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Adsorbed Layers and the Origin 
of Static Friction 

Gang He, Martin H. Miiser," Mark 0. Robbinsl 

Analytic results and experiments in ultrahigh vacuum indicate that the static 
friction between two clean crystalline surfaces should almost always vanish, yet 
macroscopic objects always exhibit static friction. A simple and general ex- 
planation for the prevalence of static friction is proposed. "Third bodies," such 
as small hydrocarbon molecules, adsorb on any surface exposed to air and can 
arrange to lock two contacting surfaces together. The resulting static friction 
is consistent with experimental behavior, including Amontons' laws. 

Amontons' laws, which are 300 years old, 
state that the frictional force F needed to slide 
one body laterally over another is indepen- 
dent of their macroscopic area of contact and 
proportional to the nor~llal load L that presses 
them together (1, 2). The constant of propor- 
tionality p = F/L, or coefficient of friction, 
depends on the materials and whether the 
bodies are at rest (p,) or in motion (y,). 

Despite the success of Amontons' laws; 
there is no microscopic theory that explains 
their nlolecular origins and wide-ranging ap- 
plicability. In fact, analytic theories indicate 
that static friction, the force Fs needed to 
initiate motion between two bodies at rest, 
should vanish between almost any pair of 
clean surfaces that deform elastically (3-6). 
These theories, and many simulation studies, 
only include atoms in the two bodies that 
move past each other. However, there is al- 
most always some fornl of "third body" 
present between two surfaces. Indeed, Amon- 

tons measured static friction for greased surfac- 
es (I), and any surface exposed to ambient air 
acq~~ires an adsorbed layer of hydrocarbons and 
other small nlolecules that is a few angstroms 
thick. Larger particles may also be present in 
the form of dust or wear debris. 

We report nlolecular dynamics sinlulations 
that show that third bodies naturally lead to a 
nonzero static friction. Moreover, the static fiic- 
tion produced by adsorbed layers of shoi-t 11101- 
ecules is consistent with Amontons' laws and 
does not vaiy substantially with paraineters that 
are usually not controlled in experiinents, such 
as the precise thickness and chemistry of ad- 
sorbed layers, the olientational alignment of the 
surfaces, and the direction of sliding relative to 
crystalline axes. 

The actual area of molecular contact be- 
tween two surfaces, Arda,, is generally the 
small fraction of the apparent macroscopic 
area where peaks on opposing surfaces meet 
(2, 7, 8). Elastic deformation flattens the con- 
tact regions into microineter diameter patch- 
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successes of Amontons' laws and some of their 
failures (2). If the yield stress rises lillearly with 
the local pressure P = L/Atei,,, then 

7 ,  = 7 ,  + CtP (1) 

One finds F; = 7oA,.e,, + clL or 

p ,  = a + T ~ I P  (2) 

Thus, ps is independent of load and macroscop- 
ic area if P is consta~~t or if P is much greater 
than 7,. The foinler applies to simple models of 
ideally elastic (9) and plastic surfaces (2). Am- 
ontons' laws are known to fail when P varies 
substantially or 7,  is large (strong adhesion), 
but Eqs. 1 and 2 remain valid (10-13). 

The theoretical difficulty is that a nonzero T~ 

requires that the surfaces lock together in a local 
fiee-energy minimu111 that prevents sliding (3- 
6). Eveiy atoll1 on two identical aligned ciystals 
(Fig. 1A) can sinlultaneously lie at a local en- 
ergy nlinimum and contlibute coherently to 7%. 

When the surfaces are rotated by alnlost any 
angle (Fig. 1, B and C) or have different lattice 
coilstants (Fig. ID); the number of atonls resist- 
ing lateral nlotion is exactly equaled by the 
number assisting it. Such incommensurate sur- 
faces have no static kiction unless the interac- 
tion between them is so strong; compared to the 
interactions within the solids; that the surface 
atoms realrange to create a local energy mini- 
mum (3, 4, 14, 1.5). Experinlental studies of 
fiiction behveen clean clystalline surfaces are 
limited (16) but are consistent with this conclu- 
sion. Krim and co-a,orkers ineasured no static 
fiiction behveen substrates and incommensu- 
rate adsorbed layers (1 7), and their data are 
consisteilt with sinlulations (18). Sinall clystal- 
line atonlic force lnicroscope (AFM) tips show 

es, orders of inagnitude larger than individual substantial static friction only at colmnensurate 
Department o f  Physics and Astronomy, Johns Hopkins 
University, Baltimore, M D  21218, USA. 

molecules.The static friction corresponds to alignments (19). Finally, the fnction between 
an average yield stress within these contacts unaligned MoS, ciystals is extremely low in 
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are fiee to nlove along the interface to produce 
a local energy minimum without defonning the 
solids that co~lfine them. Previous simulations 
demonstrate the importance of third bodies to 
both static and kinetic fnction but have been 
limited to commensurate surfaces (21-25). 
Co~ltrolled experiments on hydrocarbons be- 
tween mica and other molecularly smooth sur- 
faces show that thicknesses of a few molecular 
layers or less result in a static friction that 
satisfies Eq. 1 (12, 13). However, these exper- 
iments only access pressures on the order of 30 
MPa. In order for adsorbed layers to explain 
experimental observations in typical macro- 
scopic contacts, they must obey Eq. 1 up to 
gigapascal pressures with reasonable values of 
.io and oc. Moreover, the value of oc should 
depend on the chemical constituents of the two 
surfaces but not on parameters that are not 
controlled in experiments. As we now show, 
adsorbed layers meet these requirements. 

We simulated the adsorbed molecules 
with a sinlple bead-spring model (26) that 
has successfully reproduced the behavior of 
confined hydrocarbon films (23). Each ad- 
sorbed lnolecule contains n spherical mono- 
mers that are bound to make a linear chain. All 
monomers interact with a truncated Lentlard- 
Jones potential VL"(r.) = 4~[ (uh~)~~- (u / r . )~ ]  for 
separations r- < I-,, where E and o are charac- 
teristic energy and le~lgtl~ scales, respectively. 
Adjacent monomers on a chain are bound by a 
potential VCH(r.) = -(112)liR~ln[l - (I./R~)~], 
where Ro = 1.50 and k = 30&/02. The results 
presented below are expressed in tenns of E; o, 
and to = m, where 172 is the monomer 
mass. Values that would be representative of 
hydrocarbons are as folloa,s (26): E - 30 meV; 
a - 0.5 nm, and to - 3 ps. The unit of pressure 
is &oP3 - 40 MPa. Short-chain hydrocarbons 
are liquids at room temperature, so we show 
results for temperahre T = 0.7&/1r, (where li, is 
Boltzmai~n's constant). Runs at other tenlpera- 
tures produced similar results. 

The nlonomers were confined beta,een 
walls coinposed of discrete atoms. Although 
the detailed dissipation mechanisms that pro- 
duce kinetic friction might be sensitive to the 
interactions between wall atoms, the static 
friction depends mainly on the geometry and 

colnpliance of the a,alls. We considered the 
extreme case of stiff walls to demonstrate that 
adsorbed monomers could change the static 
friction fro111 zero to a finite value. Wall 
atoms interacted with adsorbed monomers 
through a Lennard-Jones potential with ener- 
gy and length scales E,, and o,, respectively. 
The atoms were tied to sites with springs of 
stiffness K; and the sites were arranged to 
form a clystal or amorphous solid. 

We found similar behavior for a wide 
range of wall geometries and will focus here 
011 those shown in Fig. 1. Here; atoms are on 
(1 11) surfaces of face-centered cubic crystals 
with nearest neighbor spacing d on the bot- 
tom surface. In Fig. 1; A through C, two 
identical surfaces are rotated by different an- 
gles relative to each other, and in Fig. ID, the 
surfaces have slightly different lattice con- 
stants. Because we are interested in calculat- 
ing the yield stress of a small poltion of a 
micrometer-size contact, a7e imposed period- 
ic boundaly conditions in the plane of the 
a,alls. This makes it impossible to have strict- 
ly incommensurate walls, but we verified that 
the boundary conditions have little effect on 
the yield stress by studying system size de- 
pendence. We also verified that there was no 
static friction between the "incommensurate" 
walls for any reasonable value of K when the 
adsorbed layer was absent. Except where not- 
ed, a7e show data for iz = 6, K = ", E, = E; 

ow = u ,  r, = 2'I6u, and d = 1.20. 
The static fkiction for each system and pres- 

sure was detem~ined by ramping or stepping the 
force until the system began to slide. The yield 
stress -rs was insensitive to the rate at which the 
force was changed. Figure 2A compares -rs for 
the different surfaces shown in Fig. 1 at an 
adsorbate coverage of 118, which is defined as 
the ratio of monomers to wall atoms on each 
surface before they are brought into contact. 
Each set of data falls onto the straight line 
implied by Eq. 1 up to P = 36&uP3 or - 1.5 
GPa. The incommensurate cases (Fig. 1, B 
through D) give the same oc = 0.048 +- 0.02. 
The values of T, are small, and the differences 
in then1 are comparable to statistical fluctua- 
tions in the data. The same fiiction is also found 
for sliding along ineq~~ivalent lattice directions, 
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Fig. 1. Projections o f  atoms f rom the bo t tom (solid circles) and top  (open circles) surfaces in to the 
plane o f  the walls. (A  through C) The t w o  walls have the same structure and lattice constant, but  
the top wall has been rotated by O", 1 1.b0, or 90°, respectively. (D) The walls are aligned, but the lattice 
constant of the t o p  wal l  has been reduced by 12/13. The atoms can only achieve perfect registry 
in the commensurate case (A). The simulation cell was at least four t imes the area shown here. 

for example, along x and y in Fig. 1D (Fig. 2A, 
up and down triangles). Only the commensu- 
rate case (Fig. 2A, circles) produces different 
values of Fs. As expected, the friction is higher 
( a  = 0.15) because of the uniform registry 
between the two surfaces. However, the ratio 
between commensurate and incommensurate 
values of oc has been reduced from infinity to a 
factor of 3 because of the presence of an ad- 
sorbed layer. 

We have considered many other parameter 
sets to determine which factors influence a and 
7,. Decreasing K to make the surfaces more 
compliant would increase the ability of bare 
surfaces to lock together but actually decreases 
.r\ slightly when adsorbed layers are present. 
The extra compliance makes it easier for wall 
atoms to move out of the way and allow sliding 
to start. The alignment of the surfaces and the 
direction of sliding always leave .r, nearly un- 
changed, except in the unlikely case of com- 
mensurate surfaces. Other parameters that are 
not controlled in experiments have little effect 
on p,, For example, decreasing the chain length 
n from 6 to 3 to 1 for the parameters of Fig. 2A 
produces no noticeable change in T ~ .  There are 
small changes in -r0 with coverage, but these are 
only important at low pressures. Increasing the 
coverage on each surface up to one or more 
monolayers on separated surfaces produces lit- 
tle change in the value of oc (-10% over cov- 
erages from 114 to 1). Previous studies of ad- 
sorbed layers between commensurate surfaces 
found little variation in kinetic friction with 

I x default values 
ew=2 

A ow=0.9 

Fig. 2. Yield stress T, versus pressure P. Statis- 
t ical errors are less than o r  equal t o  the symbol 
size, and &(rP3 - 40 MPa. (A) Results for the 
different walls shown in Fig. 1 at a coverage o f  
118. Results for t w o  inequivalent sliding direc- 
tions, x and y, are shown for system D. (B) 
Results for different potential parameters. De- 
fault values are n = 6,  K = X ,  E, = F, LT, = LT, 

r, = 2'I6a, and d = 1.20. 
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chain length or coverage (24).  
The value of T, represents the adhesive 

contribution to friction because it gives the 
yield stress in the absence of an external 
pressure. In Fig. 2A, the interactions are pme- 
ly repulsive (1; = 2' 6), and T, is negative. 
Including the attractive tail of the potential 
and increasing E,. increases T, to positive 
values, but the maximum value of T, that we 
have found for incommensurate surfaces is 
- 0 . 3 ~ 1 ~ ~  or 12 MPa. This value is compara- 
ble to the largest value observed between 
mica surfaces and also to the maximum pres- 
sures accessible in these experiments (12, 
13). The pressures in typical load-bearing 
contacts are much larger. In this limit, T, 

becoines irrelevant and k7 approaches a. 
Because experiments find different for 

different materials, some potential parame- 
ters must change a. Figure 2B shows the 
effect of changing one parameter at a time 
from our standard set. Increasing E_/E from 1 
to 2 produces almost no change in T?, but 
decreasing uw/u from 1.0 to 0.9 increases a 
by 50%, and increasing this ratio to 1.5 de- 
creases a by a factor of 6. The opposite trend 
is seen for d/u, where an increase from 1.2 to 
1 5 Increases a to 0 073. 

These trends can be understood in terms of a 
simple geometrical model. At the large pres- 
sures of interest, the repulsive interactions be- 
tween wall ato~ns and monomers are dominant. 
Atoms and monomers cannot be closer than an 
effective hard sphere diameter on the order of 
u,~. This diameter is very insensitive to pressure 
because the repulsive force rises as ~ , ~ ( u ~ l r ) ' ~  as 
I .  decreases. For the same reason, changing cW 
by a factor of 2 has little effect on the system. In 
contrast, decreasing u,ltl allows monomers to 
pene&ate more deeply into the wells between 
wall atoms. In order to slide, monomers must 
move up a ramp defined by the surface of 
closest approach. To overcome the normal load, 
4 lllust equal L times the maximum slope of the 
ramps. As u\,id decreases, the ramps become 
steeper, resulting in the increase in a seen in Fig. 
2B. We have confirmed that the surfaces do 
indeed move apart as the yield stress is ap- 
proached and that this displacement increases 
with a. 

The values of a in Fig. 2 range fro111 0.008 
to 0.15 and are similar to measured values for 
soille veiy smooth, weakly interacting surfaces 
such as MoS, (11) or mica (12). Most unlubii- 
cated macroscopic objects exhibit p,< of 0.1 to 
0.5 and have inuch more complex 
chemistries. and third bodies. It remains to be 
seen how our results relate to this rich spectrum 
of experimental systems One possibility is that 
the atomic-scale rougluless present on most 
surfaces increases a (16). For example, we find 
a = 0.3 at a coverage of 118 for surfaces made 
by slicing through an amorphous sol~d. The 
inclusion of grain boundaries, steps, and other 
defects would also affect a. Some of the in- 

crease ill u mav be due to T,/P in Ea. 2 A final 14. J. N. Closli and C. M. McClelland, Phys. Rev. Lett. 70, , 
possibility is that more realrstic models for hy- lgbO (Igg3). 

drocarboll molecules and illteractiolls with 15. The interfacial interactions may be strong enough t o  
meet this condition in special cases, such as clean 

surfaces would increase a. Sonle thin molecular metal surfaces in ultrahiRh vacuum, 
layers are used as boundaq lubricants to lower 16. Real surfaces are rarely perfect single crystals, but  
static friction, and the relation between rnolec- including disorder wi thout  th i rd bodies does no t  

ular struckre and the fiiction between incom- seem t o  explain experimental observations. The 
static fr ict ion between stiff random surfaces is a mensurate surfaces will be an interesting ques- finite-size effect that drops as the inverse of the 

tion for future studies. contact diameter. We find that  values can be ap- 
preciable on the scale of AFM t i ~ s  (<40 atomic , , 

References and Notes diameters), but  no t  in micrometer-scale contacts. 

1. D. Dowson, History of Tribology (Longman, New York, Elastic deformation a t  large scales can yield static 

1979). friction, bu t  the values are exponentially small for 

2. F. P. Bowden and D. Tabor, The Friction and Lubrica- weak disorder ('1' 
ofSo/ids (oxford Univ, Press, Oxford, 1958), 17. J. Krim, D. H. Solina, R. Chiarello, Phys. Rev. Lett. 66, 

3. C. M. McClelland and I. N. Closli, in Fundamentals of ,...-~ (lggl); C. Mak and 1. Krim, Phys. Rev. 58, 5157 

Friction, H. M. Pollock and I. L. Singer, Eds. (Springer- ( i yya ) .  

Verlag, Berlin, 1990), pp. 405-425; C. A. ~ o ~ l i ~ ~ ~ ~ ,  18. M. Cieplak, E. D. Smith, M. 0. Robbins, Science 265, 

Philos. Mag. 7, 905 (1929). 1209 (1994); M. S. Tomassone, J. B. Sokoloff, A. 

4. K. Shinjo and M. Hirano, Surf. Sci. 283, 473 (1993); Widom, 1. Krim, Phys. Rev. Lett. 79, 4798 (1997); 

Y. I. Frenkel and T. Kontorova, Zh. Eksp. Teor. Fiz. 8, B. N. J. Persson and A. Nitzan, Surf. Sci. 367, 261 

1340 (1938). 
5. A. Volmer and T. Natterman, Z. Phys. B 104, 363 

(1997). 
6. M. 0. Robbins and E. D. Smith, Langmuir 12, 4543 

(1996). 
7. J. H. Dieterich and B. D. Kilgore, Pure Appl. Ceophys. 
143, 283 (1994); Tectonophysics 256, 219 (1996). 

8. P. Berthoud and T. Baumberger, Proc. R. Soc. London 
Ser. A 454, 1615 (1998). 

9. J. A. Greenwood and J. B. P. Williamson, ibid. 295, 300 
(1966). 

10. B. J. Briscoe and D. J. Tabor, 1. Adhes. 9, 145 (1978): 
B. J. Briscoe and D. C. B. Evans, Proc. R. Soc. London 
Ser. A 380, 389 (1982). 

11. I. L. Singer, in Fundamentals of Friction, I. L. Singer and 
H. M. Pollock, Eds. (Elsevier, Amsterdam, 1992). pp. 
237-261. 

12. M. L. Gee, P. M. McCuiggan, J. N. Israelachvili, A. M. 
Homola, j. Chem. Phys. 93, 1895 (1990); A. M. Ho- 
mola, J. N .  Israelachvili, P. M. McCuiggan, M. L. Gee, 
Wear 136, 65 (1990). 

13. 1. V. Alsten and 5. Cranick, Lanamuir 6, 876 119901: 

(1996). 
19. M. Hirano, K. Shinjo, R. Kaneko, Y. Murata, Phys. Rev. 

Lett. 78, 1448 (1997). 
20. J. x. Martin, Phys. Rev. B 48, 10583 (1993). 
21. M. Schoen, C. L. Rhykerd Jr., D. J. Diestler, J. H. 

Cushman, Science 245, 1223 (1989). 
22. P. A. Thompson and M. 0. Robbins, ibid. 250, 792 

(1990). 
23. , C. 5. Crest, Isr. 1. Chem. 35, 93 (1995): E. 

Manias, C. Hadziiaoannou, C. ten Brinke, 1. Chem. 
Phys. 101, 1721 (1994). 

24. M. D. Perry and J. A. Harrison, 1. Phys. Chem. B 101, 
1364 (1997): Thin Solid Films 290, 21 1 (1996). 

25. J. P. Cao, W. D. Luedtke, U. Landman, Phys. Rev, Lett. 
79, 705 (1997). 

26. K. Kremer and C. 5. Crest, 1. Chem. Phys. 92, 5057 
(1990). 

27. Financial support from NSF grant DMR-9634131 is 
gratefully acknowledged. We are also grateful t o  Intel 
for donating workstations on which these simula- 
tions were run. 

k .  L. Demirel and S Cranick, 1.- hem. Phys. '109, i 
(1998). 16 February 1999: accepted 21 April 1999 

Experimental Evidence for the 
Source of Excess Sulfur in 

Explosive Volcanic Eruptions 
Hans Keppler 

The amounts of sulfur released in explosive volcanic eruptions are often orders 
of magnitude larger than those expected to result from the degassing of the 
erupted Si02-rich magma. Experimentally measured fluidlmelt partition coef- 
ficients of sulfur ranged from 47 under oxidizing conditions (where SO, is the 
dominant sulfur species in the fluid) to  468 under reducing conditions (where 
H2S dominates). Therefore, a few weight percent of hydrous fluid accumulated 
in the top of a magma chamber may extract most of the sulfur out of the entire 
magma reservoir and generate sulfur excesses upon eruption. 

Explosive volcanic eruptions often inject tion (9) .  Accordingly, it is believed that the 
enormous amounts of sulfur dioxide into the release of sulfur is mainly responsible for the 
stratosphere (1-8). Oxidation of SO, produc- subsequent global cooling observed after ex- 
es sulfate aerosols that can backscatter sun- plosive volcanic activity (9-13). Anlou~lts of 
light for months or even years after the emp- volcanic sulfur measured from satellites are 

often orders of magnitude larger than those 
Bayerisches Ceoinstitut, Universitat Bayreuth, 95440 expected to result fr'om the degassi~lg of the 
Bayreuth, Germany. elupted silicic melt. The 1991 eruption of 
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