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Theoretical Calculations of Coefficients of Friction between Weakly Interacting Surfaces
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Ab initio molecular orbital calculations were performed to predict the friction force and the coefficient of
friction between surfaces contacted by van der Waals forces. Friction between graphite and a body terminated
by hydrogen atoms was calculated for model systems of a naphthalene/hydrogen molecule and a pyrene/
hydrogen molecule. The calculations showed that the friction for this system is isotropic. A coefficient of
friction of 0.011-0.015 was predicted, which was in agreement with values from various friction-force
microscope measurements, and was located at the lower limit of the macroscale experimental values. A
theory to account for the calculated microscale friction is presented, and the derived results are compared to
the calculated results.

principles. The first calculation was done by Zhong et#i?!
and their model describes the friction which occurs above the
threshold, i.e., in the region of strong interfacial interaction. The
procedure that they applied can be regarded as one form of
approximation of the oscillator model, where the relaxation
energy of the oscillators is approximated by the energy
difference between local maximum and minimum in the inter-
(1) body potential surface. Their model was a four-layer slab of
graphite and a monolayer of palladium, and the calculation
Because of the significance of the friction phenomena, much method applied was local density functional theory with
experimental and theoretical studies have been perfofnfed. pseudopotentials. This model was chosen in order to simulate
The AFM (atomic force microscop¥)l!technology has been atomic-scale friction force measurements taken using an
recently applied to friction phenomena, enabling measurementsAFM,12714.22-29 where palladium in their model system corre-
of the friction force at the atomic scal&:4 Using the AFM, sponds to the tip of the AFM apparatus. It should be noted
several factors such as surface roughness and heterogeneityhat the interfacial interaction present in their system may not
which play an important role in macroscopic friction phe- only be attributed to the van der Waals force but also to the
nomeng® can at least partly be eliminated, giving us more formation of chemisorption bondifg?* in the presence of
idealized quantities than those from macroscopic measurementsmetal/graphite interaction.
Thus, a direct and quantitative comparison between numerical To obtain further insights into atomic-scale friction by
simulation and experimental values can be done for the friction applying first-principle theories, we calculated friction force and
at the atomic scale. the coefficient of friction for contact of weakly interacting
The total friction force Fr) can be expressed as the sum of surfaces by applying the procedure described by Zhong et
the molecular E¢ ) and mechanicalR mc) friction forcel® al®*21 Our model describes friction between graphite and a
surface covered by hydrogen atoms, and ab initio molecular
@) orbital (MO) theory was applied to calculate the van der Waals
- . . interaction with a better accuracy than the density functional
Friction at the atomic scale may be represented by the first yhory - Referring to our calculated results, we also formulated
term in eq 2. Theoretical studies for the purpose of defining o atomic-scale friction caused by the van der Waals interaction.
this term began with the independent oscillator model proposed
by Tomlinson® where energy dissipation during sliding without
wear was formulated. This model consists of oscillators on the
surface of a body (body A). The oscillators do not interact with
each other, but interacting only with the other body (body B)
which is moving in relative motion to body A. The model was

1. Introduction

Friction occurs when two bodies in motion coming in contact
with each other. Macroscopically, friction fordg is known
to be proportional to loaéy and the ratio of the two quantities
gives the coefficient of frictiore as given in the following
equation of Amontons’ rulé?2

Fi=Fyxu

Fe=Fim t Fime

2. Calculations

To simulate atomic-scale friction between a graphite surface
and a surface covered by hydrogen atoms, the model used should
n include as many atoms as possible. However, because of the
modified by Frenkel and Kontorové to allow the presence of  computational time and memory involved, we chose naphthalene

These models suggest that for interfacial forces below a certainmglecule as the model of the terminated hydrogen atoms, as
threshold size, frictionless slide occurs, whereas above theghown in Figure 1.

threshold, friction occurs with energy dissipation caused by the
relaxation of the motion of the oscillato¥.
Recent progress in computers has enabled us to perform

The method of calculating friction force and the coefficient
of friction used in this study is that proposed by Zhong é¢z!
If we designate the arrow in Figure 1 as the x axis, and the z

numerical calculations of atomic-scale friction from the first

*To whom correspondence should be addressed. E-mail address:

nmatuzaw@src.sony.co.jp FAX numbef:81-45-353-6909.
® Abstract published irAdvance ACS Abstractdyovember 15, 1997.

axis as perpendicular to the plane of naphthalene or pyrene,
the interaction potential between the hydrogen molecule and
naphthalene or pyrene can be expressde(as). The loadfy

can then be given by the following equation.
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Figure 1. Model system for the calculation of the coefficient of friction.
A hydrogen molecule moves over naphthalene or pyrene with-itslH
bond being perpendicular to the molecules in this figure. The arrow » N L40A 12
shows the projected trajectory of the movement of the hydrogen ] N '
molecule. N rd ™
fy = —0E(x, 2)/0z (3) X

If load fy is constant, the interaction potential under a constant
oo IN - P ) € Pis Pyy Py3 Py Pyy Pyg Py Py P; Pg Ps Py P3 P, Py 3
load (isopressure potentid(x)) can be expressed as:

(b)
E(¥) = E(x, z) 4) Figure 2. Grid points for the energy calculations. The hydrogen atom
in the hydrogen molecule closer to naphthalene or pyrene than the other
wherez is z under the condition given by eq 3. is located at the grid points with the-tHH bond in the hydrogen

molecule being perpendicular to the plane of naphthalene or pyrene.

Of course, this(x) is dependent om. If we apply Zhong Definition of the designation of points is also shown.

et al.’s procedure, the kinetic energy of the hydrogen molecule
can be assumed to be consumed and dissipates 8t/ ax A . .
> 0, not returning to the hydrogen moleculepwkwa(x)gg< be noted that the path in F|gure_ 1a_|s the one als? applied by
0.2 Thus, the energy difference between a local minimum and Zhong et al., whereas the path in Figure 1b _'S ot )
maximum ofE¢(x) corresponds to the amount of energy to be  Inour model, the HH bond of the hydrogen is perpendicular
dissipated, and by dividing this amount by the distance betweento the plane of naphthalene or pyrene. Thus, among the two
the minimum and maximum, the friction force in the atomic hydrogen atoms in the hydrogen molecule, the one closer to

scale ) under loadfy can be obtained. The coefficient of naphthalene or pyrene corresponds to the terminated hydrogen
friction u is obtained by atoms, and the other is present in order to eliminate a dangling

bond which would be present if a hydrogen atom is used for
w = filfy (5) the model instead of a hydrogen molecule.

To simulate atomic-scale friction, one must choose a path to Energy calculations were done using the program system
' P Gaussiar?? The basis sets used were 6-38&%5 and

move hydrogen over graphite to calcula#x, 2). Strictly 6-311G®637for the naphthalene/hydrogen system and 6-31G*

speaking, one needs to calculate friction force or the coefficient for the pvrene/hvdrogen svstem. The second-order Maller
for all possible paths over graphite, and then the obtained ValueSPlessetpyerturbgtiong the@%ywas. aoolied as an electron-
must somehow be averaged. However, this requires a signifi- P pp

cant computational time and memory at ab initio MO levels correlation treatment. Geometry optimizations of naphthaleqe,
so that we performed calculations only for two different paths, pyrene, and hydrogen_ were perform_eo_l at the level c_orrespondlng
as shown in Figure 1. For both of the two paths in Figure 1, to the energy calculations. Thg optimized geometries were then
the hydrogen molecule moves from the center of a six- used fqr the energy calculgtlons to obtdifx, 7). All the

membered ring to the center of another six-membered ring. For c@lculations were done by using a Cray J916/12-4096 computer.

these paths, computational time and memory can further be For calculatingE(x, 2) along the paths, grid for the position
reduced because of the presence of symmetry, as compared t§f the hydrogen molecule must be constructed. The grids
other paths which do not pass over the center of a six-memberec@pplied are shown in Figure 2, where points marked by filled
ring. In Figure 1a, the hydrogen molecule moves over the center circles in the figure correspond to the positions of the hydrogen
of a C—C bond (pointg), whereas in Figure 1b, the molecule atom in the hydrogen molecule closest to naphthalene or pyrene.
moves along a €EC bond, passing over carbon atoms of C As shown in Figure 2, the energy calculations were done for
and C. The former case may be a path where the energy (the distance from the line—y in Figure 1&° or the distance
difference between maximum and minimum is the lowest under from the lined—e in Figure 169, varying from 1.40 to 3.65 A

the restriction on path, whereas the latter case is the highest, ifwith an increment of 0.05 A (and so yielding 46 points) both
the load is around zero. Thus, calculations for these two pathsfor the naphthalene/hydrogen and pyrene/hydrogen systems. For
may Yield typical values for friction force and the coefficient the x-axis, points to calculate the energies were those which
for the graphite/hydrogen interface, which can be used to clarify divide the segment of the line—y (Figure 1a) equally into 10

the dependence of the quantities on the choice of path. It shouldfor the naphthalene/hydrogen systeftx(= 0.2483 A for MP-
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2.0 . hydrogen system at the MP-2/6-311G* level, the lowest energies
0.2 are obtained at a distance between the molecules of 2.90 A for
the points above, P; and B, and 2.95 A for the points above

] Ps;, Py and R (Figure 3). At the MP-2/6-31G* level, the energies
are located at a distance of 3.00 A for the points abaye;

and B, and 3.05 A for the points above, P, and R, giving
slightly longer distances than those at the MP-2/6-311G*
level#2=49 For the pyrene/hydrogen system at the MP-2/6-31G*
g level, the distance is slightly shorter than the distance for the
naphthalene/hydrogen system at the same level of calculation:
2.95 A for points above and R, 3.00 A for B and B, and

] 3.05 A for R, Ps, Ps, Py and R (Figure 4). These values indicate

‘ ' . A ' the presence of a weak tendency of the distance to be longer
when the hydrogen molecule becomes closer to th€ ®ond

) _ from the center of the six-membered ring.

Figure 3. Intermolecular potentials for the naphthalene/hydrogen For the naphthalene/hydrogen system at the MP-2/6-311G*

molecule system calculated at the MP-2/6-311G* level. Inset is a | L th b iatis the | h he di
magnified figure for the range from 2.0 A to 3.5 A of the distance. evel, the energy above poiatis the lowest when the distance

The horizontal scale is the distance between the plane of the substratdS less than 1.80 A, and when the values are compared at the
molecule (naphthalene or pyrene) and the hydrogen atom closest tosame distance. In the region where the distance is between 1.85
the substrate molecule in the hydrogen molecule. and 2.95 A, energies above the pointaPe the lowest. If the
distance is longer than 3.00 A, the point corresponding to the
lowest energy moves further out from the center of the six-
membered ring. For example, at the distance of 3.65 A, the
energy above the pointsis the lowest, although we note that

in the region where the distance is longer than 3.00 A, the
potential curve along the x-axis is essentially isoenergetic with
1 the difference between maximum and minimum energies being
less than 1.0x 1072 eV. Note that in the region where the
distance is less than 3.00 A, energies above the pgiatéPthe
highest.

Contrary to the results at the MP-2/6-311G* level, the MP-

. 2/6-31G* calculations predict that energies above pairtre

. l ‘ ‘ , always the lowest except in the region of the distance being
1 2 3 4 between 2.70 and 2.85 A, where the energies foafe the

Distance (&) lowest. We note that in the region where the distance is longer

Figure 4. Intermolecular potentials for the pyrene/hydrogen molecule than 2.25 A, energies for the points aboweand R are

system calculated at the MP-2/6-31G* level. Inset is a magnified figure essentially isoenergetic with the difference being less than 5.0

for the range from 2.0 A to 3.5 A of the distance. The horizontal scale x 104 eV. Energies above the poin &re, again, the highest,

is the distance between the plane of the substrate molecule (naphthalen@xcept in the region where the distance is longer than 3.30 A
or pyrene) and the hydrogen atom closest to the substrate molecule in o ' ’
the hydrogen molecule. For the pyrene system which is calculated only at the MP-

2/6-31G* level, the order of the energies above poiht$,
2/6-31G*, andAx = 0.2487 A for MP-2/6-311G*). For the P2 Ps P4 P5, Ps, Pr,and Ris 0 < Py < P, < P3 < P, < Ps
x-axis in the system of pyrene/hydrogen, energies were calcu-and B < P; < Ps < Psin the region where the distance is less
lated at points which divide the segment of the s and than 2.95 A. Thus, the energies above the carbon atom are the
C,-¢ equally into 5 Ax = 0.2810 A), and the segment of the highest and the lowest energies are those above the center of
line C4-C, equally into 6 Ax = 0.2370 A). Thus, the shape of the six-membered ring. In the region where the distance is
the mesh was rectangular. The number of the grid points is 46 longer than 3.00 A, the energy difference between the maximum
x 11 = 506 points for the naphthalene/hydrogen system, and and the minimum is less than about %01073 eV.
is 46 x 17 = 782 points for the pyrene/hydrogen system,  To our knowledge, there has been no theoretical and/or
although the presence of symmetry reduced these numbers taxperimental report on intermolecular potentials for the systems
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276 points for the former and 414 points for the latter. of either naphthalene or pyrene and a hydrogen molecule. We
) ] note that there is even no report on intermolecular potentials
3. Results and Discussion between benzene and a hydrogen molecule. Of course, there
3.1. Numerical Results. 3.1.1. Naphthalene/Hydrogen has been a great deal of theoretical and experimental studies
and Pyrene/Hydrogen Intermolecular Potential. The inter- on the so-called van der Waals molecutésor systems which

molecular potential (B( 2)) for naphthalene and hydrogen at contain benzene, benzene/rare &8;5'benzene/M>? and the

the MP-2/6-311G* level and that for pyrene and hydrogen at benzene dimef3have, for example, been investigated theoreti-
the MP-2/6-31G* level are shown in Figures 3 and 4, respec- cally. According to our calculations for naphthalene, the
tively.#* For these calculations, the geometries of naphthalene, stabilization energy for the formation of a complex with a
pyrene, and the hydrogen molecule were not varied. The hydrogen molecule is calculated to be 0.028 and 0.034 eV at
horizontal scale showing distance in Figures 3 and 4 is the the MP-2/6-31G* and MP-2/6-311G* levels, respectively. For
distance between the plane of the substrate molecule (naphthapyrene, this energy is calculated to be 0.031 eV at the MP-2/
lene or pyrene) and the hydrogen atom closest to the substrateés-31G* level. For benzenei\the energy calculated at the MP-
molecule in the hydrogen molecule. For the naphthalene/ 2/6-3H-G* level is reported to be 0.074 e¥,and for the
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0.08 . . ; r . sponding to the maximum and minimum in the isopressure
potential when the load is smaller than 0:@4 nN are different
from the points when the load is larger than G-@4 nN.

naphthalene 6-311G*

0.06} _ Calculated values for the naphthalene/hydrogen system at the
% naphthalene 6-31G* two levels of MP-2/6-31G* and MP-2/6-311G* do not differ
b i . significantly, showing that the basis-set dependence of the
mg 0.04 pyrene 6-31G* | calcul_ated values is not S|gn|f|(_:an_t, and thus we may be able to
- examine the problem quantitatively. The values for the
2 i naphthalene/hydrogen and pyrene/hydrogen systems at the MP-
E 2/6-31G* level are calculated to be essentially the same. This

0.02 . suggests that the friction force and the coefficient of friction is

isotropic on the surface of graphite, and does not depend on
the direction of motion, although we note that further calcula-

! tions in which the direction is changed are required to verify
0 1 2 3 4 5 6 this.

Load (nN) As is shown in Figure 5, the friction force increases with an
Figure 5. Calculated dependence of friction force on the load. increase in the load. Furthermore, if the load is large enough
(fn > 3—4 nN), the friction force becomes almost linear to the
load for all systems examined, and consequently, calculated
valuesu tend to become independent of the load. This indicates
0.04} . that even in the microscale world, Amontons’s rule holds
naphthalene 6-311G* essentially true if the load is large enough. In this region, our
naphthalene 6-31G* calculations predict that the coefficient of friction between
0.03F ] graphite and hydrogen molecule will be about 0.601015.

pyrene 6-31G* In the previous ab initio pseudopotential calculations for the
0.02 i friction between graphite and palladium done by Zhong éfal.,
the calculatedt was not constant in the region & > 3—4
nN, but increased significantly with an increase in the load. For
0.01 . example, their calculated at fy = 10 nN was about 0.02
whereas that afiy = 30 nN was about 0.08. This suggests
that the presence of chemisorption bonding induces enhanced
0 1 > 3 4 5 6 dependence of the coefficient of friction on the load, as
Load (aN) compared to cases where van der Waals interactions are mainly
present and thus, Amontons’s rule did not hold for their
calculations. Furthermore, in this regionfQf> 3—4 nN, their
calculated values qf are larger than ours, suggesting that if a
strong interaction is present, the magnitude of friction would
be enhanced.

0.05 T T T T T

Coefficient of Friction

Figure 6. Calculated dependence of friction coefficient on the load.

benzene/Ne complex, the value is calculated to be 0.020 eV at
the MP-2/6-311G#+ diffuse functions levet’ These reported
values show that the order of magnitude for our calculated values

does not differ significantly as compared to the values for typical !N @ région wheréy ~ 0, the calculateg: become infinite
van der Waals complexes. (Figure 6), as our calculations predict that the friction force is

3.1.2. van der Waals Friction. By using the van der Waals still nonzero (1.29< 10°% nN at the MP-2/6-311G* level for
intermolecular potentials obtained, we calculated the friction the naphthalene/hydrogen system) evefiit= 0 nN. If the
force and the coefficient of friction. Calculated dependence of 102d becomes zero, the hydrogen molecule moves on the surface

friction force () and the coefficient of frictions() on the load ~ ©f 9graphite by tracing the energy minimum points in the
(f) is shown in Figures 5 and 6, respectively. intermolecular potentials shown in Figures 3 and 4. Even in

o the rapaeneydrogen sytem at e WP-216 3116+ 12 T O e Totr, enery i e s s,
level, points a_boveﬂ_and R give a maximum _anq minmum the report by Zhong et al?, the coefficient of friction is
value, respectively, in the isopressure potentidy i ~0.04 .
nN. At the MP-2/6-31G* level for the naphthalene/hydrogen calculated t(,) b,e almost zero &t = 0 !1N, n contrast t.o our
system, the same result was obtainedkit= ~0.4 nN. This re_sults. This is probably begause in their ca_Ichgﬂons, the
indicates that if the load is large-0.04-0.4 nN), hill-tops in distance between the two bodies may pecomellnfmlte at zero-
the isopressure potential are located above the center of a six/0@d, due to the lack of van der Waals interactive forces.
membered ring, which is contrary to expectation. If the load 3.1.3. Comparison with Experimental Results. Because
is smaller than these values, the maximum and minimum tend the calculated values are those for the friction at a molecular or
to locate at points abovesRnda, respectively, as is expected —atomic scale, experiments for which direct comparisons can be
and is consistent with the results on the intermolecular potential. made are limited to those done by applying the friction force
For pyrene at the MP-2/6-31G* level, the situation is slightly microscopy (FFM) technique. For the purpose of comparison,
more complicated. If the load is larger than about 0.4 nN, points experimental microscale friction forces and the coefficients of
above o and R give a maximum value in the isopressure friction of graphite measured by FFM are summarized in Table
potential with the energy minimum being above poigbPPs. 112295456 The values oft andfy in Table 1 cannot directly
If the load is smaller than 0.4 nN, the energy maximum tends be compared to our calculated values, as our calculated values
to appear above pointsRi.e., carbon atom) and the minimum  for f; andfy are normalized by the area corresponding to one
above point®) (center of a six-membered ring) and (@enter hydrogen atom, whereas the experimental valued;fand fy
of a C—C bond). These results show that the points corre- apply to the total contact area between graphite or carbonaceous
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TABLE 1: Experimental Microscale Friction Forces and
Friction Coefficients of Graphite Measured by FFM

carbonaceous material/ microscale friction force

tip material or friction coefficient load

graphite/tungsten w=0.012 105-10"°N

graphite/tungsten w=0.01 108-10°N

graphite/SiN,° u=0.013 0-~150 nN
fi=7nN 0nN
fi=~8nN ~75nN
fi=~8.5nN ~115nN
fi=~9nN ~150 nN

highly oriented pyrolytic fi=~0.2nN 25nN

graphite/SiN,?
highly oriented pyrolytic u = ~0.006 0-~55nN

graphite/silicon nitride

aReference 12° Reference 29 Reference 549 Reference 55.
¢ Reference 56.

materials and the end of the FFM tip. Thus, considerable care
is required for comparison between the experimental and
calculated values fdf andfy. To compard; andfy, their values
must be normalized, whereas fora direct comparison can be
made, as for this quantity, the effect of the difference in the
magnitude of contact area is excluded.

For the coefficient of friction, values of 0.012 and 0.01 have
been reported for a load ranging fronl08 N to ~ 1075 N
by using an FFM tip made of tungsté®?® in excellent
agreement with our calculated value of 0.611015, although
we note that the tip material is tungsten instead of hydrogen in

J. Phys. Chem. A, Vol. 101, No. 51, 19910049

Mate et alt?2 If we fit Mate's experimental data by the power
law against the load, the order becomes about 1.14, slightly
larger than unity. This is in qualitative agreement with our
calculated result, although quantitatively, our calculated order
is 1.32 (naphthalene/hydrogen system at the MP-2/6-311G*
level) which is larger than the experimental value.

When the load is smaller, an experimental valug of 0.006
atfy = 0 — ~55 nN has been reported by Ruan et al. for highly
oriented pyrolytic graphite with the use of an FFM tip made of
silicon nitride®® If we assume that the load per atom also
decreases with the decrease in the load for the FFM tip, this
experimental result also supports our calculated predictions on
u. As shown in Figure 6, our calculated value decreases with
the decrease in load, exhibiting a minimum value of 0.0056 at
fn 0.41 nN at the MP-2/6-311G* level, which is in
semiquantitative agreement with the experimental result, al-
though we note again that the tip material in the experiment is
silicon nitride instead of hydrogen in the calculations.

In this region of the load, another experimental result is
available. Labardi et & have reported the value gfin this
region to be about 0.013, although they defipeals d:/dfy, as
they observed a large nonzdr¢7 nN) at the zero-load, contrary
to the other experiments in Table 1. They attributed this large
friction force to probable atmospheric contaminants at the
interface. However, it is interesting to note that if we convert
our f; per atom at the zero-load by using the area of contact of
about 100 Ax 100 A, f; per tip becomes about 2 nN, which is
in qualitative agreement to the value obtained by Labardi et

the calculations. It has been estimated that the applied load ina., although numerical errors may be large in this regiofyof

FFM studies is less than 1® N per atom, because if the
magnitude offy exceeds this value, strong deformation of
graphite is expected, which is in contrast to experimentslf

~ 0 nN.

The other comparison which could be made is that between
our numerical values and the macroscale experimental $&ifes

we assume that the maximum applied load in the experimentsyhich are listed in Table 2. A typical value of the macroscale

(2 x 1075 N) corresponds to the load per atom of 8N, the
contact area becomes in the order of 10400 A5® This

coefficient of friction of graphite is about 0%;%5 so that our
numerical value is significantly smaller than the macroscale

value is smaller than the experimentally estimated area of contactya|ue, as has previously pointed out in the theoretical study by
of about 1000 Ax 1000 A reported by Mate et &2 which Zhong et al®2! and in experimental studies done using

was obtained aSSUming the tlp radius to be about 3000 A If FFM 12.29,54-56 However, in some experimenta| studies' much
we apply the value obtained by Mate et al., the maximum |ower macroscale coefficients of friction than 0.1 have been
applied load in the experiments can be converted into a value gbserved under various controlled atmospheres for hard carbon

per atom of about 0.01 nN, whereas if the value of the contact
area of 100 Ax 100 A is applied, it becomes 10 nN, revealing
the inaccuracy of simple conversion. Considering this inac-
curacy, it can be suggested that the rangk @ Figures 5 and
6 is comparable to the range in the FFM studies-@08 N to
~ 107% N.1229 We note that this may further support the
agreement om obtained here.

The dependence df on fy is actually not exactly linear in
the range offy from ~107% N to ~ 10°% N, as reported by

containing hydrogen and polycrystal grapié> For these
compounds, values of 0.6D.02 have been obtained. Thus,
our theoretical value can be regarded as around the lower limit
of the experimental values. This may mean that our calculated
wu of 0.011-0.015 corresponds to the first term in ed®2,
representing the molecular friction.

3.2. Theoretical Results. To obtain a further insight into
the friction phenomena in the microscale world as shown in
Figures 5 and 6, we modeled the phenomena theoretically. An

TABLE 2: Experimental Macroscale Friction Coefficients of Graphite

graphite in ambient air,

temperature:
humidity: 50+ 1%
air pressure: £@ 1 mmHg,

cast iron graphites

7% 3°F,
0.0593-0.1016°

water vapor pressure:—420 mmHg,

temperature: 26140°C

hard carbon in air

in vacuum
hard carbon containing hydrogen in air

in vacuum

graphitic carbon
graphite
polycrystal graphite

in vacuum

in @ pressure:

in He (0.4 10° Pa)
in Ar (2 x 1° Pa)
in He (1 x 10° Pa) and @ (1.5 x 10° Pa)

~0.12-~0.351
~0.1—~0.3%2
~0.12—-~0.462
~0.22—~0.52
~0.01—~0.352
~0.3—~0.6%
A0.154
~0.02-~0.45°
~0.02—-~0.455
~0.03—~0.445

10-to 1F Torr
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Z-axis

(1)
f = {(1-) E, g Mg D)

y-axis n
pehition (R ( l,)n'/(nJrl)EBl/(rf+1)Can’/(n’+1)an'/(n’+1)} /d (11)
. n
ofo B
/
Distance, N Atom U= {(ln-)n (ml)EAl/(Ml)ClAn/(Ml)fN_1/(n+l) _
d Position B
—d n'/(n'+1) . _
(y=d,0<dl<ad) (l') EBll(n’+l)Can/(n+l)fN 1/(n‘+1)} /d (12)
\ Lennard- n
o /ljonesA In the region ofx where the (6,12) potentials are around the
- g potential .. . .
Position A~ £ > minimum, eqs 6 and 7 may be approximated by a parabolic
y=0 . X-8Xi$ form, so that the two equations can be expressed as
Atom . 2 "
Figure 7. A schematic of the theoretical model. Tieplane is the Va() =Ey(x— Ry)"+ B} (13)
surface of graphite. )
Ve(X) = Eg(x — Rg)" + Eg (14)
assumption that we made is schematically shown in Figure 7. o o o
In Figure 7, the surface of a body lies in tyeplane, and the The friction force and the coefficient of friction can then be
other body such as a hydrogen molecule moves along thec@lculated as,
y-direction atz = 0. Along this direction, the surface feature 1 1
is assumed to be periodic with a periodic distance.ofThus, fi= { (E - E)fﬁ +Ex — Eg} /d (15)
the interbody potential ay = 0 (position A) and aty = d A B

(position C) becomes the same. We assume here that in the 1 1 B — BV
interaction potential under a constant load (isopressure potential, u= { (_’ — _')fN + u} /d (16)
E:«(x)), the maximum value is ay = 0 and d, whereas a 4B, 4E f

minimum value can be seen where= d' (0 < d' < d) (position

B). The form of the interaction potential between the two bodies
may be represented by the (6,12) potential of Lenrdahes.
Then, the interbody potential at the position A and C can be
expressed as

Finally, in the region where is large, where the interbody
van der Waals force becomes attractive, the first terms in egs 6
and 7 can be ignored. Then, the microscale friction force and
the coefficient of friction can be expressed as

1\6/7
CLl? (Conl? fi=(g (EC®+ EsC™) (-1 (17)
Va) =B\ —\ (6)

6/7
I 1= (g BT+ BT (0 (18)
whereas at the position B, it is

Co\12 Co\6 .The:* negative sigq ofy in egs 17 and ;8 shows that the
Vy(x) =E {( lBR) _ ( ZBR) } @) direction of the load is opposite from that in the case in which
B Bl\x+ X+ the loadfy is large, because in this region the interbody force
is attractive. A similar generalization to that which gave egs
In the region where the distance x is small (which means 11 and 12 can be made by assuming that the interbody potentials
that the loady is large), the second terms in eqs 6 and 7 can can be described in the form shown in eq 10 instead of eqs 6
be ignored. Using the procedure described above, the micro-and 7. The shape of the interbody potential, then, becomes
scale friction force and the coefficient of friction in this region proportional to ()™ instead of to ()° at position A, and to
were calculated, yielding the following equations. (/)™ at position B. This yields the two equations below.

/(1)
f = (%2)12’13(EA1/13C1A12/13_ E, 115, 1219f 12134 (g) fi= {—(%l)m E, VM, Mgy 4

1 )m'/ M+ U+~ miim+1) mi(m+1)
1213 ] W) BT ™ g (29)
5= ( liz) (EA1/13C1A12/13_ EBMSClBlm%fN ER ) m

u= {(%Jm’(ml)E U Mg )1
The general form of the Lennardones potential is known " A N

. m'/(m'+1) ey _
to be in the form of ( % ) EBll(m+1)CZBm /(m +1)(_fN) 1/(m+1)} /d (20)
Cn Cm . . .
V(X) =——— (10) These equations give the dependence of the microscale
X X" friction force and the coefficient of friction on the load, as is
schematically shown in Figures 8 and 9. Foit is calculated
wherex is the distance, an@, andC, are constant® Thus, that in the region where the interbody distance is large (or the
egs 8 and 9 would further be generalized by assuming the shapdoad is negative), the magnitude of the force is proportional to
of the interbody potentials to be proportional toxj?/instead [fn| 87 (or |y ™MD — |fiy| ™M +D), and becomes larger with an
of to (1/X)12 at position A, and at position B, to (d/, as the increase in|fy]. In this region wherefy is negative or the

exponent at position B may be different from that at position interbody force is attractive, the magnitude of the load cannot
A. In this case, the two equations become become larger than a certain value which is limited by the
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3 0.04 I /Eq. (16) 4
S /
e - /
= 5 /
g S 003 P / i
2 & /
4 S /
© /
§ o.02 / .
0 g ,I Numerically Calculated
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Load 0.01
Figure 8. Schematic showing dependence of microscope friction force
on load.
0 L Il L 1]
0 1 2 3 4 5
- Load (nN)
=
2 Figure 10. Numerically and theoretically calculated friction coefficient
é for the naphthalene/hydrogen system at the MP-2/6-311G* level.
Q
<
o a and R are fitted by egs 6 and 7 or egs 13 and®14nd the
g constants obtained are substituted into eqs 12 and 16 for the
S0 coefficient of friction. Values fou are shown in Figure 10 for
= egs 12 and 16, where the former is for the region whigris
sufficiently large, and the latter fdg ~ 0. We note that for
calculating eq 12, the interbody potentials at points abave
Load and R (Figure 3) are not actually fitted by eqs 6 and 7 but are
Figure 9. Schematic showing dependence of microscope friction fitted by a function having a form which is more generalized
coefficient on load. than that of eqs 6 and 7, as shown in ecf21.

maximum of the gradient of the interbody van der Waals 1 C, \m

potential in the attractive force region. In the intermediate VRO =B\ 77 “\\Fr (21)
region where the two bodies are almost put into contact by the
van der Waals attractive force, the dependence of the friction
force on the load is calculated to be parabolic, with the
magnitude of the friction force increasing with an increase in
the absolute value of the load. We note thaé not zero even

if fy is zero. Finally, in the region where the interbody distance
is small and where the van der Waals repulsive force operates,
the magnitude of the friction force is calculated to be propor-
tional to |fy|1%13 (or |fy|MML — |fy|" D), or if n = ', the

Figure 10 shows that the theoretical curve figr= ~0 (eq
16) agrees with the numerically calculated valudg it ~0.1
nN.% whereas in the region whefg is large v > ~1 nN),
the theoretical curve from eq 12 does not show a tendency
similar to the numerical result§. In this region, the numerically
calculated value increases with an increase in the load, whereas
in the curve from eq 12, the theoretical value decreases. As
friction force becomes to be proportionalfig™D, becoming has been @scussed in the comparison between the.numerlcal
. . and experimental results, the power low for the microscale
almost linear withfy. o . . o
E h . ffici . lculated in Fi 9i friction force against the load exceeds unity which is contrary
or u, the negative coefficient is calculated in Figure 9 In 1, o0 g and eq 11. This indicates that this regiofyet 0.5-5

the region where the interbody distance is large (or the load is .|\ (or more) can be regarded as an intermediate region between
negative), because the sign of the load is negative in this region,;, o <o \which can be described by eq 17 and eq 12, and

whereas the friction forcg Is alvyays positive pepause its.dilrect!on corresponds to the region which is marked by an asterisk in
does not change. In this region, the coefficient of friction is Figure 9

calculated to be proportional téfy|=>7 (or |fy|~M™D) —

fn| MDY In the region where two bodies are put into contact
by the van der Waals attractive force, the coefficient of friction
is in the form of Ax fy + B/fn (A and B are constants). Thus,  Ab initio molecular orbital calculations predict the coefficient
as can be seen in Figure 9, in the van der Waals repulsive forceof friction of graphite in microscale to be 0.030.015 for model
region, the coefficient of friction at zero-load is infinite, and systems of a naphthalene/hydrogen molecule and a pyrene/
then it decreases at first, and then increases linearly with the hydrogen molecule. This value is in excellent agreement with
increase in the load. Subsequently, the coefficient becomesvarious friction force microscope measurements and is located

4. Conclusions

proportional toffi| 3 (or [fy| ¥ — |f|~¥™) in the region i the lower limit of the varied macroscale values. On the other
where the load is large, eventually showing a local maximum hand, this value is smaller than the previously reported numerical
value. value for friction between graphite and palladium, showing that

Comparing Figures 5 and 6 to Figures 8 and 9, it can be the presence of chemisorption bonding may enhance the
seen that our theoretical results are qualitatively in agreementmagnitude of friction. A simple theoretical model to describe
with the numerical results. Comparison of the above equationsthe numerically calculated dependence of the microscale friction
with the numerically calculated values is done for the numerical force and the coefficient of friction on the load is also
results of the naphthalene/hydrogen system at the MP-2/6-311G*formulated. This theoretical result is in qualitative agreement
level. The interbody potentials shown in Figure 3 over points with the numerical results.
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