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Simulations of the static friction due to adsorbed molecules

Gang He and Mark O. Robbins
Department of Physics and Astronomy, Johns Hopkins University, Baltimore, Maryland 21218

~Received 22 March 2001; published 25 June 2001!

The static friction between crystalline surfaces separated by a molecularly thin layer of adsorbed molecules
is calculated using molecular dynamics simulations. These molecules naturally lead to a finite static friction
that is consistent with macroscopic friction laws. Crystalline alignment, sliding direction, and the number of
adsorbed molecules are not controlled in most experiments and are shown to have little effect on the friction.
Temperature, molecular geometry, and interaction potentials can have larger effects on friction. The observed
trends in friction can be understood in terms of a simple hard sphere model.
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I. INTRODUCTION

The last decade has seen great advances in technique
measuring friction in contacts whose geometry and/or ch
istry are controlled with atomic precision.1–6 At the same
time, increases in computational power have allowed
creasingly realistic simulations of friction.7,8 These studies
reveal unexpected behavior that raises questions abou
molecular origins of static friction and the ‘‘laws’’ of friction
that describe most macroscopic objects.

Friction is the lateral force needed to slide one object o
another. The force needed to initiate sliding is called
static frictionFs . Its existence implies that the surfaces ha
locked into a local free energy minimum, andFs represents
the lateral force needed to displace them out of this m
mum ~Sec. II B!.7,9,10 The force needed to maintain a co
stant sliding velocityv is called the kinetic frictionFk(v),
and it represents the force required to replace energy d
pated during sliding.

Macroscopic objects almost always exhibit a finite sta
friction and a kinetic friction that is smaller at low velocitie
One puzzling result from many molecular scale theories
friction between bare surfaces is that the static friction
most always vanishes, and is not closely related to the kin
friction.7,11 This indicates that some important feature
missing from these model systems, that must be include
make contact with macroscopic experiments. Of course
surfaces are generally not bare, but are coated with a lay
adsorbed molecules, as well as dust, dirt, and other debri
this paper we explore the influence of a layer of molecu
between two surfaces on friction forces, and show that
cluding such layers naturally leads to behavior that is con
tent with macroscopic measurements.

Over 300 years ago Amontons published two ‘‘laws’’
macroscopic friction that are still taught and used toda12

These state that the friction is proportional to the normal lo
L pushing two surfaces together, and independent of the
parent geometrical area of these surfacesAapp. Subsequent
work3,4,13–18 is consistent with a more general friction fo
mula that is based on the observation19–21that the actual area
of molecular contact between two surfacesAreal is much
smaller than the nominal surface areaAapp. The friction is
assumed to be given byAreal times a local shear stresst. If t
rises linearly with the local contact pressureP,
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then sinceP5L/Areal

F5tAreal5t0Areal1aL. ~2!

This expression agrees with Amontons’s laws ifAreal is pro-
portional toL or if t0 is sufficiently small compared toaP.
The former condition applies if the load is high enough
produce plastic deformation of the surfaces so thatL/Areal
remains equal to the hardness.19 It also holds for nonadhesive
contacts between ideal elastic solids with random surf
roughness.22,23However, any adhesive bonding leads to fri
tion in the limit of zero load and violates Amontons’s law
For a piece of adhesive tape the first term in equation~2!
dominates at low loads, and in many cases friction can
observed at negative loads.

Early attempts to explain Amontons’s laws and the ex
tence of static friction were based on the idea that peaks
one surface interlock with valleys on the other surface.12,19In
order to slide, the top surface must then be lifted up a ra
formed by the typical slope tanc of the bottom surface. If
there is no microscopic friction between the surfaces, th
the minimum lateral force to initiate sliding isFs5L tanc.
This result satisfies Amontons’s laws with a constant coe
cient of friction ms[Fs /L5tanc that can span all possibl
values. However, this geometrical model for friction cann
explain many experimental observations. For example, c
ing a single monolayer of surfactant on a surface does
change its slope, but can reduce the friction by more than
order of magnitude. It is also well known that making su
faces too smooth actually leads to an increase in friction.19,24

A practical illustration of this is that magnetic hard disks a
purposely roughened to reduce friction.

The fundamental problem with the above explanation
the origin of static friction is that there is no reason for t
peaks from different surfaces to be correlated. In general
expects that at any instant in time some peaks will be mov
up a ramp and an equal number of peaks will be mov
down. The net lateral force will average to zero and th
will be no static friction. A similar problem arises if on
imagines that the interlocking peaks are individual atoms
in the ‘‘cobblestone’’ model discussed by Israelachvili a
co-workers.17,25 If atoms are from two identical, aligned su
faces all of them will go up ramps simultaneously yieldin
©2001 The American Physical Society13-1
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GANG HE AND MARK O. ROBBINS PHYSICAL REVIEW B64 035413
Amontons’s laws. However, friction measurements are u
ally made between misaligned surfaces or surfaces with
ferent lattice constants. In this case the force from ato
moving up ramps should cancel the force from atoms m
ing downward, yielding a vanishing static friction.

A number of detailed analytic26–30 and simulation7,9,31–35

studies have concluded thatFs should generally vanish be
tween bare crystalline or disordered surfaces. The excep
is the case of commensurate surfaces that share a com
periodicity in their plane of contact. In this case the fr
energy varies with the phase difference between the com
Fourier components, and simulations of such surfaces36,37

find a static friction that rises linearly with pressure as in E
~1!. However, the probability that two contacting surfaces
commensurate is infinitesimally small. Even identical s
faces are only commensurate when they are perfe
aligned.31 Any misorientation~Fig. 1! causes the surfaces t
become incommensurate, i.e., have no common period.
free energy is then independent of translations andFs is
identically zero.27,28,30 If the interactions between the tw
surfaces are strong enough compared to interactions w
the surfaces they may deform into a commensur
structure.9,27,28 However, this criterion is unlikely to be me
for most of the surfaces around us, which have been che
cally passivated by exposure to air. Indeed calculations
clean surfaces in vacuum find zero static friction betwe
different facets of the same metal.30,31,34,38Moreover, con-
tacts that are known to be in the elastic limit exhibit sta
friction.3,4,16–18Edge effects can lead to a finite static fri
tion, but are not significant for the micron-sized conta
typically found between macroscopic objects.39 Chemical

FIG. 1. Projections into thex-y plane of atoms from the inne
surfaces of the bottom~solid circles! and top~open circles! walls. In
A throughC the two walls have the same structure and lattice c
stant, but the top wall has been rotated by 0°, 8.2°, or 90°, res
tively. In D the walls are aligned, but the lattice constant of the
wall has been reduced by 12/13. The atoms can only achieve pe
registry in the commensurate caseA. The simulation cell was usu
ally at least four times the area shown here.
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disorder and surface roughness are also unable to pro
observed friction forces.23,39–41

There are relatively few direct experimental measu
ments of the friction between bare crystalline surfaces. Ho
ever, studies of adsorbed monolayers,42,43 small crystalline
tips,44 mica,45 and molybdenum disulfide46 support the con-
clusion that friction vanishes in this limit. A finite friction
has been observed between clean metallic surfaces,19,47 but
the surfaces were rough and the load appears to have
high enough to produce plastic deformation. Further work
this area would be of great value in testing the above th
retical models.

In recent papers9,39,48,49we have suggested that the s
called ‘‘third bodies’’ that are present between most conta
ing surfaces50,51 can provide a general mechanism for sta
friction. These third bodies may take the form of wear d
bris, dust, or small hydrocarbon or water molecules that
adsorbed from the air. The interactions between such bo
are generally weaker than the interactions within the bou
ing solids. This frees them to rearrange at the interface
lower their free energy and lock the surfaces together. T
layer of third bodies creates an immense number of m
stable states, like that in a glass or granular medium.
third bodies can always fall into one of these states that i
registry with both bounding walls and thus produce sta
friction.52

In this paper we report extensive studies of the static f
tion produced by layers of spherical or short-chain molecu
between crystalline surfaces. We begin by describing diff
ent methods of measuring the static friction and establish
that it has a well-defined thermodynamic limit. Then the
fect of temperature, wall geometry, interaction potentia
chain length, and areal density on the static friction are
plored. In each case the static friction obeys equation~1!
over the experimentally relevant pressure range. Factors
are not controlled in typical macroscopic experiments ha
little influence ont0 and even less effect ona, which domi-
nates the friction at high loads. Such factors include w
geometry, sliding direction, and the length and density
adsorbed molecules. Increasing the temperature lowerst0,
but has relatively little effect ona. The value of a is
strongly dependent on the interaction potential, particula
the effective hard sphere size of the molecules compare
that of wall atoms. All of our results can be understood
terms of a simple geometrical explanation39,49 for the origin
of Eq. ~1! ~Sec. III F!.

The following section describes the details of our simu
tions and the algorithms used to determineFs . Section III
determines the effect of each parameter in our simulations
the static friction and describes a simple geometrical pict
that explains all of the observed trends. The final sect
summarizes the results.

II. SIMULATION METHOD

A. Potentials and geometry

We use a bead spring model53 that allows us to explore
the behavior of simple spherical molecules or short cha
between bounding solids. Each molecule containsn spherical

-
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TABLE I. Values of the orientation angleu and the corresponding two-dimensional basis vectors
number of atoms per surface layer in the top wall. Both surfaces have hexagonal symmetry. The final
gives the percentage difference between the nearest-neighbor spacings in the two walls.

u bW 1 /dnn bW 2 /dnn
Number of atoms (12dnn8 /dnn) (%)

0° iW (1/2)iW1(A3/2)jW 2304 0

2.02° (588/601)iW1(12A3/601)jW (276/601)iW1(300A3/601)jW 2404 22.1

4.127° (192/193)iW1(8A3/193)jW (84/193)iW1(100A3/193)jW 2316 20.3

6.3° (564/559)iW1(36A3/559)jW (228/559)iW1(300A3/599)jW 2236 1.5

8.2° (48/49)iW1(4A3/49)jW (18/49)iW1(26A3/49)jW 2352 21.03

10.4° (564/571)iW1(60A3/571)jW (192/571)iW1(312A3/571)jW 2284 0.44

14.4° (564/589)iW1(84A3/589)jW (156/589)iW1(324A3/589)jW 2356 21.1

19.1° (20/21)iW1(4A3/21)jW (4/21)iW1(12A3/21)jW 2268 0.79

25.2° (33/37)iW1(9A3/37)jW (3/37)iW1(21A3/37)jW 2368 21.4

30°/90° (6/7)iW1(2A3/7)jW (4A3/7)jW 2352 21.03
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monomers. All monomers interact with each other throug
truncated Lennard-Jones potential:

V~r !5H 4e@~s/r !122~s/r !62~s/r c!
121~s/r c!

6#, r ,r c

0, r .r c .
~3!

The parameterss ande are chosen as the units of length a
energy, respectively. Combined with the monomer massm,
they determine the unit of timetLJ5(ms2/e)1/2. Typical val-
ues for hydrocarbons are:s;0.5 nm, e;30 meV andtLJ
;3 ps. We consider the caser c521/6s to simulate a purely
repulsive potential, andr c52.2s is used to study the effec
of adhesive forces.

Monomers are bound into chains by an additional stron
attractive potential between nearest neighbors on the s
molecule,

VCH~r !5H 2
1

2
kR0

2ln@12~r /R0!2#, r ,R0

` r>R0 ,

~4!

whereR051.5s andk530es22. These parameters are ch
sen to prevent chain crossing as described in prev
work.53 We consider the case of spherical moleculesn
51), and of short chains withn53 and 6. Based on map
pings of the bead-spring model to real molecules,53 this cor-
responds to alkane chains with up to roughly 16 carbo
Substantially longer molecules are unlikely to have suffici
volatility to contribute to the airborn contamination that
present on any surface. Polymers are often placed at in
faces intentionally to act as lubricants. We have not
dressed the behavior of these much longer molecules.

Molecules are confined between two walls formed by
~111! surfaces of fcc crystals directed normal to thez axis.
Wall atoms are connected to their lattice sites with springs
stiffnessks in order to model elastic deformation in the sim
plest way.54 We consider the completely rigid case,ks5`,
andks5840es22 or 210es22. Both of the latter values cor
respond to relatively compliant solids~Sec. III D!. For ex-
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ample, atT50.7e/kB the root mean squared~rms! displace-
ments about lattice sites calculated from equipartition
about .05s and 0.1s, respectively.55

Wall atoms and fluid monomers also interact with
Lennard-Jones potential but with different characteristic
ergy and length scalessw f andew f , respectively. These ar
varied to determine the effect of molecular size and chem
try on static friction. Direct interactions between atoms
different walls are not included in the simulations. They va
ish identically for the short cutoffr c521/6s used in most of
our simulations, and have a very small effect on calcula
quantities at largerr c . Tests of the effect of wall-wall inter-
actions are discussed briefly in Sec. III F.

Periodic boundary conditions are imposed in the plane
the walls. These periodic boundary conditions prevent
from considering truly incommensurate systems. Howev
the effect of commensurability rapidly decreases as
length of the common period increases.7,9,10,39The degree of
commensurability between the walls is varied in two wa
The first is to rotate the top wall by an angleu about thez
axis (A–C of Fig. 1!. Only the range ofu from 0 to 30°
produces inequivalent results. The second is to retain
alignment of the two lattices (u50°), but tochange the ratio
of the lattice constants of the bottom and top walls fro
unity to 12/13 (D of Fig. 1!.

The simulation cell is a rectangle whose height alongy is
A3/2 times the length alongx, and the@110# direction of the
bottom wall is directed along thex axis. Special values ofu
are chosen that allow both top and bottom surfaces to re
perfect triangular symmetry, and to have nearly the sa
nearest-neighbor spacings. Values for the percentage di
ence between the spacing on the bottom,dnn, and on the top,
dnn8 , walls are given in Table I. The difference is typical
less than 2%, and no trends were seen with the sign or m
nitude of this difference.

The system is thermostatted by coupling to a heat re
voir through Langevin noise and damping terms in the eq
tion of motion.56 Previous work shows that coupling alon
the direction of sliding produces a direct effect on the kine
3-3
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GANG HE AND MARK O. ROBBINS PHYSICAL REVIEW B64 035413
friction, while coupling to the perpendicular componen
does not.7,35,57 Thus only the perpendicular components a
thermostatted. Their equations of motion contain additio
damping and noise terms that are not present for the par
components,

mxẄ'5FW'2mGxẆ'1WW ' , ~5!

whereF is the force from the interaction potentials,G is the
damping constant that controls the rate of heat exchange
the reservoir, andW is the Gaussian-distributed random for
acting on each monomer. The rms value ofW is determined
from G through the usual fluctuation-dissipation relation56

The equations of motion are integrated using a fifth-ord
Gear predictor-corrector algorithm.58 In most cases the time
stepdt50.005tLJ andG50.4tLJ

21 . As discussed in Sec. III A
our measured static friction forces are insensitive to
choice ofG.

The areal density of monomers is specified as the ef
tive coverage on the separate surfaces before they
brought into contact. To avoid ambiguities in the definiti
of the monolayer density, we define the coverage as the n
ber of adsorbed monomers divided by the total number
wall atoms in the surface layers of both walls. A coverage
1/2 means that each wall had half as many adsorbed m
mers as surface atoms before the walls were placed in
tact. After contact the monomers from the two walls w
produce about a monolayer between the walls, because
monomers and wall atoms have roughly the same size in
simulations. This definition assumes that the molecules
flat between the two walls at coverages below 1/2. Simu
tions with realistic potentials59 show that even when films
are a few layers thick short alkane molecules lie flat alo
bounding walls.

To prepare initial configurations, we typically start wi
monomers in a crystalline state, or in the final state o
simulation for different conditions. The system is then hea
to a temperature of 1.9e/kB at a constant pressure of 4es23

until the configuration has randomized~typically 500tLJ). Fi-
nally, the temperature and pressure are ramped to the de
value over 50tLJ and allowed to equilibrate there for 450tLJ .
Results for the static friction are not sensitive to change
this procedure.

B. Determining the static friction

As noted in the introduction, static friction arises becau
the system has managed to lock into a local free ene
minimum. The total energy needed to activate the system
of this free energy minimum increases with increasing s
tem size.60 However, for any finite system, thermal fluctu
tions will eventually lead to activated diffusion in the a
sence of any lateral force. This diffusion has been stud
previously for the same model system used here.9 As dis-
cussed by these authors, the static friction is only w
defined if the limit of infinite system size is taken before t
limit of long times. If the limits are taken in this order, the
the static friction corresponds to the maximum derivative
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the free energy as the system is driven out of its lo
minimum.60 If the order is reversed, the static friction is a
ways zero.

Note that even in the infinite-size limit there may be ra
dependence in the measured static friction. This is beca
the effective free energy surface depends on the degre
which monomers can diffuse between the walls. Based
our recent studies of kinetic friction, we expect that mon
mer diffusion will lead to a weak logarithmic dependence
static friction on measurement time.49 This is analogous to
the logarithmic rate dependence in the apparent yield st
of glassy systems.61

Two methods are used to find the static friction. We c
them ‘‘ramp’’ and ‘‘search,’’ respectively. In both case
simulations are done with the bottom wall fixed and the t
wall under constant normal pressureP. A lateral or shear
stresst is then applied to the top wall at an anglef relative
to thex axis. The equation of motion for the lattice sites
the top wall is integrated in the same way as that for
monomers and wall atoms.62 All lattice sites move togethe
with an effective mass equal to the number of wall ato
times m. Whenks is finite, the force acting on this mass
the sum of the spring forces and the external normal
shear forces. In the case of rigid walls, the force is the sum
the external forces and the interactions between wall ato
and monomers.

In the ramp algorithm, the shear stress is increased f
zero at a constant rate until the wall begins to slide. T
stress at which motion initiates is recorded, and the stres
then decreased at the same slow rate. The wall stops mo
as the force decreases towards zero, and then begins to
again in the other direction when the force is sufficien
negative. The magnitude of this depinning force is record
and the stress is increased once more. This oscillatory
cess is repeated at least 15 times to get a statistical samp
depinning forces. The stress is typically changed at a rat
0.002e/stLJ . This rate must be slow enough that the w
has time to repin as the magnitude of the force drops. It a
sets the accuracy on determining the depinning force,
cause a finite time is needed before motion of the top w
can be detected. In most cases the force is increased unt
wall reaches a relatively high sliding velocity (0.5s/tLJ) and
the depinning point is identified with the end of the la
previous interval of 20tLJ during which the wall moved less
than 0.5s.

In the search algorithm, we first guess upper and low
bounds for the static friction. Then a lateral stress equa
the average of these values is applied to determine whe
sliding occurs.63 The top wall is considered to be stuck if
moves by less than 1s in 100tLJ and to be sliding if it moves
by more than 5s. If it moves an intermediate distance, th
motion is followed for another 100tLJ , and the wall is con-
sidered to be sliding if it moves by more than it did durin
the first 100tLJ . If the trial stress does not lead to sliding
becomes the new lower bound, and if sliding does occur
trial stress becomes the new upper bound. The system is
returned to an identical initial condition, and a stress midw
between the two new bounds is applied. This process is
peated enough times~typically five! to obtain the threshold
3-4
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SIMULATIONS OF THE STATIC FRICTION DUE TO . . . PHYSICAL REVIEW B64 035413
stress with a precision of better than60.02es23. To get
good statistics, different initial configurations are trie
These are generated by allowing sliding to occur for a d
tance of at least 5s and then equilibrating the system at ze
lateral stress for at least 100tLJ .

III. RESULTS

We first consider how technical details of the simulatio
may influence the results. These include the effects of th
mostatting, system size, and the choice between ramp
search algorithms. Then the relevant physical param
space is explored. First the variations with pressure, temp
ture, and wall stiffness are discussed. Then the effects
parameters that are not controlled in experiments are con
ered. These include the wall orientationu, sliding direction
f, coverage, and chain lengthn. Finally, the effect of the
potential parameterssw f , ew f , andr c is explored.

A. Effect of thermostat

As described in the previous section, the wall atoms a
monomers are coupled to a thermostat in order to mainta
constant temperature. The rate of heat transferG is chosen to
be small enough that the thermostat has little effect on
dynamics over the time scale required for the velocity au
correlation function to decay to zero.

The main function of the thermostat is to remove h
generated by sliding friction. Previous work shows that
thermostat has little effect on kinetic friction if it is onl
coupled to the velocity components that are perpendicula
the sliding direction.35,57Our focus here is the static friction
This should be even less sensitive to the thermostat sinc
heat is generated until sliding starts, and this is at a fo
greater than the static friction.

Figure 2 compares results for the static friction as a fu
tion of pressureP for G50.4 and 1.0tLJ

21 . The coverage was
1/2 and the other parameters for these simulations weu

FIG. 2. Yield stress vs pressure for two values of the param
G that controls the rate of heat exchange with the thermostat@Eq.
~5!#. We observed no influence of the thermostat on the yield str
For this data, the coverage is 1/2,u590°, sw f51.0s, ew f51.0e,
r c521/6s, dnn51.2s, T50.7e/kB , and n56. The search algo-
rithm was used, and the simulation cell was 28.8s by 24.9s. Error
bars are indicated when they are bigger than the symbol size.
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590°, ew f5e, sw f5s, r c521/6s, and T50.7e/kB . Note
that results for the two thermostatting rates are equal wit
our statistical error bars. Other tests show that equiva
results are obtained when only the wall atoms are couple
the thermostat.

B. Effect of system size

The phenomenological expressions for friction describ
in the introduction assume that the static friction is given
a yield stress times the area of contact. The regions of di
molecular contact between macroscopic solids typically h
diameters of order microns.19–21,24It is important to establish
that yield stresses calculated at the much smaller scale
our simulations are representative of larger contacts. It is a
interesting to consider how friction forces would change
the contact dimensions were reduced to nanometer scal

Figure 3 compares results from the ramp and search a
rithms and shows how both scale with contact size. Value
the yield stressts at P512 and 28es23 are plotted as a
function of the inverse width of the simulation cell. The la
ter is expressed asA21/2 whereA is the area in thex-y plane.
Given s;0.5 nm, the largest contact widths~smallest val-
ues ofA21/2) correspond to 50 nm and the smallest widths
about 10 nm.

We first consider how contact area affects the variatio
in the stress needed to initiate sliding from different init
configurations. Points indicated by stars and squares indi
the maximum and mean forces needed to initiate sliding
P528es23 with the ramp algorithm. Note that the differ
ence between the extreme and average yield stresses
creases rapidly with system size and is about 10% for
largest systems. This indicates that the distribution of yi
stresses is well-behaved and can be thought of as ari
from an incoherent sum of contributions from different r

er

s.

FIG. 3. Mean yield stress as a function of the inverse square
of the areaA of the periodic simulation cell for the ramp~squares!
and search~circles! algorithms atP512es23 ~closed symbols! and
P528es23 ~open symbols!. The maximum stress needed to initia
sliding from any initial condition atP528es23 is indicated by
asterisks for the ramp algorithm. Simulations were done with ri
walls at 1/2 coverage,u590°, sw f5s, ew f5e, r c521/6s, dnn

51.2s, T50.7e/kB , andn56. Statistical errors are indicated b
the symbol size.
3-5
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GANG HE AND MARK O. ROBBINS PHYSICAL REVIEW B64 035413
gions of the contact. The same trend is seen for the m
mum and mean values from the search algorithm, but
fluctuations are slightly smaller.

In both algorithms the smallest system sizes tend to p
duce larger mean stresses. However, as assumed in phe
enological theories of friction,13,17,19the mean values of the
yield stress for all pressures and algorithms become inde
dent of area as the contact size diverges. As shown in Fig
finite size effects are larger for higher pressures. This ma
because of the fact that the energy barrier for monomer
move between metastable states increases with pres
making them more likely to get stuck in high-energy stat
Finite-size effects also grow rapidly as the coverage
creases, since there are then fewer monomers at the
wall area.

Note that yield stresses from the ramp algorithm tend
be consistently higher than those from the search algorit
At P528es23 the difference appears to reflect larger finit
size effects for the ramp algorithm. However, the differen
between the two algorithms is nearly independent of sys
size forP512es23. The reason for this discrepancy is th
it takes time for the wall to accelerate once the static frict
is exceeded. One can only be sure that the wall has sta
sliding when it has moved by a fews. With the ramp algo-
rithm the force has increased to a higher value by this po
Attempts to extrapolate back to the onset of motion o
partially corrected for this offset. Decreasing the ramp r
reduces the error, but also lengthens the simulation time
portionately. The search algorithm reduces the effec
ramp rate to zero and efficiently converges on the yi
stress.

For the above reasons the search algorithm is used
most of the following plots. Except where noted, the seco
to smallest system size of Fig. 3 is used. The surface of e
wall then has 576 atoms and the simulation cell is 28.8s by
24.94s for the usual case ofdnn51.2s. Larger system sizes
are used mainly at low coverage in order to ensure that
deviation of the yield stress from the thermodynamic limit
comparable to statistical uncertainties. Larger systems
allow a greater number of rotation anglesu to be studied.

C. Effect of temperature and pressure

Figure 4 shows the yield stress vs pressure for a cove
of 1/2 over a broad temperature range fromkBT/e50.3 to
1.3. For reference, the triple point and critical temperature
Lennard-Jones monomers withr c→` are about 0.7 and
1.3e/kB , respectively,58,64and the zero-pressure glass tran
tion temperature for short Lennard-Jones chains is betw
0.4 and 0.5e/kB .65–67 The bulk melting temperature
of short-chain hydrocarbons are on the order of ro
temperature.

Note thatts increases linearly with pressure at eachT, as
assumed in Eq.~1!. For representative values ofe
530 meV and s50.5 nm, the unit of pressurees23

;40 MPa. Thus the highest pressures in Fig. 4 corresp
to about 1.5 GPa. In those cases that we checked, line
extended up to much larger pressures~at least 100es23).
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However, these pressures were not routinely studied bec
a smaller time step is needed to integrate the equation
motion at larger pressures.

The plots of yield stress vs pressure at different tempe
tures in Fig. 4 are nearly parallel, but their intercepts sh
rapidly with temperature. Results from fits to Eq.~1! are
shown in Fig. 5. The slopea drops by only 16% with in-
creasingT, while the interceptt0 is roughly proportional to
T. Linear fits as a function of temperature give

a5~20.005760.0007!
kBT

e
1~0.033860.0006!,

t0

~es23!
5~20.21460.013!

kBT

e
1~0.01560.011!. ~6!

FIG. 4. Variation of yield stress with pressure at the indica
temperatures. In each case,ts rises linearly withP. The size of
typical statistical errors is indicated by the symbol size. Errors
slightly larger at the highest pressures. Simulations were done
the search algorithm for rigid walls, 1/2 coverage,u590°, sw f

5s, ew f5e, r c521/6s, dnn51.2s, andn56.

FIG. 5. Values ofa and t0 as a function of temperature from
fits of Eq.~1! to the data of Fig. 4. Dashed lines show the linear
to the temperature dependence given in Eq.~6!.
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SIMULATIONS OF THE STATIC FRICTION DUE TO . . . PHYSICAL REVIEW B64 035413
An explanation for the nearly constant value ofa is pre-
sented in Sec. III F. In the remainder of this subsection
focus on the variation oft0.

At eachT, the linear fit for yield stress vs pressure cross
through zero at a threshold pressurePt52t0 /a. Above this
pressure we find a well-defined yield stress in the thermo
namic limit. BelowPt , the adsorbed layer acts like a lubr
cating liquid, with a shear stress that vanishes as the s
rate decreases.49 In this regime, the bounding walls are fa
enough apart that molecules diffuse freely and do not l
the two walls into a local energy minimum. From the
parameters in Fig. 6 we see thatPt rises roughly linearly
with T. This is because the simulations usedr c521/6s,
which corresponds to the hard sphere limit. In this regi
pressures are balanced only by entropic forces and thus
scale linearly with temperature. Attractive interactions a
considered in Sec. III F

Most of the following simulations were done atT
50.7e/kB . Given the results just described, we expect t
the same trends would be observed at other temperature
is important to note that static friction is observed at te
peratures far above the bulk melting points of the adsor
layers, since the temperature in real contacts may be
above the bulk melting point of short chain hydrocarbons

D. Effect of wall stiffness

As described in Sec. II A, wall atoms were connected
lattice sites by springs with stiffnessks , or fixed rigidly to
these sites (ks→`). Decreasingks has two competing ef-
fects on the static friction. One is to make it easier for t
two surfaces to deform into a structure with a common
riod. This tends to increase the yield stress. However, stu
with bare walls found that unrealistically small values ofks
were needed to produce a finite static friction.9 Decreasingks
also decreases the yield stress by allowing wall atoms to
pushed out of the way. In our simulations the second ef
always dominates, andts decreases asks decreases. This is
consistent with a recent analytic theory for static friction.39

Figure 6 shows results for systemsC and D of Fig. 1 at
kBT50.7e. In each case, the yield stress rises linearly w
pressure and decreases monotonically withks . The value of
a drops by up to 50% asks decreases from infinity to
210es22. Note that forks5210es22 the rms displacemen
about lattice sites~Sec. II A! is near the usual Lindeman
criterion for melting,55 so much weaker values ofks would
be unphysical. To minimize computer time and the num
of free parameters, we used rigid wallsks→` in the follow-
ing sections.

E. Effect of wall orientation, coverage, and chain length

Calculated values of the static friction for bare surfac
vary dramatically with wall geometry.7,34,68The yield stress
equals that of a bulk crystal for identical aligned surfac
(u50°) and is identically zero for incommensurate orien
tions. Most experiments do not control the wall orientatio
and yet measured friction coefficients between nominally
surfaces vary by roughly 10% within the same laborat
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and by 20% between laboratories.24,69 Another factor that is
not controlled in most experiments is the density and che
istry of adsorbed molecules, although humidity is controll
in some cases. If adsorbed molecules are crucial in determ
ing the static friction, the friction they produce must be re
tively insensitive to the wall orientation, sliding direction
coverage, and chain length.

Figure 7 shows the yield stress as a function of press
for the different walls shown in Fig. 1. At low coverage
@Fig. 7~a!#, the friction is nearly identical for all incommen
surate walls. The friction for commensurate walls is rough
four times higher, but much less than the value for b
walls. At a coverage of 1/2@Fig. 7~b!#, the difference in the
yield stresses for different incommensurate walls increase
roughly 20%. A similar variation with the direction of slid
ing (f50 or 90°) is seen. Most of this variation is due
changes int0 and all the curves are nearly parallel. Fit valu
of a, which dominates the high-pressure friction, on
change by about 5%.

The greater variability at coverage of 1/2 arises beca
this case corresponds to a dense monolayer between the
faces. Molecules cannot pick and choose which portions
the surface to cover. As a result the friction is higher f
geometriesB andD, where there are larger regions where t
walls look commensurate and molecules can easily lock
registry with both surfaces. The friction is smallest for g
ometry C, where there is almost no region where the tw
walls are in registry.

Figure 8 shows the yield stress vs pressure at differ
coverages for the extreme case of geometryC (u590°).

FIG. 6. Yield stress vs pressure for the indicated values of
stiffnessks of the springs coupling wall atoms to lattice sites. T
top panel shows results foru590° (C of Fig. 1! and the bottom
panel shows results foru50° butdnn/dnn8 512/13 (D of Fig. 1!. In
each case, decreasing the stiffness decreases the yield stress.
results are from the search algorithm with 1/2 coverage,sw f5s,
ew f5e, r c521/6s, dnn51.2s, andn56.
3-7



u
ti

th
u

wi
o
nd

s of
be

ght
ose

of
can
ls.
the
ws

te-
es

ess
s-

gth

on.

les

their
is
me
are

he
ol-
the

es

as

wi
ot
o
fr

ain

e

the

GANG HE AND MARK O. ROBBINS PHYSICAL REVIEW B64 035413
Note that the yield stress exhibits the usual linear press
dependence at all coverages, and that most of the varia
with coverage is in the interceptt0. The value ofa stays
within 15% of the mean value 0.030. At each pressure,
friction decreases as the coverage rises from 1/8 to 1/2. D
ing this increase in coverage, more and more of the sites
poor registry must be occupied. The friction goes down t
minimum value at a complete monolayer which correspo

FIG. 7. Shearing direction and orientation dependence for~a!
1/8 coverage and~b! 1/2 coverage. The symbol shape indicat
which of the geometries in Fig. 1 were used~see legend!. Open and
closed symbols are for lateral force applied along thex (f50°)
and y (f590°) directions, respectively. The ramp algorithm w
used in~a! and the search algorithm was used in~b!. The potential
parameters weresw f5s, ew f5e, r c521/6s, dnn51.2s, and n
56.

FIG. 8. Yield stress vs pressure for the indicated coverages
systemC (u590°) where the largest variation was observed. N
that a coverage of 1/2 on each separated surface produces ab
monolayer when the surfaces are placed in contact. Results are
the search algorithm withsw f5s, ew f5e, r c521/6s, dnn51.2s,
andn56.
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to about 1/2 coverage. If the difference between the size
the monomers and wall atoms was bigger, locking would
frustrated even in the areas with good registry. This mi
lead to even smaller variations with coverage than th
shown here.

As coverage rises from 1/2 to 1~about two monolayers!,
the friction rises once more. The reason is that two layers
molecules have more internal degrees of freedom and
lock more easily into simultaneous registry with both wal
For this range of coverages yield continues to localize at
surfaces of the walls. Previous work on thicker films sho
that yield can move into the film as thickness increases.62,70

In this limit ts approaches the bulk yield stress of the ma
rial making up the adsorbed layer, and eventually becom
independent of the coverage. Note that the bulk yield str
of polymeric materials is also found to follow the linear pre
sure dependence of Eq.~1!.61

Figure 9 illustrates the interplay between the chain len
and coverage dependence. At small coverages@Fig. 9~a!#,
there is little dependence on chain length or wall orientati
For a complete monolayer@Fig. 9~b!#, chains withn53 and
6 show nearly the same behavior, while spherical molecu
(n51) show a dramatically reduced friction anda. This
suggests that the spheres are more constrained by
neighbors from locking into registry with the walls. Th
may reflect the fact that although all films contain the sa
number of monomers at a coverage of 1/2, the spheres
closer to their true equilibrium monolayer density than t
chains. The reason is that the strong bonds within chain m
ecules lower the equilibrium spacing and thus increase

th
e
ut a
om

FIG. 9. Yield stress vs pressure for the indicated values of ch
lengthn at coverage of~a! 1/8 and~b! 1/2. Open~closed! symbols
are for systemC (B). The potential parameters weresw f5s, ew f

5e, r c521/6s, and dnn51.2s. Error bars are comparable to th
system size and the ramp~search! algorithm was used for the top
~bottom! panel. Except for spherical molecules at 1/2 coverage,
friction is insensitive to chain length.
3-8



tw
m
s

ion
m
in
k
n
s

n

e

-
2
t

s
fo
a

s

ria
a-

T
.
ll
e

0

i-
on
at
s

all
ied
ate

if-
the
in

s in
rac-

the
ed

ve

ten-
he

r

he-
ov-
trib-

s

ov-

n

SIMULATIONS OF THE STATIC FRICTION DUE TO . . . PHYSICAL REVIEW B64 035413
equilibrium density at a given pressure. The presence of
different types of bonds in chain molecules may also i
prove their ability to rearrange to lock into both surface
Another possibility is that chains produce a greater frict
because of the strong intramolecular bonds. If one mono
in the chain is locked to the bottom wall and another is
registry with the top wall, the intramolecular bonds will loc
the two walls together. This process has no analog for mo
mers and is particularly important as the coverage increa
beyond a monolayer.

Figure 10 shows the static friction as a function ofu at a
single pressure,P524es23. This large pressure was chose
to maximize the contribution ofa to the yield stress. Onlyu
between 0 and 30° are shown because other angles ar
lated by symmetry.

The commensurate caseu50° shows a much larger fric
tion than any of the incommensurate systems. Even a
rotation reduces the friction to a value that is comparable
those at other values ofu. The same sharp transition wa
seen for coverages from 1/8 to 1. The data shown is
coverage of 1/2 where the variation of the yield stress
incommensurateu has already been shown to be the large
Even in this case the variation is less than620%, which is
comparable to experimental variations. The smaller va
tions of yield stress withu at a coverage of 1/8 are comp
rable to our statistical error bars.

The sliding directionf also has relatively little influence
on the yield stress between incommensurate surfaces.
orthogonal directionsf50° and 90° are shown in Fig. 10
The difference between them is most pronounced at smau,
where f50° corresponds to pulling nearly parallel to th
nearest-neighbor direction in each wall, andf590° to pull-
ing along the perpendicular direction.

Figure 11 shows the variation withf in more detail for
coverage of 1/2 andu510.4°, where the variation in Fig. 1
is large. The data are symmetric aboutf5u/2, which is the

FIG. 10. Yield stress as a function of orientation angleu at P
524es23 for sliding along thex andy axes~down and up triang-
iles, respectively!. The commensurate case corresponds tou50 and
the smallest nonzero angle shown here is 2.02°. These result
from the search algorithm with 1/2 coverage,sw f5s, ew f5e, r c

521/6s, dnn51.2s, and n56. The simulation cell was 57.6s by
49.9s.
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direction of a twofold axis. This direction gives the max
mum friction, and the yield stress drops to a plateau value
either side. The variation is within our statistical errors
low pressures and is less than620% at the largest pressure
studied. As in Figs. 7~b! and 10, sliding along thex axis
leads to higher friction than sliding alongy ~equivalent to
f50 and 30°, respectively!.

Note that when the yield stress is exceeded the top w
does not always move exactly in the direction of the appl
force. This effect is most pronounced for the commensur
case, but is also seen at smallu.

F. Effect of interaction potentials

Experimental results for different sliding surfaces and d
ferent surface layers show much larger variations than
fluctuations for a given material system. Such changes
material would correspond to changes in the parameter
our interaction potentials such as the strength of the inte
tion between the wall and fluidew f , the characteristic length
of this interactionsw f , the range of the interactionr c , and
the nearest-neighbor spacingdnn in the walls. Other struc-
tural properties and the elastic moduli and hardness of
solids may also be important, but are not easily includ
within our model.

The results shown so far were all for purely repulsi
potentials,r c521/6s. Increasing the cutoff tor c52.2s in-
cludes most of the attractive tail in the Lennard-Jones po
tial. This attractive tail leads to an adhesive force pulling t
walls together in addition to the external pressureP. As
shown in Figs. 12~a! and 12~c!, the yield stress results fo
r c52.2s lie parallel to results forr c521/6s and could be
obtained by shifting the zero of pressure to reflect the ad
sive stress. The required shift increases with increasing c
erage because the density of adsorbed molecules that con
ute to the adhesive interaction increases.

When the above results are fit to Eq.~1!, the value ofa is
independent ofr c , and the value oft0 increases with the

are

FIG. 11. The yield stress vs the anglef between the applied
stress and thex axis for P512es23 ~circles! and 32es23

~squares!. These results are from the search algorithm with 1/2 c
erage,sw f5s, ew f5e, r c521/6s, dnn51.2s, andn56. The simu-
lation cell was 57.6s by 49.88s. Error bars are only shown whe
they are larger than the symbol size.
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GANG HE AND MARK O. ROBBINS PHYSICAL REVIEW B64 035413
amount of adhesion. For purely repulsive interactionst0 is
negative because a finite pressure is needed to lock the
sorbed layers in a glassy state~Sec. III C!. When r c is in-
creased to 2.2s, a glass forms at zero pressure, and the va
of t0 is positive. Many authors refer tot0 as the adhesive
contribution to friction, and it is obvious thatt0 /a repre-
sents the effective adhesive pressure that must be add
the external pressure to get strict proportionality between
friction and total load.

These simulations did not include the direct interactio
between atoms from different walls. As noted in Sec. II
the wall spacing is large enough (.1.5s) that the direct
interaction vanishes forr c521/6s. Even for r c52.2s, wall
interactions have little effect. For example the extra adhes
pressure due to wall/monomer interactions ist0 /a;5es23

for 1/2 coverage@Fig. 12~a!#. Direct calculation of the extra
adhesive pressure due to interactions between atoms on
ferent walls yields a value that rises from 0.4 to 1.3es23

over the observed range of wall separations. Correcting
external pressure to account for this interaction wo
changea by less than 3%.

Panels~b! and ~c! of Fig. 12 show that doubling the
strength of the potential between the surfaces and monom
has almost no effect on the yield stress. The main factor

FIG. 12. Yield stress vs pressure for various choices of
potential parameters in systemC with n56. The coverage is 1/2 in
~a! and ~b! and 1/8 in~c!. Unless noted, the default values ofsw f

5s, ew f5e, dnn51.2s, and r c521/6s are used. Each of thes
parameters was changed in turn and the corresponding result
labeled by the changed value. The search algorithm was use
the data in~a! and ~b!, and the ramp algorithm was used in~c!.
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changesa is the ratio between the characteristic separat
between wall and fluid atomssw f and the nearest-neighbo
spacing between wall atoms,dnn. The value ofa rises
monotonically assw f /dnn decreases. For the cases showna
changes by an order of magnitude. Smaller values ofa are
obtained by increasingsw f /dnn further, but it is difficult to
increasea for this geometry. The reason is that the adsorb
molecules begin to penetrate into the wall whensw f /dnn is
too small. Other crystallographic orientations of the surfa
such as~100!, may produce larger values ofa. Flat but dis-
ordered surfaces produce values ofa as high as 0.3.39,48

The strong effect ofsw f /dnn and weak effect ofew f /e
suggest a geometric origin ofa that is analogous to early
geometric theories for Amontons’s laws12 and to Israelach-
vili and co-workers’s cobblestone model.17,25 At pressures
where the adsorbed layer acts like a glass, the repulsive
of the Lennard-Jones interaction dominates. The repuls
force between monomers and wall atoms at a separationr is
given by F rep548(ew f /sw f)(sw f /r )13. The mean value of
F rep must scale as the pressure divided by the covera
Hence, changingP or coverage by a factor of 2 only change
the typical separation between monomers and wall atoms
a factor of 21/13 or 5%. Changingew f by a factor of 2 leads
to the same small change in separation. In contrast, the s
ration changes by a factor of 212/13'1.9 with a factor of 2
change insw f . Thus monomers and wall atoms can
thought of as hard spheres whose diameterD is nearly inde-
pendent of pressure andew f , but directly proportional to
sw f .

Figure 13 illustrates the effect of changing the ratio b
tween the hard sphere diameter and the nearest-neig
spacingdnn. The hard-sphere repulsion leads to a surface
closest approach between a monomer and the wall. In o
for the monomer to slide relative to the wall it must be lifte
up the ramp formed by this surface. The lateral force
quired to move monomers up the ramp is just the norm
load times the slope of the surface. Thusa will be propor-
tional to some average of the slope over all monomers.39 As
D/dnn decreases, monomers penetrate more deeply betw
the surfaces and both the slope anda increase. This is pre-
cisely the trend seen in Fig. 12. Thus the hard-sphere m
explains the linear dependence oft on pressure as well as th
insensitivity toew f and coverage, and the variation withsw f
anddnn.

IV. SUMMARY AND CONCLUSIONS

The results presented in this paper explore the effect
specific type of third-body, small adsorbed molecules, on

e

are
for

FIG. 13. Sketch of surface of closest approach forD/dnn50.7
~solid line! and 1.3~dashed line!. The lateral force required to lift
monomers up the ramps that these surfaces represent is given b
slope times the normal force.
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SIMULATIONS OF THE STATIC FRICTION DUE TO . . . PHYSICAL REVIEW B64 035413
friction between the bounding solids. The effect of tempe
ture, coverage, crystalline alignment, lattice constant, sys
size, molecular size, and interaction potential parame
were all examined.

The first important result is that static friction is observ
for all systems—even when the static friction between b
walls is identically zero. The shear stress needed to init
sliding approaches a constant value in the thermodyna
limit ~Fig. 3! and follows the linear pressure dependence@Eq.
~1!# seen in many experimental systems. Moreover, the s
stress is insensitive to parameters that are not controlle
most experiments, including crystalline alignment, covera
and sliding direction. Even under conditions where the va
tions with these parameters are largest, the changes are
parable to typical experimental variations between differ
samples and laboratories.24,69This is an important test of an
molecular scale model for friction.

The value oft0 in Eq. ~1! is increased by attractive inter
actions between the monomers and walls or between the
walls. The adhesive interaction was increased both by
creasing coverage~Fig. 8! and by increasingr c to increase
the contribution from the attractive tail in the Lennard-Jon
potential ~Fig. 12!. Increasing the temperature~Fig. 5! in-
creases the entropic repulsion and lowerst0.

For each system there is a pressurePt52t0 /a below
which the adsorbed layer acts like a liquid lubricant~Sec.
III C !. When the attractive tail of the Lennard-Jones poten
is included~larger c), the value ofPt for submonolayer films
is negative up to quite high temperatures. This implies t
the film will be in a glassy state under any positive loa
and explains the counterintuitive result that introduci
a thin layer of ‘‘lubricant’’ produces static friction
Experiments3,4,17,18and simulations7,8,59,62with many differ-
ent molecules show that films must be several monolay
thick before they change from glassy to liquid behavior a
begin to provide lubrication. It would be interesting to e
plore whether lubricating behavior could be extended to s
monolayer films through use of specially tailored molecu
or elevated temperatures.

All of the observed trends ina can be understood in term
of a simple geometrical model where monomers act like h
spheres. Within this model,a only depends on the har
sphere diameter and the wall geometry. Parameters suc
pressure, temperature, wall/monomer coupling energy,
r c have almost no effect on the hard sphere diameter
thus a. In contrast, changes insw f or dnn produce direct
changes in the geometry and changea dramatically ~Fig.
12!. Smaller shifts ina are produced by changes in covera
that alter the ability of the hard spheres to pack into a c
figuration that locks into both walls~Fig. 8!.
-
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Simple model potentials were used for the adsorbed m
ecules and surfaces in this study, in order to allow a w
range of parameters to be investigated. More realistic mo
will have more complex interactions and multiple atom
species. This will complicate the geometry, but one expe
that the basic idea of an effective surface of closest appro
defined by hard-sphere repulsions will still be valid at t
pressures of interest. This naturally produces static frict
and a shear stress that obeys Eq.~1!. Indeed the same pictur
can be applied to larger particles between bearing surfa
such as dust, sand or wear debris.

While our geometric argument fora bears some similar-
ity to earlier models based on interlocking of macroscopi12

or atomic17,25 asperities, there is an important differenc
These previous models envisioned asperities that were
idly attached to their respective surfaces and would trans
with them. The mobile atoms considered here and in pre
ous work,9,39,48,49rearrange to create interlocking configur
tions for any relative position of the surfaces. Not only do
this explain why static friction can occur between surfac
with uncorrelated asperities, it also makes it possible to c
nect static and kinetic friction.

As pointed out by Leslie12,71 in 1804, interlocking of rigid
asperities can explain static friction, but predicts vanish
kinetic friction. The reason is that the energy needed to m
up ramps is recovered as the asperities move back down
the total work required to slide the surfaces vanishes. T
situation is very different when the interlocking occurs d
namically through motion of adsorbed molecules. As sho
in recent works,39,49 at any given instant almost all of th
mobile molecules are trapped in local free energy minim
Since lateral motion of the walls increases their ene
within this minimum they contribute to the friction. The k
netic and static friction are closely related because the di
bution of molecules in free energy minima is nearly t
same. The difference is that when the walls are moving
fixed velocity the local minimum holding each molecu
eventually becomes unstable. It then pops forward rapidly
the nearest metastable state. Much of its energy is dissip
in this pop because molecules pop forward at different lo
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