,
units of . To minimize the effects of edges, we apply the = 1.0 [this is plotted in Fig. Jinsey as an open triangle
usual periodic boundary conditions to the simulation ¢ell The quantityArs is the x--component of the force that
square prismin the directions of the unit-cell axes, which must be applied to initiateirreversiblg sliding. The work
we take to be parallel with the andy-axes of the “labora- fequired to slide(reversibly the walls from «=0 to «
tory” Cartesian coordinate framgsee Fig. L = Amax IS AG=AI["T,(a) da>0. As the walls slide over
this range, they also move slightly closer together, as indi-
cated by the plot oh vs « in Fig. 2(a). When the walls are
aligned (@=0), the adsorbate atoms fit well into the cavities
Since the shear strain rate in surface probes is typicallgreated in concert by the atoms in the two walls. Indeed, we
on the order of 108ps%, that is, extremely slow on the can view the adsorbate as a fragment of the solid(1€x)
molecular time scale, we assume that the adsorbate remainsonolayer that would be present wege=1.0000"° The
in thermodynamic equilibrium at all instants and treat shear{positive area under the plot of,, r\ is proportional to the

IIl. COMPUTATIONAL METHODOLOGY
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00 01 02 03 04 05 morely to guids eye.

0.3<a<0.5. Now two extrema appear in the plot Bf, vs
a: a maximum determined bY,, ry and a minimum deter-
1.0 - (b) o] i mined byT,, ww. Whenr, becomes sufficiently large, the
h . D 1 depth of the minimum exceeds the height of the maximum
and the overall yield stress is determined by the former. By
o 7,=5.0 the stable registry has shifted from=0(%n) to
OQ) 1 a=0.5(xn/2,n odd [Fig. 2b)]. It would appear that since
0.8 L L the slope ofT,, is positive at both integral and half-integral
) registries, slight displacements from either would be opposed
59»00 | by a net restoring force. This is so, but the integral registries
30 - D@DDD szo | are actually metastable. The free energy is minimum at the
I E"bﬂmoo@ o | half-integral registries, as can be appreciated by observing
Te 00 8———————= g ﬁ’ from Fig. 2b) that the area under the curife, is negative.
i AAMNAA AQQAA ? In order to initiate sliding, the applied shear stress must ex-
7 ceed thenagnitudeof the minimum atw,,;,=0.35, which has
\:\Di 1 a valuer,=5.3.[This point is plotted in Fig. 3inse) as an
-60 - . . . . A o open circle] The work that must be done on the system in
00 01 02 03 04 05 order to carry it over the barrier to sliding, which is propor-
o tional by Al to the negative of the area under the plofTof
from a,, to 0.5, is that needed to overcome the wall-wall

FIG. 2. (a) Shear stres3,, and mean separatidnbetween walls as func-  force, The rearrangement of adsorbate in this case counts for
tions of registrya for ogg/oww=1, §=0.0195, andr,=1.0: film-wall little

componentT,, py( ¢ ); wall-wall componentT,, ww(A); total T, (). . . L.
(b) Same ada) exceptr,=5.0. Figure 3 (inseh shows the friction curve for the case

oeeloyww=1 and#=0.0195. The open triangles and circles

correspond, respectively, to the magnitudes of the maxima
work that must be done on the system by the surroundings tand minima inT,, as a function otx. Below the “threshold”
rearrange the adsorbate atoms, which do not fit as well whewmalue of 7,,=3.5 the yield stress is determined by film—-wall
the walls are misaligned as they do whe# 0. On the other interactions; above the threshold it is determined by wall—
hand, the(negative area under the plot of .y is propor-  wall interactions. Figure 3 also shows the effect of increasing
tional to the work done on the surroundings by the systentoverage. As expected, the threshold rises witfithe more
because of the forces between the opposing walls that impeldsorbate atoms are present, the greater must be the load in
them spontaneously toward the registry: 0.5, where, were order to bring the walls sufficiently close together that wall—
no adsorbate present, they would fit snugly together as adjavall interactions become significant.
cent fcc(100 planes. Note that the maximum magnitude of By similar reasoning we expect the threshold to increase
this force occurs at the distance of closest approach of theith increasing size of the adsorbate atom at fixed coverage.
walls [Fig. 2(@)]. This expectation is borne out by the friction curves in Fig. 4

As 7, increases, the walls shift closer together on averfor 6=0.0977 andogg/oww=0.9, 1.0, and 1.1. The larger

age andT,, . decreases markedly, especially in the rangethe adsorbate atom, the higher the load needed to overcome
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80 — T Cu(111) faces on which were adsorbed alcohols. Unfortu-
d nately, at coverages below one monolayer, the Cu metal sur-
ﬂ/tﬂ faces tend to “wet” each other through holes in the adsorbed
) film. Hence, the shear yield strength is determined by Cu—Cu
A AAD ﬂ/i’ a2 interactions. The ideal experiment would utilize an AFM un-
L A i 4 der UHV, so that tip and substrate surfaces could be repro-
A o 7 | ducibly prepared and the coverage precisely controlled. The
tip and substrate should not wet each other, but the adsorbate
20 1 should wet both tip and substrate in order to avoid “island-
ing” of the adsorbate.
L The present results refer to fixed coverage, rather than
90 120 150 fixed partial pressuréor chemical potentiak) of adsorbate,
T whereas the latter variable is more likely to be controlled in
" real experiments than the former. We note, however, that if
FIG. 4. Friction curves fod=0.0977 andrgr /o= 0.9(0), 1.0(0), and  diffusion of adsorbate were relatively slow, théhmight
1.1(A). remain fixed on the time scale of the measurement. In order
to compare the predictions of our model directly with experi-
ments in whichu is the controlled variable rather thanwe
are undertaking grand isostress ensemble Monte Carlo
simulations’! in which u replacesN (6) as a fixed thermo-
dynamic state variable.

60

T, 40

=0
W
=)
=
(=]

the repulsive portion of the film—wall interactions and bring
the walls close enough that wall-wall forces become non-
negligible.

For comparison we include in Fig. 3 the case of no ad-
sorbate ¢=0), for which _the competition betwe_en_ﬂlm ACKNOWLEDGMENTS
wall and wall-wall forces is absent from the beginning, (
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