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Complementary experimental (atomic force microscopy) and theoretical (molecular dynamics) techniques
were used to investigate friction between diamond-diamond junctions as a function of temperature. The
simulation and experimental conditions were designed to correspond as closely as possible. In the atomic
force microscopy (AFM) experiments, two microcrystalline-diamond (µCD) AFM tips of differing contact
radii were used to examine the friction of diamond (111) and (001) single crystals from 24 to 225 K in an
ultrahigh vacuum. At all temperatures, the experimentally determined dependence of friction on load was
consistent with the occurrence of single-asperity interfacial friction, where friction is proportional to contact
area. In addition, the behavior of the contact was fit well by the Derjaguin-Muller-Toporov continuum
model. Friction measurements within a given series were highly repeatable; however, as is typical with AFM
measurements, there was some variation in measurements taken from different regions of the sample and
with different tips. Interfacial shear strength, or the intrinsic resistance to sliding, decreased slightly with
increasing temperature for both surfaces. To shed additional insight into the AFM results, MD simulations
were performed with the diamond single crystals of the same orientation. The calculations also show that the
average friction force decreased slightly as the temperature increased for both diamond surfaces and for all
sliding directions. Both AFM and MD results agree with the numerical analysis of friction as a function of
temperature published by Sang et al. (Sang, Y.; Dube, M.; Grant, M. Phys. ReV. Lett. 2001, 87, 174301).

Introduction

The diamond-diamond sliding interface is of interest to both
the applied materials and research communities. Diamond is
well-known for its hardness, chemical stability, and thermal
conductivity.1,2 These properties, coupled with its excellent
friction and wear properties, make diamond potentially useful
as a protective coating in a wide range of environments3,4 and
as a structural material for microelectromechanical (MEMS) and
nanoelectromechanical (NEMS) systems.5–9 An understanding
of how diamond surfaces interact with each other under extreme
temperature conditions is therefore valuable.

While the friction of diamond on the macroscopic level has
been investigated extensively,10–14 relatively few studies have
examined the atomic-scale friction of diamond.15–18 To date,
the temperature dependence of the friction of diamond has not
been examined using AFM (atomic force microscopy). Room
temperature studies of the atomic-scale friction of diamond
surfaces were performed using AFM with several types of tips
and under different environmental conditions.15–20 The nanoscale
friction and contact area between a diamond (111)(1 × 1)-H
surface and a tungsten carbide tip were measured in UHV
(ultrahigh vacuum).17,20 The current of the tip-sample contact
as a function of load for that extremely hard heterocontact was
shown to be described by the Derjaguin-Muller-Toporov
(DMT)21 model. The true contact area was extracted from the

current data and shown to be directly proportional to the friction.
This allowed for an interfacial shear strength, or intrinsic
resistance to friction, of 238 MPa for the diamond-tungsten
carbide interface to be determined.17 Schwarz et al. also observed
that friction was proportional to the area of contact between a
hydrocarbon-coated tip and a microcrystalline diamond (µCD)
in air and argon.16

The interfacial shear strength between spherical hydrocarbon-
coated tips and diamond (001) and (111) was measured recently
as a function of sliding direction in N2 in a combined AFM-
MD (molecular dynamics) study.18 The AFM work revealed
no difference in the interfacial shear strength for either surface
in any sliding direction, and the reported values were in the
range of 100-500 MPa. Earlier AFM experiments examined
the friction between a CVD-grown diamond crystallite tip and
single crystals of diamond (111) and (001) in UHV at room
temperature. 15 Atomic-scale stick-slip was observed on both
surfaces, and the scale of the friction forces between the tip
and the surfaces was similar. Recent MD simulations that
utilized the reactive empirical bond-order potential (REBO) also
showed no statistically significant difference in friction between
diamond (001) and diamond (111) at room temperature, except
for the case of sliding at high pressures along the dimer row
direction on the (001) surface.18

To date, few studies of the temperature dependence of single-
asperity friction22,23 or macroscopic friction24,25 have been
reported. Atomic-scale friction between a (native oxide-coated)
silicon tip and a silicon (111) wafer (also with native oxide)
was examined recently in UHV by AFM.22 In that work, both
the friction coefficient and the pull-off force between 50 and
300 K had a nonlinear dependence on temperature. In contrast,
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the friction force was reported as varying linearly with load for
all temperatures with the low-temperature and high-temperature
data having different slopes. These data were not fit to
continuum mechanics models, and therefore, the shear strength
of the interface was not reported. The AFM also has been used
to examine the friction between a silicon nitride tip and highly
oriented pyrolytic graphite (HOPG) from 140 to 800 K.23 The
friction force had a linear dependence on load and, in contrast
to the SiO2-SiO2 interface, it decreased exponentially with
increasing temperature between 140 and 280 K. The friction
force was below the detectable limit between 280 and 800 K.

Different trends were observed in the previous variable
temperature (VT) studies of atomic-scale friction force and
friction coefficient with temperature. Because the materials in
sliding contact were different in both studies, similarities in
observed trends are not expected a priori. There are many
examples in the literature where joint AFM-MD studies were
successfully utilized to examine processes at very small length
scales.18,26–28 With that in mind, complementary state-of-the-
art AFM and MD studies aimed at determining the dependence
of friction on temperature between well-characterized, ideally
hard diamond tip-diamond surface contacts were performed.
The MD simulations examined the friction between a curved,
finite-sized diamond tip and hydrogen-terminated diamond (001)
and (111). The AFM experiments used µCD tips to examine
the friction of those same diamond surfaces, while the simula-
tions provide insight into the atomic-scale origins of the
observed behavior. Because some significant differences be-
tween experiments and simulations do exist, the limitations
imposed by these differences also are discussed.

Methodology

Complementary AFM experiments and MD simulations of
nanoscale friction as a function of temperature for (111) and
(001) single-crystal diamonds were performed. In AFM, forces
at the sliding junction were detected by a tip at the end of a
compliant cantilever beam that bends out-of-plane in response
to a normal force and twists as shear forces impart a torque to
the tip.29 The bending and twisting were sensed using an optical
beam and a four-quadrant photosensitive detector. Friction force
was taken to be half the difference between the average of lateral
force trace and retrace signals over the middle third of each
scan line.30

Quantitative information can only be obtained from AFM
measurements by using carefully calibrated cantilevers.31–33

Cantilevers were individually calibrated in the normal force by
the vendor. While the actual cantilevers used for scanning could
not be directly calibrated, many levers from the same batch were
independently calibrated using the Sader et al. method33 and

were within the specifications reported by the vendor ((10%).
The wedge lateral force calibration technique was performed
on all cantilevers using Mikromasch TGG01 grating.34 The
Omicron system does not allow lateral adjustment of the
photodetector, which results in a decrease in sensitivity. This
loss of sensitivity (i.e., signal-to-noise) increases the error
associated with the lateral calibration. Finally, a cantilever tilt
compensation was employed to negate the local topography of
the diamond surfaces.35

Varying the normal load smoothly over a single image
necessitated an additional circuit in the AFM feedback loop.36

Within each image, the normal force decreased from high
(compressive) to low (tensile) load until the tip pulled off the
sample, allowing the determination of adhesive (pull-off) forces.
Scans were performed at 2 Hz with scan lengths of 25 nm for
tip-1 and 40 nm for tip-2. Thus, the scanning speeds were 100
and 160 nm/s for tip-1 and tip-2, respectively. Because samples
could not be rotated in situ, friction on each surface was
examined in one direction on each surface: the [010] direction
on the (001) surface and the [112j] direction for the (111) surface.
Polished commercial diamond (111) (Delaware Diamond Knives)
and diamond (001) (Sumitomo Carbide) were used for friction
measurements. To avoid roughening the surfaces, no attempt
to achieve complete hydrogen termination of the diamond
surfaces was made. The specimens were cleaned by sonication
in acetone and methanol, rinsed with deionized water, and jet-
dried with N2. In situ Auger analysis indicated that the surfaces
were free of contamination and that the (111) and (001) surfaces
contained 0.16 and 0.21 monolayers of oxygen, respectively.
Unfortunately, the way in which oxygen is bound to the surfaces
remains an open question. Recent ab initio studies on the
diamond (001) surface showed that in the presence of hydrogen,
oxygen will be in the form of -OH.37

Two µCD diamond-coated AFM tips were used (Nanosensors
DT-CONTR) (Figure 1). Examination of the sharpness of the
wedge crests during calibration allowed for the determination
of the radii of both tips (30 ( 5 and 60 ( 5 nm for tip-1 and
tip-2, respectively) after friction measurements.

The VT-AFM cryostat uses blowoff from liquid helium to
lower the temperature of a cooling block in contact with the
sample holder. The diamond crystals were fastened to the sample
holder via silver-based epoxy and molybdenum foil. Thermo-
couples measured the temperatures of the cryostat to be 4 K,
while the cooling block reached temperatures as low as 24 K.
Thermal losses in the system were accounted for, and sample
temperatures were determined from the measured cooling block
temperatures according to calibration data provided by the

Figure 1. (a) SEM micrograph of µCD AFM after scanning (tip-2). (b) Curved-diamond tip used in MD simulations viewed from the side and (c)
from the angle that contacts the diamond surfaces. Large green and small white spheres represent carbon and hydrogen atoms, respectively.
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manufacturer. The measurements were taken from low to high,
and the sample stage temperatures were 48, 91, 135, 180, and
225 K.

The MD simulations utilized a curved-diamond tip that was
constructed from a diamond (111) crystal by removing atoms
to make a roughly hemispherical tip with a radius of 15 Å
(Figure 1). The surface atoms were saturated by adding
hydrogen atoms, and the tip contained 1352 sp3-bonded carbon
and 520 hydrogen atoms. Knowledge of the forces on the
cantilever and the shape of the AFM tip (i.e., the geometry of
the contact zone) is crucial for extracting quantitative data from
AFM experiments. This tip was designed to model the shape
of a typical AFM tip. However, computational power limits our
ability to simulate a tip of the same size as those in the
experiment. The effects of tip shape on the simulated results
have been examined previously.18 In that work, the friction
between nanowire tip with a flat contacting surface and single-
crystal diamonds was examined. While the shapes of the friction
versus load curves at 300 K obtained with both tips varied
somewhat, the qualitative conclusions reached when using both
tips were the same. Consequently, we only report results for
friction as a function of temperature for the curved tip in this
work. The curved tip was stepped and incommensurate with
both of the diamond surfaces in all sliding directions, and it
was used to examine the friction of diamond (111)(1 × 1)-H
and (001)(2 × 1)-H as a function of temperature at several loads.

The (111) and (001) samples both have 13 layers of carbon
(Figure 2). For each sliding simulation, the sample was made
slightly wider in the sliding direction. Table 1 summarizes the
total number of atoms in each sample, the dimensions, and the
sliding directions. The samples were partitioned into three
regions. The atoms in the farthest layer from the interface, in
the middle region, and closest to the sliding interface were held
fixed, had a thermostat applied to maintain the temperature,38

and were unconstrained, respectively. The time step for all
simulations was 0.25 fs. To simulate a system under constant
external load, an external force was applied to the tip in the
direction perpendicular to the diamond sample, and the entire
tip was treated as a rigid body.

Dimensions of the diamond substrates were selected to be as
large as possible, while remaining computationally feasible. To
simulate an infinite sliding surface, periodic boundary conditions
were applied in the plane that contained the surfaces. The tip
dimensions were such that it did not interact with its periodic
image. Because many simulations are required, the total number
of atoms in the simulation must be considered when selecting
the simulation size. Indeed, the MD tips are an order of
magnitude smaller than the AFM tips, and the MD sliding
speeds are 7 orders of magnitude greater than the AFM speeds.
These are universal issues for most state-of-the-art MD and
AFM measurements. Because the sliding speeds are below the

sound speed of diamond in the MD simulations, dynamical
effects due to the resonant inducement of sound waves are not
expected.

The tip is brought into contact with the surfaces by placing
it above the diamond surfaces at a distance where the potential
energy equals zero and then moving it at a constant speed of
1.0 m/s toward the diamond surfaces. Sliding simulations were
performed by moving with a constant external load applied to
the tip while it moves parallel to the diamond substrate at a
constant speed. Tip speeds of 0.84 and 1.0 m/s both were used.
As the tip slides, the friction force oscillates in periodic cycles
about a constant value. Tip speeds were chosen so that the
friction force experiences an integer number of complete
oscillation cycles within each unit cell. Governed by dynamic
equations from Newton’s laws, the tip will oscillate around an
average height relative to the film, resulting in an average load
on the film equal to the constant force on the tip.

The second-generation REBO potential,39,40 which was
parametrized to model solid- and gas-phase hydrocarbon systems
and is capable of modeling chemical reactions, was used. The
second-generation REBO, and its predecessor,41 were used to
model the mechanical properties of filled42 and unfilled nano-
tubes,43 the properties of clusters,44 the adhesion and tribo-
chemistry of diamond surfaces45–47 with and without chemically
bound hydrocarbon chains,48,49 the friction and wear of amor-
phous carbon films,50,51 and the stress at grain boundaries.52,53

Recently, the second-generation REBO potential was shown to
accurately reproduce the 0 K elastic constants of diamond and
graphite and to qualitatively reproduce the trends in elastic
constants of diamond as a function of temperature.54,55

The adaptive intermolecular REBO (AIREBO) potential is
an extension of the second-generation REBO potential that
includes intermolecular van der Waals forces.56 Simulations
conducted with AIREBO are approximately 7 times slower than
those carried out with the REBO potential. A small number of
simulations was carried out using both the AIREBO and the
REBO potentials. While the qualitative trends in the average
friction obtained with both potentials are the same, the error
bars associated with the average friction are noticeably smaller
when the AIREBO potential is used. The magnitude of the
fluctuations in the Lennard-Jones forces at the interface is
smaller than the fluctuations in the covalent forces.57 As a result,
the error bars are smaller when the AIREBO potential is used.
Because the qualitative trends are the same, and the computa-
tional time required for simulations with the REBO potential is
significantly less, the REBO potential was used for the simula-
tions presented here. Results for a small number of simulations
conducted using the AIREBO potential also are discussed.
Previous examinations of the atomic-scale friction of a
tungsten-carbon diamond interface have shown that the contact
area as a function of load (and the friction vs load) can be

Figure 2. Schematic representation of diamond surfaces examined here: hydrogen-terminated diamond (111)(1 × 1) and (001)(2 × 1) surfaces in
panels a and b, respectively. Large and small spheres represent carbon and hydrogen atoms, respectively.
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described by the DMT contact mechanics model.17,20 This is
also true of the AFM data reported here. Therefore, despite the
absence of adhesion in the MD simulations, the DMT limit is
a valid approximation for simulations because an adhesion term
simply shifts the load by the pull-off force.

Unless otherwise indicated, the reported friction forces were
obtained by averaging data from two sliding simulations with
independent starting configurations. These two configurations
were obtained by translating the tip a fraction of a unit cell
distance in the direction perpendicular to the sliding direction.
For each individual simulation, the instantaneous friction force
(force in the sliding direction) on the tip was recorded every 1
fs. The sliding distance was divided into unit cell segments
(based on the diamond surface), and the instantaneous forces
were averaged over these unit cell segments. The values for
each unit cell segment were then averaged to obtain an average
friction force for a given simulation at each load. Because the
contact area is small and the fluctuations in the forces are large,
the error bars are large.57 In a typical AFM measurement, either
by design or by imperfect tilt compensation, scan lines will not
overlap each other perfectly. Thus, averaging over different
starting configurations approximates the experimental line-
averaged response.

Results

Experimental Measurements. While independent verifica-
tion of the validity of continuum mechanics models at the
nanometer scale is still lacking, these models have been routinely
used to interpret the frictional behavior of nanometer-sized
contacts. The DMT and Johnson-Kendall-Roberts58 (JKR)
continuum contact models, which represent a limiting case of
adhesive, sphere-on-flat contact behavior, have been widely used
to interpret AFM data. The JKR model is valid when the
contacting surfaces are compliant and attractive forces are
strong, short-ranged, and significant only when the materials

are in contact. The DMT model describes contact behavior at
the other end of the spectrum when the materials are stiff, the
sphere radii are small, and the attractive forces are weak and
long-ranged. For example, the contact current as a function of
load between tungsten carbide tip and diamond (111)(1 × 1)-H
in UHV was recently shown to be fit by the DMT model.17,20

Because the friction was proportional to the load, the friction
versus load data also could be fit by the DMT model.
Nonidealized contacts fall between JKR and DMT limits and
may be analyzed using transition models, such as Maugis-
Dugdale,59 or transition fits, such as the method proposed by
Carpick, Ogletree, and Salmeron (COS).34 Recently, the COS
analysis method was used successfully to analyze friction versus
load data that result when a hydrocarbon tip is in sliding contact
with diamond (001)(2 × 1)-H and (111)(1 × 1)-H oriented
grains on µCD.18 The COS formulation also recently was
derived analytically by Schwarz.60

Representative friction versus load data (FL) obtained for each
diamond surface with tip-1 at several temperatures are shown
in Figure 3. (Corresponding curves from tip-2 are qualitatively
similar and are not shown.) Several trends are apparent in these
data. First, on both surfaces, the magnitude of the friction force
is smaller at higher temperatures. Second, while the pull-off
forces on both surfaces are comparable, the magnitude of the
friction force is larger on the (111) surface. The magnitude of
the measured friction force is influenced by surface inhomo-
geneities. These include surface chemical or structural defects
such as dangling bonds, C-O moieties (which are present on
both surfaces), -OH moieties, and vacancies. The quantity that
is most influenced by these inhomogeneities is the pull-off
(adhesive) force.61

The pull-off forces for both diamond surfaces are shown as
a function of temperature in Figure 4 for both AFM tips. When
tip-1 is used, adhesion forces for the (001) and (111) surfaces
are comparable. When the larger tip (tip-2) is used, the pull-off

TABLE 1: Details of Surfaces and Sliding Directions Used in MD Simulations

MD parameters

surface sliding direction no. of C atoms no. of H atoms X size (Å) Y size (Å) Z size (Å)

(111) (1 × 1)-H [11j0] 4992 384 60.5 34.9 13.35
(111) (1 × 1)-H [112j] 5096 392 35.3 61.1 13.35
(001) (2 × 1)-H [11j0] 5096 392 35.3 70.6 11.75
(001) (2 × 1)-H [110] 4368 336 60.5 35.3 11.75

Figure 3. Average of friction vs load data sets at several temperatures taken with the same AFM tip (tip-1). Panels a and b show the (001) and
(111) surfaces, respectively. COS transition fits were performed on these data, the work of adhesion (γ), transition parameter (R), and shear strength
of the interface obtained are shown in Table 2 and Figures 5 and 6.
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forces are approximately twice as large on both surfaces, and
the friction forces are greater as well. This analysis of adhesion
is complicated by the fact that data taken with tip-1 and tip-2
were measured on different regions of a given diamond crystal.
Thus, the local surface chemistry in each region could differ.
The variation in data sets is a persistent problem in AFM that
has yet to be rigorously addressed in the literature. These
difficulties are exacerbated when the additional variable of
temperature is introduced.

Despite the limitations of continuum mechanics at this scale,
agreement between measurements and predicted functional form
of friction versus load data has been found.20,62–65 While many
experimental variables can influence the quantitative numbers
obtained from the fits, certainly a comparison of these numbers
remains valid as long as the experimental conditions are
precisely defined. An additional benefit to performing these fits
is that the interfacial shear strength of the interface, τ0, which
should not be influenced by the pull-off force, can be obtained.
With these things in mind, the friction versus load data have

been fit to a continuum mechanics model using the COS
transition method.34

The COS transition scheme determines the transition param-
eter λ from AFM friction versus load data. Values of λ greater
than 5 correspond to the JKR model of contact mechanics, while
values below 0.1 correspond to the DMT model. In this work,
the median value of λ for each tip-sample combination was
<0.1 (Table 2). Thus, the µCD-single-crystal diamond interface
generally exhibited DMT contact mechanics. Friction forces at
junctions of this type are proportional to the true contact area
or Ff ) τ0A.20

The effective shear strength C̃ of the interface is related to
τ0 according to C̃ ) πτ0K-2/3, where K is the reduced elastic
modulus of the contact given by K ) 4/3({1 - νsurf

2}/Esurf +
{1 - νtip

2}/Etip)-1, where the Young’s moduli of the surface
and the tip are Esurf and Etip, and νsurf and νtip are Poisson’s
ratios for surface and tip, respectively. The effective shear
strength is a useful metric tool when the material properties of
the two contacting materials are not known and has been used

TABLE 2: Summary of Material and Interfacial Properties for Diamond-Diamond Contact in UHVa

surface, direction temp (K) γ (mJ m-2) ( 22% τ0 (MPa) ( 25% zero-load friction (nN) ( 25% C̃ (N1/3 m-2/3) ( 24% λ

tip-1, R ) 30 nm 50 64 430 0.84 16 20 × 10-3

90 62 390 0.73 15 20 × 10-3

(111), [112j] 135 87 410 0.97 15 10 × 10-3

180 53 370 0.62 30 10 × 10-3

225 49 370 0.60 14 3 × 10-3

50 72 410 0.91 17 40 × 10-9

(001), [010] 90 70 370 0.81 15 10 × 10-3

135 60 290 0.56 12 80 × 10-9

180 53 290 0.52 12 80 × 10-9

225 46 280 0.45 11 1 × 10-3

tip-2, R ) 60 nm 50 122 600 4.7 23 8 × 10-3

90 120 710 5.5 27 40 × 10-3

(111), [112j] 135 112 630 4.2 34 2 × 10-3

180 109 560 4.5 21 20 × 10-3

225 66 340 1.8 13 5 × 10-3

50 42 520 2.1 21 7 × 10-3

(001), [010] 90 64 420 2.2 17 10 × 10-3

135 85 450 2.9 18 50 × 10-3

180 75 400 2.6 16 20 × 10-3

225 50 330 1.6 13 90 × 10-3

a Uncertainties are a combination of standard error (<5%) and uncertainty in physical constants (calibration factors, tip radius, and elastic
constants).

Figure 4. Pull-off force as a function of temperature from AFM
experiments. Error bars are standard errors and represent variation
within a set of measurements for a given tip-sample pair at a given
temperature (N > 15). Error bars are approximately the size of the
points.

Figure 5. Work of adhesion at several temperatures calculated from
COS fits to friction vs load AFM data. Error bars are standard errors
and represent variation within a set of measurements for a given
tip-sample pair at a given temperature (N > 15). Data sets using two
different AFM tips are shown (designated as 1 and 2).
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by several groups.16,18 The material properties of diamond have
been studied extensively, and it is possible to calculate Young’s
modulus and Poisson’s ratio as a function of temperature for
each diamond surface using the equations published by Turley
and Sines.66 This allows for the calculation of interfacial shear
strength. The work of adhesion γ is also obtained from the COS
fits and is given by γ ) γ1 + γ2 + γ12, where γ1 and γ2 are the
surface energies of each contacting surface and γ12 is the
interfacial free energy.

The work of adhesion and interfacial shear strength is shown
as a function of temperature in Figures 5 and 6 (and Table 2),
respectively. While the tip-1 and tip-2 data were taken on
different regions of the crystals and are subject to some
variability, analysis of data in Figures 5 and 6 reveals some
interesting trends. For both crystal surfaces, the work of adhesion
values falls between 40 and 120 mJ/m2 over the entire
temperature range, and γ generally decreases slightly with
increasing temperature, although there is scatter in these data.
The values of τ0 obtained with both tips also decrease slightly
with increasing temperature. With the exception of data obtained
with tip-2 on the (111) surface, the values of τ0 obtained for
both crystals at each temperature are generally comparable.

MD Simulations. To extract the interfacial shear strength
from AFM friction versus load data, the reduced modulus of
the system must be known. The value of K is a function of
temperature because it contains Young’s moduli and Poisson
ratios of both tip and substrate, which are all temperature-
dependent. Thus, if MD results are to be compared to AFM
data, the simulations should do an adequate job reproducing
qualitative trends in the elastic properties of the materials under
consideration as a function of temperature.

Young’s moduli are shown in Figure 7 as functions of
temperature. The simulated values were calculated using the
formulae given by Turley and Sines,66 and the elastic constants
were calculated as a function of temperature using the second-
generation REBO potential.54 For all temperatures examined,
E(111) > E(110) > E(001), a trend that is in agreement with
experimentally determined data.67 In addition, both experimen-
tally determined and calculated values of Young’s moduli
decrease with increasing temperature. However, the calculated
values decrease more markedly with temperature than the
experimental values. This fast softening of the moduli is a
consequence of the elastic constants decreasing too markedly

with increasing temperature, which, in turn, is a result of a large
thermal expansion coefficient obtained from classical MD
simulations. Gruneisen’s Law states that larger thermal expan-
sion coefficients result in faster elastic softening.68 The failure
to reproduce the correct thermal expansion coefficients is a
known shortcoming of classical MD below the Debye temper-
ature and can only be corrected with the inclusion of quantum
mechanical effects.

The atomic-scale friction between hydrogen-terminated curved
tip and diamond (111)(1 × 1)-H and diamond (001)(2 × 1)-H
was investigated using MD simulations. The average friction
as a function of temperature is shown in Figure 8. For each
surface, two perpendicular sliding directions and two external
loads were examined. In all cases, the average friction decreases
slightly as the temperature is increased. Despite the large error
bars associated with average friction, a detailed examination of
these data reveals some interesting trends. First, for data obtained
at a load of 60 nN, the friction force on the (001) surface for
each sliding direction is statistically different at all temperatures.
In other words, the error bars do not overlap. The friction on
the (111) surface is statistically equivalent for both sliding
directions only at the highest two temperatures. Lastly, at 300
K, the error bars associated with friction of both (001) and (111)
surfaces overlap at both loads. Thus, the friction is statistically
equivalent at this temperature, with the exception of the [1j10]
direction on the (001) surface. This trend was reported in our
earlier simulations and is due, in part, to the large error bars
associated with the average friction.18 If the size of the error
bar associated with the friction could be reduced so that the
error bars do not overlap, the friction when sliding in different
directions on the (111) surface would differ. In the data reported
here, the size of the fluctuations in the instantaneous forces on
the tip results in large error bars. Averaging over additional
starting configurations is unlikely to have a marked influence
on the size of the error bar because the force fluctuations remain
large. Reducing the size of the force fluctuations could be
accomplished by increasing the size of the tip (more atoms in
contact) or by reducing the strength of the interactions at the
tip-sample interface. 57 The latter can be accomplished by using
the AIREBO potential. 56

Because of limited computational resources, the average
friction data for the 100 nN load were obtained from one sliding
simulation with the friction averaged over unit cell segments
(Figure 8). As was the case at the lower load, the average friction
for all the surfaces and all sliding directions decreased slightly
with increasing temperature. It is interesting to note that the

Figure 6. Interfacial shear strengths for diamond-diamond contact
calculated from COS fits to the friction vs load AFM data. Error bars
are standard errors and represent variation within a set of measurements
for a given tip-sample pair at a given temperature (N > 15). Data sets
using two different AFM tips are shown (designated as 1 and 2).

Figure 7. Young’s moduli as a function of temperature for three crystal
faces of diamond calculated from MD simulations. Experimental data
are also shown for comparison.67
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application of the additional load caused the average friction
values (points in Figure 8) for the (111) surface in each sliding
direction to be much closer to one another, while the friction
for the (001) surface in each sliding direction was still separated
by approximately the same amount.

Some insight into the magnitude of the average friction forces
generated in the MD simulations (Figure 8) can be gleaned from
the potential energy contours shown in Figure 9. These contour
diagrams were generated by rastering the curved tip over the
diamond surfaces at a fixed height and calculating the potential
energy of the system. In the case of the (001) surface, sliding
in the [110] direction corresponds to a larger value of average
friction than when sliding in the [1j10] direction at both loads.
This direction corresponds to sliding parallel to the surface dimer
bond. Examination of the potential energy contour for the (001)
surface reveals that when sliding in this direction, the hydrogen
atoms are not equivalent. Sliding in this direction causes the
tip to encounter a C-H bond tilted in the sliding direction and
one tilted away from the sliding direction. In contrast, sliding
in the [1j10] direction corresponds to sliding perpendicular to
the dimer bonds. When sliding in this direction, the C-H bonds
are canted in the same way and are therefore equivalent.
Examination of the average friction data and the contour
diagrams for both surfaces reveals that at 60 nN load, the sliding
direction with the smallest repeat distance has the largest friction.
As a result, the tip encounters more surface atoms and dissipates
more energy. The average kinetic friction is the largest on the
(111) surface in the [11j0] direction and smallest on the (001)
surface in the [1j10] direction, or F[11j0](111) > F[1j10](001).
Examination of the density of surface atoms σ on these crystal
faces of diamond reveals that the same trend in friction is
apparent in the density of surface atoms, or σ (111) > σ (001).

To calculate the shear stress at the interface during sliding
from the MD simulations, the contact area between the curved-
diamond tip and the diamond substrates must be known. The
contact force on a substrate atom is the force it experiences
due to only the tip atoms. The hydrogen atoms on the surface
of the diamond substrates sustain the majority of these forces,
while the subsurface carbon atoms experience relatively small
forces. The method of Luan and Robbins63,64 can then be used
to convert the number of surface atoms with a nonzero normal
force to a contact area by taking the ratio of surface atoms in
contact to the total number of atoms and multiplying by the

total surface area. Once the contact area is known, it can also
be used to calculate the normal pressure within the contact.

Previous MD simulations that have examined the static and
kinetic friction of adsorbed monolayers have found that the
average yield stress is related to the local pressure P within the
contact via the equation τs ) τa + RP,69,70 where R is a
parameter that depends on the chemical constituents of the two
surfaces but not on parameters that are not controlled in the
experiments. In this equation, τa represents the adhesive
contribution to friction because it is the yield stress when P is
equal to zero. Previous work has shown that τa is approximately
proportional to temperature, decreasing as the temperature
increases, and that R has a weak dependence on temperature.

The static friction between the (111) surface and the curved
tip at 300 K was calculated for sliding in the [11j0] direction.
The static friction depends linearly on P. The value of τa

obtained from these data is negative, as expected when the
interactions are purely repulsive.69

The kinetic friction data also can be fit to an equation of the
form τs ) τa + RP. The shear stress as a function of the normal
pressure for the (111) surface at three different temperatures
when sliding in the [11j0] direction is shown in Figure 10. In
this case, the shear strength is defined as the average kinetic
friction divided by the contact area (〈Fk〉/A), and the normal
pressure is defined as (〈FN〉/A). Because R should have a weak
dependence on temperature, an average value of R was used
for the three sets of data, and a value of τa was determined
using a least-squares fitting procedure. (The average value of
R was determined from a least-squares fit to the kinetic friction
data and using τa obtained from the static friction data at each
temperature.) The data shown in Figure 10 are linear, and the
slope of the lines are in the range of 0.154, which is comparable
to values obtained in previous MD simulations.69,70 The values
of τa obtained from these fits decrease with increasing temper-
ature as expected. The values of τa at 300, 500, and 700 K are
-0.115 ( 0.21, -0.421 ( 0.21, and -0.870 ( 0.19 GPa,
respectively.

Discussion

Continuum mechanics models have been used successfully
to interpret the frictional behavior of contacts on the nanometer
scale, but the applicability of these models at the nanoscale is
still a matter of debate. Recent MD simulations have shown

Figure 8. Average friction force (points) as a function of temperature for the (001) (red) and (111) (green) surfaces. Sliding directions and loads
are given in the legends. Points represent the friction averaged over the diamond unit cell in the sliding direction. The error bars correspond to 1
standard deviation. When two sliding simulations were performed at each load, the average friction and the error bars at each load were averaged.
Points are connected to aid the eye.
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that, in certain cases, the disagreement between simulation and
continuum theory can be significant.18,63,64 Continuum mechanics
may substantially underestimate the area of contact for nanos-
cale, single-asperity contacts. However, while the quantitative
values that emerge from continuum fits to AFM data may be
suspect, a comparison of values obtained under the same
experimental conditions certainly remains valid and is widely
used.

In addition to the quantities actually measured in the AFM
experiment, such as pull-off force (adhesion), the COS fits to
the AFM data allow for the calculation of γ, C̃, the friction at
zero load, and τ0. The values of these quantities reported herein
compare favorably to previously published values for similar
interfaces. For example, two hydrogen-terminated hydrocarbon
tips, of different radii, were used recently to examine the
adhesion and friction of diamond (111)(1 × 1)-H and (001)(2
× 1)-H surfaces in dry N2 at 300 K.18 The range of reported
values for the pull-off (adhesion) forces (25-54 nN), the work
of adhesion values (36-200 mJ/m2), and the friction at zero
load (5.0-11.4 nN) is similar to the values reported here for a

Figure 9. Potential energy landscape between the curved tip and the diamond (111) and (001) surfaces are shown in the upper and lower panels,
respectively. In the upper panel, x and y correspond to the [11j0] and [112j] directions, respectively. In the lower panel, x and y correspond to the
[110] and [11j0] directions, respectively. The color bar gives the energy between tip and surface in electronvolts. Areas with the highest energy (red)
correspond to positions of surface hydrogen atoms.

Figure 10. Shear stress (kinetic friction/contact area) as a function of
normal pressure (normal force/contact area) calculated from MD
simulations. These data were calculated while sliding in the [11j0]
direction on the diamond (111) surface.
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µCD-single-crystal diamond interface at the highest temper-
ature. While general agreement in the magnitude of the numbers
is quite good, there are some noteworthy differences between
the values reported here and the published values for similar
interfaces. These differences are discussed below.

In this work, the larger tip typically yielded larger values of
the pull-off force, which is consistent with the idea that larger
contact areas are obtained with larger tips. In contrast, this trend
was not apparent in the pull-off forces between two amorphous
hydrocarbon tips (R ) 45 and 150 nm) and diamond (111)(1 ×
1)-H or (001)(2 × 1)-H. In that work, particular care was taken
to ensure that both the tips and the surfaces were completely
hydrogen-terminated. As a result, the values of the pull-off
forces obtained with both tips were nearly indistinguishable.
Complete agreement between that study and this work should
not be expected in view of the fact that the diamond surfaces
in this study, and probably the diamond tips, contained a small
amount of surface oxygen.

For diamond(111)(1 × 1)-H in UHV at 300 K, a previous
AFM study that utilized a tungsten-carbide tip (R ) 110 nm)
measured a work of adhesion of ∼10 mJ/m2.17 When two
amorphous hydrocarbon tips (R ) 45 and 150 nm) were used
to obtain γ values of diamond (111)(1 × 1)-H and (001)(2 ×
1)-H at 300 K, the larger tip consistently yielded smaller values
of γ.18 When the small (large) tip was used, γ was ∼100 mJ/
m2 (∼36 mJ/m2) on the (111) surface and ∼250 mJ/m2 (∼64
mJ/m2) on the (001) surface. In this work, the values of γ at
225 K are comparable to the values obtained with both the larger
hydrocarbon tip18 and those obtained with the tungsten-carbide
tip.17

The values of γ reported here are similar for both surfaces at
225 K with the exception of γ for the (111) surface obtained
using tip-2. In fact, values of γ obtained with tip-2 on (111)
are consistently larger at all temperatures than the values
measured with tip-1 or the values for the (001) surface measured
with tip-2. There are a number of factors that could contribute
to the range of values obtained for the work of adhesion. While
both of the tips used here were commercial µCD tips, there
could be differences in their surface chemistry. Small differences
in the surface chemistry in different regions of a sample can
cause values obtained from AFM measurements to vary with
changing location on the sample. In addition, there was some
evidence of wear for tip-2. On multiple occasions, adhesion
forces increased with successive measurements at a given
temperature, suggesting that tip-2 became progressively blunter
with time. After completion of the measurements, tip-2 had a
significantly larger end radius than tip-1, which did not exhibit
this behavior. Finally, simulations have shown that relative
orientation of the tip and sample and surface roughness impact
γ with commensurate contacts having γ values that are
approximately a factor of 2 larger.64

Recent ab initio calculations of the absolute surface energies
per unit area of diamond found the unreconstructed (001)-H
surface to have a lower surface energy than (111)-H by nearly
1 J/m2.42 The (001)(2 × 1)-H surface was not considered in
that study, but it should have an even lower surface energy than
the unreconstructed case. The values of γ obtained with tip-2
are in agreement with this study. However, the same trend was
not obtained with tip-1 nor in the previous AFM study.18 What
these studies make clear is that additional verification of the
work of adhesion values is needed on each diamond surface
and that variables such as surface contamination, tip-sample
orientation, roughness, measurement location, environment, and
temperature must be highly controlled. In the data presented

here, the friction force at zero load is larger when the larger tip
was used at all the temperatures examined. This trend also was
observed in the measurements of the friction between amorphous
carbon tip and hydrogen-terminated diamond crystallites.18

The COS fits to the AFM data revealed that the friction versus
load data reported here can be fit by the DMT contact model at
all temperatures. This is not surprising in view of the fact that
previous AFM measurements in UHV have shown that the
current between the tip and the sample as a function of load for
a hard heterocontact (i.e., a tungsten-carbide tip and diamond
(111)(1 × 1)-H) can be described by DMT contact mechanics.17,20

In addition, because the actual contact area was calculated from
the tip-sample current, the friction force was shown to be a
linear function of the contact area (Ff ) τ0A).20 The value of
interfacial shear strength for the tungsten-carbide diamond
(111)(1 × 1)-H interface at room temperature in UHV was
determined to be 238 MPa. This value of τ0 compares well with
the values reported here at 225 K for the µCD-single-crystal
diamond interface.

While the values of τ0 obtained with each µCD tip differ
slightly, it is encouraging that the range of τ0 values obtained
witheach tip is close to thevalue reported for the tungsten-carbide
diamond interface and that both tips reproduce the same general
trend in τ0 with temperature. The shear strength of the interface
should not exceed the ideal shear strength of the tip or sample.
The ideal shear strength can be estimated to be ≈G/30, where
G is the shear modulus of the tip or sample. The values of the
ideal shear strength calculated using the values of G(001) and
G(111) reported previously18 are 19 and 17 GPa for the (001)(2
× 1)-H and the (111)(1 × 1)-H surfaces, respectively. These
values are well above the range of values obtained for τ0

reported here.
In the AFM experiments, the magnitude of the measured

friction force is impacted by tip-sample adhesion. The experi-
ments reported here were performed in the limit of negligible
wear, and the data were analyzed so that the effects due to
adhesion could be largely separated from properties such as
interfacial shear strength. MD simulations also were performed
in the wearless regime and in the absence of long-range adhesive
forces between tip and sample. Although the size of the error
bars in the simulations makes drawing unambiguous conclusions
difficult, the average friction force obtained at a given temper-
ature decreases slightly with increasing temperature on both
surfaces for the two values of applied load examined. The values
of the interfacial shear strength, τ0, from the AFM measurements
also decrease slightly with increasing temperature. The MD
simulations provide additional insight into these findings.
Previous MD simulations that examined the friction between
two, infinitely flat, hydrogen-terminated diamond surfaces have
shown that as hydrogen atoms on opposing surfaces come into
close proximity, the friction force increases. Once a critical force
is achieved, the hydrogen atoms slip past each other by bending
or rotating out of each other’s way. This process is aided by
the additional vibrational motion of the atoms that is provided
when the temperature is increased.71

Recently, MD simulations examined the effects of adsorbed
layers on static and kinetic friction.69,70 These studies show that
the shear stress τs rises linearly with the local pressure P and
can be explained using a simple hard-sphere picture. Briefly,
two surfaces in close proximity create a surface of closest
approach, in which the sliding surface must climb up to move
laterally. The lateral force and normal force are related by the
local slope of this surface, and R represents some average of
the slope. As a result, parameters, such as temperature, pressure,
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and surface-surface coupling energy, that do not influence the
hard-sphere diameter have little effect on this slope and, thus,
on R. In contrast, changes in nearest-neighbor spacing (i.e.,
geometry of the contact) change R dramatically.69 For the static
and kinetic friction between the curved-diamond tip and the
(111) surface reported here, the value of R also is insensitive
to temperature. The sliding direction affects the local slope of
the contacting surfaces and thus explains the observed correla-
tion in the MD friction F[11j0](111) > F[1j10](001) with surface
atom density σ(111) > σ(001). The quantity τa has been shown to
decrease with increasing temperature because it decreases
entropic repulsion.69 This effect also was observed in this work.

While the dependence of the friction on temperature has not
been previously measured between µCD tip and single-crystal
diamond substrates in UHV with AFM, measurements between
a silicon oxide tip and Si (111) wafer with the native oxide
layer22 and a Si3N4 tip and graphite23 both in UHV were recently
published. For the silicon tip and (111) wafer,22 the pull-off
force as a function of temperature and the friction force as a
function of load at various temperatures were both reported. In
that work, two different tips were used, and the pull-off force
obtained with both tips increased from 55 to 100 K and then
decreased between 100 and 300 K. In the work presented here,
with the exception of tip-2 on the (001) surface, the pull-off
force decreased slightly as the temperature increased. In the case
of the Si3N4 tip on HOPG,23 the pull-off force oscillated slightly
between 800 and below 150 K and then showed a marked drop
at 150 K. The surface chemistry, orientation, and surface
roughness of the contacting pairs in each experiment are,
undoubtedly, different; thus, agreement among the experiments
cannot necessarily be expected.

Gnecco et al. examined the velocity dependence of sliding
friction between the tip of a friction force microscope and a
NaCl (100) surface. The lateral force was found to depend
logarithmically on the velocity at a fixed temperature.72 The
experimental results were interpreted using a Tomlinson model
modified to take into account thermal activation.73 In this model,
the interaction of the friction force microscope with the surface
is described by a potential with a periodic term for the
tip-surface interactions and a second term for the elastic energy
stored in the cantilever. At zero temperature, the tip slips to a
new minimum when the energy barrier between adjacent minima
of the potential vanishes. At finite temperatures, the probability
of a slip event must be examined. The maximum transition
probability occurs at an extremum of the probability as a
function of lateral force. Evaluation of the maximum transition
probability yielded an expression for the lateral force as a
function of velocity that was consistent with the experimentally
determined data.

Sang et al. recently modeled the friction measured by an AFM
tip as it is dragged across a surface at finite temperatures.74 In
addition, their numerical data were shown to be well-described
by the thermal activation model.72 Numerical simulations were
performed that examined the average friction force for a range
of scanning velocities (5 nm/s to 256 µm/s) and temperatures
(53-373 K). Two distinct regimes were apparent in the
dependence of the average friction force on temperature. For
velocities greater than 22 µm/s, the average friction force was
independent of temperature at fixed velocities. In contrast, for
speeds down to 5 nm/s, increasing the temperature resulted in
a small decrease in the average friction force with the effect
becoming slightly larger as the speed was lowered. In fact, plots

of average friction force versus temperature at fixed velocities
are linear with the slope increasing in magnitude as the velocity
decreases.

Both AFM and MD data presented here show a mild decrease
in interfacial shear strength and average friction force with the
AFM data providing experimental verification of the thermal
activation model. In terms of a thermal activation model, the
maximum in the distribution of forces that can result in a slip
to an adjacent minimum is shifted to slightly lower values of
force as the temperature increases.75 Thus, the shear strength
of the interface should gently decrease with increasing temper-
ature. The qualitative explanation for the reduction in friction
with increasing temperature gleaned from the MD simulations
also agrees with the thermal activation model. The additional
thermal motion associated with the additional temperature
reduces the force where the tip slides just as the maximum in
the distribution of the forces is shifted with decreasing
temperature.

In this work, friction versus load data obtained with AFM
possessed a nonlinearity that has been observed for many single-
asperity contacts. There are also cases where linear friction
versus load data were obtained using AFM.22,23,76 The nonlinear
behavior of the friction versus load data should be most apparent
at negative values of applied load. When the temperature
dependence of friction of silicon was examined, the friction at
negative load values was not reported, so the existence of any
nonlinearity could not be ascertained.22 The dependence of
friction on load has been studied extensively using analytical
models and MD simulations. Extensive MD simulations showed
that many different effects can lead to deviations between
atomistic behavior and continuum theory. The tip geometry or
structure has the most pronounced effect on friction and lateral
stiffness because these quantities depend on the interlocking of
atoms at the interface. The friction of nonadhesive com-
mensurate tips increases linearly with load, while in other cases,
such as amorphous tips, friction is a nonlinear function of
load.63,64 Linear friction-load relations were produced by MD
simulations presented here. While this tip is not commensurate
with both diamond surfaces, clearly it is more ordered than
disordered. Thus, the linear behavior of the friction with load
makes sense. It should be noted, however, that the origins of
linear versus nonlinear friction load behavior, the connection
with contact area, and the breakdown of continuum mechanics
requires further experimental and theoretical examination.

Conclusion

The µCD-single-crystal diamond interface was examined
experimentally by AFM in UHV and theoretically by MD as a
function of temperature. Across a range of crystalline orienta-
tions and sliding directions, the experiments revealed that the
pull-off force, the work of adhesion, and the interfacial shear
strength decrease slightly with increasing temperature. The
values of the interfacial shear strength, pull-off force, and work
of adhesion are comparable to values obtained for similar
interfaces at room temperature. The MD simulations reveal that
the average friction force decreases slightly with increasing
temperature for both diamond surfaces in all sliding directions.
Insight into the mechanism by which friction is reduced with
increasing temperature also is provided by MD simulations. Both
AFM and MD data presented here are consistent with the
previously published thermal activation model for tip-jumps at
finite temperatures. The AFM data presented here provide
experimental support for this model.
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