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Scanning force microscopies �SFM� are being routinely used to examine the mechanical and tribological
properties of materials with the goal of obtaining information, such as Young’s Moduli and shear strengths
from the experimental data �Unertl, J. Vac. Sci. Technol. A 17, 1779 �1999��. Analysis of data obtained from
an SFM experiment typically requires the use of continuum mechanics models to extract materials properties.
When applying these models care must be taken to ensure that the experimental conditions meet the require-
ments of the model being applied. For example, despite many successful applications of the Johnson-Kendall-
Roberts �JKR� model to SFM data, it does not take into account the presence of a compliant layer on the
sample surface. Recent AFM experiments that examined the friction of self-assembled monolayers �SAMs�
have confirmed that friction versus load data cannot be fit by the JKR model. The authors suggest that the
penetration of the SAM by the tip gives rise to an additional contribution to friction due to “plowing” �Flater
et al., Langmuir 23, 9242 �2007��. Herein, molecular-dynamics simulations are used to study atomic contact
forces between a spherical tip in sliding contact with a SAM. These simulations show that different regions
around the tip contribute in unanticipated ways to the total friction between the tip and the monolayer and
allow for the number and location of monolayer atoms contributing friction to be determined. The use of
atomic contact forces within the monolayer, instead of forces on the rigid tip layers, allows for the contribu-
tions to friction force �and load� to be deconvoluted into forces that resist �repel� and assist �attract� tip motion.
The findings presented here yield insight into the AFM experiments of SAMs and may have important con-
sequences for the adaptation of continuum contact models for the contact between a sphere and surface where
penetration into the sample is possible.
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I. INTRODUCTION

Single-asperity contact measurements have proven to be a
very useful tool for examining mechanical properties1,2 and
nanotribology at well-defined interfaces.3–18 The AFM is the
most widely used technique for these studies because forces
and displacements of the tip and sample can be accurately
measured.18 In addition, the AFM has been used extensively
to examine the nanotribological properties of self-assembled
monolayers �SAMs� because SAMs provide a flexible,
convenient, and simple system with which to tailor the
interfacial properties of metals, metal oxides, and
semiconductors.19,20 In addition to being promising candi-
dates for boundary-layer lubricants in nanoscale devices,
such as microelectromechanical systems �MEMS�,21 SAMs
are model systems for the study of lubrication at the molecu-
lar level because they form well-packed monolayers.8,19,22

Over the past several years the frictional properties of SAMs
as a function of chain length,9,23–25 packing density
�order�,14,17,26,27 fluorination,16,17,28,29 and terminal
group10,23,30 have been studied extensively using the AFM.
While early work was primarily focused on the nanometer-
scale friction of alkanethiols on Au9,13,14,26,31–34 and alkylsi-
lanes on Si,25,27,35–38 the friction of other types of monolayers
has been recently examined.39

The extraction of materials properties, such as Young’s
Modulus and interfacial shear strength, from AFM data relies
upon the use of contact mechanics models. The application
of these models must be done with careful attention being
paid to the underlying assumptions and limits of each model.

Models that apply to isotropic elastic contacts, such as
Derjaguin-Muller-Toporov �DMT� and Johnson-Kendall-
Roberts �JKR�,40 have been used successfully to interpret
AFM data in cases were interfacial friction is the dominant
contribution to friction.41–51 It should be noted, however, that
the addition of a compliant layer, such as a SAM, to the
substrate complicates the analysis of data obtained with the
AFM. In these cases, it is not expected that the DMT or JKR
models would be applicable and recent experiments27,39,52

have demonstrated that this is the case.
Several contact models have appeared in the literature that

are designed to model compliant layers on hard substrates
under different circumstances.53–58 For example, Johnson
and Sridhar53 extended JKR theory to include a compliant
elastic coating on a compliant substrate while neglecting
friction between the indentor and the surface. Viscoelastic
effects have been incorportated into JKR theory so that the
modulus of elastomeric films could be studied.56 Lin et al.58

modeled the compliant layer as a Neo-Hookean layer. Fi-
nally, Reedy57 developed a model for the contact of a rigid
spherical indentor contacting a thin linear elastic coating to a
rigid substrate. In that model, the ratio of the layer thickness
divided by the radius of the sphere is assumed to be much
less than one. Despite the existence of these models, there
are only a few cases of their successful application to the
AFM data of deformable materials.59–61 This may be due, in
part, to the existence of addition contributions to friction
present in SAMs which are not present in other systems.
Recent experiments have hypothesized that the friction of
SAMs was the sum of the interfacial friction and a plowing
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term, where plowing arises from the compression and dis-
placement of molecules by the tip.27,39

Molecular-dynamics �MD� simulations have been used
extensively to examine the structure and friction of SAMs. A
significant number of early simulations examined the struc-
ture, mechanical, and tribological properties of alkanethiol
monolayers on Au �Refs. 62 and 63� and model organic
monolayers.64 Much of this work has been discussed in a
recent review.65 More recently, the mechanical and tribologi-
cal properties of alkylsilane monolayers66–71 and monolayers
composed of hydrocarbon chains72–80 have been investigated
extensively using MD. These studies have examined the ef-
fects of packing density,69,74,77 sliding speed,70 fluorine and
-OH termination,67,68 the odd-even effect,78 sliding
direction,65,74,77 chain length,65,71,73 and polymerization of
the monolayer chains on friction,76 as well as the periodic
response of the monolayer to sliding.75 Much of the work to
date has utilized the simulation geometry that places two
infinite plates in sliding contact. There are comparitively few
studies that have utilized a finite-sized tip and an infinite
plate geometry.62,65,71,72 In this work, MD simulations were
used to examine the atomic-scale friction between a rigid
spherical indentor and a model SAM composed of alkane
chains on a hard substrate. In particular, the way in which
individual monolayer atoms support the load and contribute
to friction was examined via the use of contact forces. The
results presented here, combined with previous simulations
that have examined the validity of continuum mechanics
models at the nanometer scale,81,82 may prove helpful in the
application, and development, of contact mechanics to sys-
tems with compliant layers.

II. METHOD

To mimic an AFM friction study, a finite-sized rigid
spherical tip was placed in sliding contact with a model
SAM. The monolayer was composed of 270 n-alkane chains
with 14 carbon atoms �−�CH2�13−CH3� attached to a dia-
mond �111� surface in the �2�2� arrangment. This arrange-
ment has been used in our previous studies72,74,77,80 and
yields a packing density that is similar to alkanethiols on
Au�111�.19,20 The plane that contained the monolayer was
75.4 Å by 78.4 Å and periodic boundary conditions were
applied. The diamond substrate contained three layers of car-
bon atoms. The bottom layer of diamond was held rigid, and
a Berendsen thermostat was applied to the remaining dia-
mond layers to maintain the average temperature of the sys-
tem at 290 K.83 The spherical tip was composed of 720 car-
bon atoms, had a radius of �13 Å, and was composed
entirely of five-membered or six-membered rings so that its
shape resembled that of a 720-atom fullerene �Fig. 1�.84

The adaptive intermolecular reactive empirical bond-
order �AIREBO�85 potential was used to calculate the forces
within the MD simulations. The AIREBO potential contains
terms to model covalent bonding, based on the second-
generation reactive empirical bond-order �REBO�
potential,86 torsional terms, and intermolecular terms. The
addition of these terms to the REBO potential significantly
increases the computational time for simulations that use the

AIREBO potential compared to the REBO potential. With
this in mind, the simulation system was carefully designed to
balance the dimensions of the plane containing the mono-
layer with the radius of the spherical tip. The thickness of the
diamond substrate, to which the SAM is attached, was de-
signed to be the minimum number of layers that could be
used to support the SAM and apply the thermostat, while not
adversely influencing the simulation results. Newton’s equa-
tions of motion were integrated using a time step of 0.25 fs.

Once the temperature and potential energy of the mono-
layer and diamond were equilibrated, the tip was introduced
above the monolayer. The entire system was then re-
equilibrated under the target load while sliding. While sev-
eral loads were examined, the contact-force distribtutions are
qualitatively similar for all nonzero applied loads. Therefore,
results for 0 nN and the representative load of 10 nN are
discussed in detail. During the course of this equilibration, a
feedback loop computes the forces between tip and the
monolayer atoms,77 raising or lowering the tip to arrive at the
target load. After the system was equilibrated, the tip was
moved at a constant velocity of 87.1 m/s in the direction of
the chain cant. This velocity is based on the unit cell of the
monolayer, which is 8.71 Å in length. While this sliding
velocity is much higher than the �m /s speeds that are used
in AFM experiments, this speed is consistent with previous
simulation sliding speeds.77,78,80 Moreover, the friction of
alkylsilane monolayers66,67 was shown to be invariant in the
range of computationally accessible sliding speeds �0.2–100
m/s�.

III. RESULTS

The average friction on the spherical tip as a function of
load when it is in sliding contact with the SAM is shown in
Fig. 2. As the load on the tip is increased, the friction in-

FIG. 1. �Color online� Snapshot of the MD simulation system
under a 0 nN load. The spherical fullerene tip �gray� is located
above the monolayer composed of C14 alkane chains, which is at-
tached to diamond �yellow and green�. Hydrogen atoms of the SAM
are shown as spheres and the carbon backbones of the chains and
the diamond are shown in wireframe. Sliding is accomplished by
moving the spherical tip from left to right.
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creases in a linear fashion. The quantity that is most directly
connected with what is measured in an AFM experiment is
the net force on the rigid tip atoms shown in Fig. 2. It can be
difficult to relate this net force on the rigid atoms to events
and structural changes that take place at the interface during
sliding. Recently, it has been shown that there is a negligible
difference between rigid-layer and all-atom forces exerted on
either the tip, or the sample, when averaging over time scales
which are much larger than those associated with the bonded
atom oscillations.78,80 The all-atom forces are composed of
average contact forces on individual monolayer atoms. The
average contact force is defined as the force on a given atom
due to only the tip atoms averaged over 2000 time steps or
500 fs. The sliding simulation is 260 ps; thus, the average
contact force on each monolayer atom is output 520 times
for postsimulation analysis. These average contact forces can
be analyzed in creative ways to yield insight into the way in
which structural features influence friction force.78,80 The
main advantage of using the average contact forces is that the
forces on individual monolayer atoms normal to, and tangen-
tial to, the sliding interface, and the role they play in sup-
porting the load and friction, can be investigated. In particu-
lar, the contributions each atom makes to the total force that
resists the forward motion of the tip can be separated from
the contributions that push the tip in the sliding direction.
Loading forces on each monolayer atom can also be sepa-
rated into repulsive and attractive contributions. For simplic-
ity, hereafter, contact force will refer to the average contact
force on each monolayer atom.

The distribution of contact forces in the loading direction
on the monolayer atoms is shown as a function of distance
from the center of the spherical fullerene tip in Fig. 3. These
distributions are calculated by dividing the plane that con-
tains the monolayer into dy segments, or bins, that are 0.1 Å
wide. The contact forces in the loading direction �Fz� on all
the SAM atoms in a dy bin are summed. The total force in
each bin is divided by the total bin width �dFz /dy�. All time
frames are included in this distribution. �All contact-force
distributions presented here are calculated in this way.� Thus,

integration of the area enclosed by the distribution con-
structed using all the monolayer atoms shown in Fig. 3 yields
the total applied load on the tip. Positive and negative values
of dFz /dy correspond to forces that repel and those that at-
tract the tip, respectively. When the total applied load on the
tip is 0 nN, both the attractive and repulsive regions of the
contact-force distribution are approximately symmetric about
the center of the tip �y=0�. However, the part of the distri-
bution that contains forces that repel the tip contains a shoul-
der centered near y�−3.0 Å and perhaps a second near y
�−6.0 Å. The origin of these shoulders can be determined
by separating the contact forces on the hydrogen monolayer
atoms from the forces on the carbon atoms. The distribution
of repelling forces created from forces on the carbon atoms
�Fig. 4� is symmetric about zero and does not contain a
marked shoulder. In contrast, the distribution created from
the monolayer hydrogen atoms contains a shoulder and is
nearly identical to the all-atom distribution shown in Fig. 3.
It is also clear from examination of the distributions in Fig. 4
that, due to their proximity to the tip, the monolayer hydro-
gen atoms are responsible for the majority of the repelling
forces while the carbon atoms repel the tip to only a small
extent. Because the carbon atoms are farther from the tip, the
scale of the attractive forces is larger than the repelling
forces on these atoms.

Distributions such as the all-atom distribution shown in
Fig. 3 can also be constructed using a subset of monolayer
atoms. For example, the subset composed of the four �n
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FIG. 2. Average friction on the fullerene tip as a function of load
when the tip is in sliding contact with a monolayer composed of C14

alkane chains as shown in Fig. 1.
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FIG. 3. The sum of average contact forces on the monolayer
atoms in the loading direction in a dy slice of the monolayer
�dFz /dy� as a function of distance from a fixed atom at the bottom
center of the fullerene. Repelling �+� and attractive �−� forces are
tracked �and binned� separately. The heavy black lines with the
largest minima and maxima represent the contribution to load from
all monolayer atoms. On average, ten and 452 atoms contribute to
the repelling and the attracting all-atom distributions, respectively.
Integration of the area enclosed by this all-atom curve recovers the
total applied load on the tip �0 nN�. Contributions to load from a
subset of the monolayer atoms that bear the highest load are shown
with thinner black lines, beginning with the atom �n=1� that bears
the highest load. The numbers of atoms used to construct these
distributions, i.e., n=1, n=2, increases with the height of the distri-
bution. The line closest to zero dFz /dy, or n=1, corresponds to the
single atom with the largest load.
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=4� monolayer atoms with the largest normal forces can be
used to calculate a distribution �Fig. 3�. This distribution is
calculated in the same way as the all-atom distribution ex-
cept that for each time frame only the four monolayer atoms
with the largest contact forces in the loading direction are
included. In the region of the distribution composed of repel-
ling forces, the data constructed from this subset of atoms are
nearly identical to the all-atom distribution. In other words,
at any given moment in time when the total load is 0 nN,
four monolayer atoms are responsible for the majority of the
repelling forces on the tip, while many more atoms need to
be included to approach the all-atom attractive portion of the
distribution. In fact, an average of only ten atoms are needed
to construct the all-atom distribution in the repelling region
at this load, while 452 atoms are included on average in the
attractive region of the all-atom distribution.

Because the tip is finite sized, the application of load
causes the fullerene tip to penentrate into the monolayer.
This penetration into the monolayer results in marked
changes in the distribution of contact forces in the loading
direction for all nonzero values of applied load. All the dis-
tributions at nonzero values of applied load possess the same
qualitative features. The distribution when the load is 10 nN
is shown in Fig. 5. The attractive portion of this distribution
is still approximately symmetric about the center of the tip,
although not as symmetric as it was at 0 nN. In contrast, the
portion of the distribution constructed from repelling forces
is skewed in the sliding direction �toward +y values�. Be-
cause the contact force on the monolayer atoms is calculated
while sliding and the tip is “plowing” through the monolayer
at all positive nonzero loads, the chains in front of the tip are
in close proximity to the tip and are being pushed against
other chains in front of the tip. In other words, the interaction
of the hydrogen atoms on the chains with the tip is largely
responsible for the repelling force, and a distribution con-

structed using contact forces on only the hydrogen atoms is
nearly identical to the all-atom distribution shown in Fig. 5.
The carbon atoms that comprise the backbone of the mono-
layer chains are effectively “shielded” from interaction with
the tip by the presence of the attached hydrogen atoms. Thus,
the scale of the repelling forces on the chain-carbon atoms is
smaller than the scale of the attracting forces.

By separating the contributions to the total load in this
way it is clear that when the tip is under a positive nonzero
load, the repelling forces are the largest contributors to the
load on the tip. Nonbonded interactions in the AIREBO po-
tential are modeled using a Lennard-Jones �LJ� potential. Be-
cause the tip is finite, the application of load causes the
fullerene tip to penentrate into the monolayer. This effect has
also been observed in other simulations that model a finite-
sized tip interacting with a SAM.65,72 The magnitude of the
forces in the repulsive portion of this potential change more
dramatically with small changes in distance than in the at-
tractive region. As a result, the disparity between the magni-
tude of the repelling and attracting forces increases as the
load is increased. It is also possible to construct the loading-
force distribution using a fixed number of atoms which make
the greatest contribution to the load �Fig. 5�. At this nonzero
load, of the 101 atoms in repulsive contact, a subset of 32
atoms, which are all hydrogen atoms, makeup a significant
fraction of the repulsive forces, while many more atoms
�1219 on average� would be needed to encompass the attrac-
tive portion of the distribution. In fact, 33 monolayer atoms
with nonzero contact forces in the loading direction account
for 96% of the applied load.

The distribution of contact forces on the monolayer atoms
in the sliding direction are shown in Figs. 6 and 7. Positive
and negative force values are plotted as separate distributions
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FIG. 5. The distribution of average contact forces in the loading
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and correspond to forces that resist tip motion and those that
“push” the tip in the sliding direction, respectively. When the
contact forces are plotted as in Figs. 6 and 7, the net friction
force is obtained by taking the sum of the area under the
all-atom resisting and pushing distributions. Thinner lines in
Figs. 6 and 7 corrrespond to distributions constructed using a
subset of monolayer atoms with the largest contact forces.

Both the 0 nN and 10 nN sliding-force distributions con-
tain four regions: a region of resisting �+� and pushing �−�
forces in front of the tip and regions of positive and negative
forces behind the tip. Atoms in front of the tip �+y values�
naturally oppose the motion of the tip moving past them.
When these atoms are in close proximity to the tip, they
interact via the hard-wall portion of the LJ potential. This
hard-wall interaction gives rise to the �+� values of contact

force in front of the tip �+y� in both the 0 nN and 10 nN
sliding-force distributions �Figs. 6 and 7�. Because the appli-
cation of load causes the tip to penetrate into the monolayer,
it must plow through the monolayer, passing over some
chains and pushing others out of the way. The monolayer
atoms in this region of the distribution with the largest resist-
ing forces are shown in Fig. 8�b� for the case when the load
is 10 nN. It is clear from this figure that the tip is “plowing”
through the monolayer. As a result, the magnitude of the
contact forces in front of the tip are much larger at 10 nN
�Fig. 7� than the magnitude of that type of force at 0 nN �Fig.
6�. In fact, as the load is increased, the magnitude of the
forces in this region of the histogram grows accordingly.

When the tip passes over, or by, the monolayer atoms, the
tip and the monolayer still interact via the hard-wall portion
of the LJ; however, the sign of the force changes to �−�. As a
result, atoms behind the tip �−y values� are able to extert a
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FIG. 8. �Color online� The simulation system viewed from the
side under a 10-nN load. The tip moves from left to right to simu-
late sliding. The 32 monolayer atoms with the largest �a� repelling
and �b� resisting forces are represented by black and pink spheres,
respectively. Dots represent atoms with nonzero values of contact
force. The remaining tip and the monolayer atoms are shown in
wireframe.
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force on the tip in the sliding direction that aids the motion
of the tip. These regions of �−� force behind the tip are ap-
parent in both the 0 nN and the 10 nN distributions �Figs. 6
and 7�. Because this force is “pushing” the tip in the sliding
direction, it reduces the net friction force experienced by the
tip. The scale of the forces in the two regions of the contact-
force distribution that arise from the hard-wall portion of the
LJ potential are larger than the scale of the forces in the
remaining two regions of the distributions discussed below.
This disparity increases with the application of load. It fol-
lows that these types of interactions are the largest contribu-
tors to the net friction force experienced by the tip. It should
also be noted that when the load on the tip is 10 nN �Fig. 7�,
there is a pronounced difference in the scale of the resisting
forces �+� in front of the tip compared to the scale of pushing
forces �−� behind the tip. This is not the case at 0 nN.

As with the loading distributions, it is possible to con-
struct distributions of forces in the sliding direction using a
subset of monolayer atoms with the largest contact forces.
These distributions are represented by the series of lines la-
beled n=1,2 ,4, etc. in Figs. 6 and 7. As more and more
atoms with nonzero contact forces are considered, the shape
of these partial-atom distributions approaches that of the dis-
tribution constructed using all the monolayer atoms. For ex-
ample, the distribution constructed from the 32 atoms with
the largest resisting forces in front of the tip is very similiar
to the all-atom distribution �Fig. 7�. This is also the case for
the pushing �−� forces behind the tip. In other words, when
the load on the tip is 10 nN, at any point in the sliding
simulation, there are only 32 atoms that contribute signifi-
cantly to the total contact force that resists tip motion in front
of the tip and that pushes the tip from behind in the sliding
direction. In fact, these 32 atoms account for 88% of the total
friction. It should be noted, however, that at any given time,
a given atom is either pushing or resisting the tip. All of
these atoms are hydrogen atoms attached to the carbon atoms
within the alkane chains, and the majority of these atoms
differ from the atoms that support the largest fraction of the
load �Figs. 8�a� and 8�b��. The “zigzag” nature of the carbon
backbone of each chain places every other -CH2- group in an
orientation that gives particularly strong resisting contact
with the tip at nonzero loads during plowing. Referring to the
terminal -CH3- group of each C14 chain as the 14th group
and labeling the -CH2- groups 13, 12, 11,…, then it is groups
13, 11, and 9 that are primarily responsible for the five well-
defined shoulders �Fig. 7� in the resisting-force distributions
as these groups interact at particular “catching” regions as-
sociated with the structure of the fullerene tip.

In contrast, at 0 nN the tip is not plowing through the
monolayer �Fig. 1�. In this case, the shape of the all-atom
distributions can be approximated by including far fewer
monolayer atoms in the distributions �Figs. 6�. The atoms
that contribute most to the resisting portion of the distribu-
tion in front of the tip and the pushing distribution behind the
tip are hydrogen atoms directly below the tip.

The remaining two regions of the sliding-force distribu-
tions correspond to the resisting forces �+� behind the tip
�−y� and to the pushing forces �−� in front of the tip �+y�.
Both of these types of forces arise from interactions in the
attractive region of the LJ potential. When the tip has passed

by a monolayer atom, the distance between the monolayer
atom and the tip increases so that the interaction is governed
by the attractive region of the LJ. Because the force is attrac-
tive, the monolayer atom resists the motion of the tip moving
away from it. These forces correspond to the resisting �+�
forces at negative values of tip position in the distribution. In
front of the tip, there are monolayer atoms that are far
enough in front of the tip to be in the attractive region of the
potential. This attractive force “pulls” the tip in the sliding
direction and is, therefore, classified as a pushing force at
positive values of tip position. These two regions are appar-
ent in both the 0 nN and the 10 nN distributions �Figs. 6 and
7�. These two regions of the distribution are direct conse-
quences of the finite size of tip and are not apparent in
contact-force distributions when an infinite amorphous car-
bon counterface is in sliding contact with a monolayer77,80 or
when a lubricant was squeezed between a tip and a surface
governed by purely repulsive interactions.87

In contrast to the regions of the distributions that arise
from interactions with the hard wall of the LJ, the regions
that arise from attractive interactions involve large numbers
of atoms. For example, examination of Fig. 7 reveals that the
distribution constructed from the 32 atoms with the largest
forces does not overlap with the all-atom force distribution.
In other words, due to the long-range nature of the attractive
portion of the LJ slightly more atoms contribute to these
portions of the distributions. However, because the attractive
portion of the LJ is weaker than the repulsive region, the
scale of the forces in these two regions of the distributions is
much smaller.

IV. DISCUSSION

Single-asperity friction forces obtained with an AFM are
proportional to the true contact area if the friction is domi-
nated by interfacial friction, the shear strength of the inter-
face is constant, and the contact pairs are isotropic linearly
elastic materials.41,43,45,50,51,88,89 In these cases, the friction
varies with load in a nonlinear way. In contrast, the friction
of alkanephosphonic acid SAMs varied linearly with load.39

Two separate hypotheses were put forth to explain this linear
dependence:39 �1� the shear strength of the interface is pres-
sure dependent or �2� friction is dominated by molecular
plowing. In that work, the plowing model was hypothesized
to lead to deformation of molecules localized under the tip
and led to little deformation of the SAM outside the contact.
Thus, the tip must plow through the monolayer during slid-
ing. Plowing was also proposed as a significant contributor
to the friction of octadecyltrichlorosilane monolayers.27 The
simulations presented here yield linear friction versus load
data and the mechanism of sliding is consistent with the
proposed plowing mechanism described by Brukman et al.39

That is, deformation is localized to the region in close prox-
imity to the tip �Figs. 8�a� and 8�b��. Localized deformation
of the monolayer chains in the indentation region has also
been observed in simulations that used single-wall72,90 and
double-wall65 carbon nanotubes to indent alkane monolayers.

A detailed examination of the contact forces �i.e., the
force between each monolayer atom and the tip� in the load-
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ing and sliding directions between a spherical tip and the
model SAM have been carried out. Both the loading and
friction forces at the interface were deconvoluted into their
positive and negative components and examined as a func-
tion of position relative to the tip. This type of analysis al-
lowed for the distribution of forces at the contacting interface
to be elucidated. The contact forces during sliding can be
separated into four categories. In front of the tip, there are
�+� forces that resist tip motion and forces �−� that pull the
tip in the sliding direction. Behind the tip, there are �−�
forces that push tip in the sliding direction and forces �+� that
resist the movement of the tip away from monolayer atoms.
As the tip penetrates into the SAM �i.e., the load increases�,
the scale of the forces �+� that resist tip motion in front of the
tip �i.e., plowing forces� and the �−� forces behind the tip
increase to a greater extent than the other two types of forces.
Thus, these two types of force, which arise from the hard-
wall portion of the LJ potential, are the major contributors to
the plowing friction.

Recent MD simulations have examined the nanotribology
of alkylsilane SAMs using a finite-sized tip.71 In these mas-
sively parallel simulations, an amorphous SiO2 tip with ra-
dius of 10 nm was used to examine the mechanical and tri-
bological properties of alkylsilane SAMs with chain lengths
between C12 and C18. The total friction as a function of load
was linear, as it was when the tip was a flat plate, and
showed little dependence on chain length. In those simula-
tions, the tip radius was much larger than the thickness of the
SAM. In this limit, the contact model of Reedy57 is appli-
cable. In MD simulations, as in experiment, contact between
the tip and monolayer must be defined. Chandross et al.66

defined contact to be the point where the distance between
the tip and monolayer was smaller than 0.5 nm. When this
definition of contact is used, the simulated contact area ver-
sus load predictions from the Reedy model more closely re-
sembled the results from the MD simulations than the pre-
dictions from the DMT or JKR model.

In this work, it is the hydrogen atoms within the chains of
the SAM that support the majority of the load on the tip at all
loads because these atoms are in repulsive contact with the
tip. In contrast, the carbon atoms that compose the back-
bones of the chains are separated from the tip by the hydro-
gen atoms. As a result, the majority of the forces acting on
the carbon atoms are attractive in nature. At 0 nN, only a few
hydrogen atoms directly below the tip are needed to account
for the bulk of the repulsive interactions. As the load is in-
creased, the fullerene penetrates into the monolayer. In this

case, more hydrogen atoms underneath and at the edges of
the tip are in repulsive contact with the tip �Fig. 8�b��. The
magnitude of the repulsive interactions is much larger than
the magnitude of the attractive forces thus accounting for the
net load on the tip. Because the actual force on each mono-
layer atom due to the tip is computed, the contact area could
be defined as the number atoms with nonzero force. Using
this definition of contact, the contact area is much larger than
that predicted by DMT, JKR, or the Reedy model91 in agree-
ment with recent MD simulations of atomic-scale and nano-
scale contacts.50,81,82

Despite the fact that continuum contact models underesti-
mate the contact area, they have been successfully used to
interpret AFM data.8,18,41–51 The results presented here may
shed insight into this apparent contradiction. Herein, it is
shown that the majority of the load and friction at the sliding
interface arises from interactions of the tip with a small num-
ber of atoms, while many more atoms contribute to the total
load and total friction. At 10 nN of load, there are 1320
monolayer atoms with nonzero contact forces in the sliding
direction. However, if load, and the contact area, were com-
puted using the 32 atoms with the largest repelling �and at-
tracting� forces, then �96% and �88% of the load and fric-
tion would be taken into account. If the contact area is
computed using the 32 atoms with the largest force in the
loading direction, then the results from the MD simulations
more closely resemble the predictions from the Reedy
model.91 The fact that the interaction of a few atoms is re-
sponsible for the bulk of the load and the friction is impor-
tant if one considers an AFM tip. Even if the size of the tip is
well known, the number of atoms that contribute to the con-
tact area may be less than what might be inferred from the tip
radius. In addition, if the tip contains irregularities �i.e., is
not perfectly smooth�, these areas of the tip may contribute
greatly to the interactions between the tip and the sample
while only being a small geometric feature. In this case, a
few SAM atoms might experience even greater forces than
the maximum seen in this work.
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