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Monolayers of Cgo molecules epitaxially grown on GeS(001) in ultrahigh vacuum were investigated
by friction force microscopy in air. The frictional force Fy on the GeS substrate was found to be
proportional to the normal force F, in the first approximation, whereas the friction measured on the
first Cgo monolayer fits excellently to a Fy Ff/ 3 dependence. This different frictional behavior

causes a flip in contrast in spatially resolved friction force maps.

Additionally, the second Csgo

monolayer exhibited a lower friction than the first layer at normal forces below the critical force
where the contrast flips. The measured data are analyzed using a generalized Hertzian theory, which

considers capillary condensation.

I. INTRODUCTION

Although frictional forces play a vital role in daily life
and are easily measured, the fundamental mechanisms
of friction are poorly understood. The main reason for
this is that most macroscopically measurable frictional
effects are dominated by the influence of wear, plastic
deformation, lubrication, surface roughness, and surface
asperities. Pure wearless friction on a molecular scale
was experimentally not accessible.

Recently, however, the experimental setups to study
tribological systems have been significantly improved.
For instance, it has become possible to investigate
the sliding of two molecularly smooth surfaces against
each other using the surface force apparatus (SFA).l:2
An even more recent development is the friction force
microscope,>® which is derived from the scanning force
microscope® and enables spatially resolved measurements
of lateral forces by moving a sharp tip, representing (ap-
proximately) a point contact, over a sample surface.

It is well known that thin layers of some materials
can drastically reduce the friction of surfaces (“bound-
ary lubrica.t:ion”).7 Soon after the discovery of the Cgg
molecule,® there have been speculations about possible
unique lubricating properties of Cgo films due to the
spherical shape of the individual Cgo molecules. This
spherical shape and the fact that the Cgg molecules in-
teract only by weak van der Waals interaction allow the
Cego molecule to rotate freely at room temperature in
bulk single crystals® as well as in thin films on various
types of substrates. However, recent studies of the tribo-
logical properties of Cgq films have led to contradictory
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conclusions. 10715

Here, we report on a nanotribological study of Cgo
films epitaxially grown on layered GeS(001) substrates
in ultrahigh vacuum (UHV). Friction force microscopy
(FFM) has been applied to probe the local frictional
properties of Cgg thin films with respect to the GeS sub-
strates. The frictional force Fy on the GeS substrate was
found to be nearly proportional to the normal force Fi,,
whereas the frictional behavior of the Cgo monolayers
fits excellently to a Fy o F2/3 dependence. The different
loading dependence of the friction on the substrate and
the Cgo monolayers is shown to cause a flip of the contrast
in a series of FFM images acquired at different loading
forces on the same surface spot. Possible explanations of
this behavior in terms of a generalized Hertzian theory
are given and will be discussed extensively.

II. EXPERIMENT

GeS is a layered material [Fig. 1(a)] which can be eas-
ily cleaved along its (001) plane by using Scotch tape. Its
surface structure is rectangular; the lattice constants are
a=3.64A,b=4.30A,and c=10.47 A.1® The uncoated
crystal exhibits large atomically smooth terraces,'” sim-
ilar to, e.g., highly oriented pyrolytic graphite. These
terraces are separated from each other by steps of half of
the unit-cell height or multiples of this value.

The Cgo films were sublimated in UHV on in situ
cleaved single-crystalline GeS(001) substrates of 6 x 6 x
0.5 mm? size. The crystallinity of the GeS was checked
by means of low-energy electron diffraction (LEED) after
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FIG. 1. (a) Structure of the GeS(001) surface. The layered
structure of the material is clearly visible. The high surface
corrugation due to the grooves along the [010] direction is
probably one reason for the comparatively large friction on
this material (cf. Table I). (b) Structural model of epitaxial
Ceo monolayers on GeS(001). If the Cgo molecules fill in ev-
ery second groove on the GeS surface, an epitaxially oriented
monolayer with (111) orientation and very low internal stress
can be formed.

cleavage. Highly purified Cgo material was filled into the
graphite crucible of a Knudsen cell, outgassed at 380°C
for several hours and heated to the evaporation temper-
ature of 420°C 1 h before the evaporation process was
started by opening a shutter. During the evaporation
process, the substrate temperature was held at 180 °C;
the evaporation rate was 0.07 ML/min and the back-
ground pressure 2 x 107° Pa.

Samples prepared in the way described above have al-
ready proven to form epitaxial layers on GeS(001);'8:19
the structural model is shown in Fig. 1(b). Due to the
asymmetry of the structure, grooves are formed on the
GeS(001) surface parallel to the [010] direction [see Fig.
1(a)]. The period of these grooves (4.30 A) is nearly half
of the distance of two neighbored rows on the (111) sur-
face of a Cgo crystal (8.67 A). As every second row is
filled with Cgo molecules [Fig. 1(b)], the Cgp molecules
form an epitaxial (111) layer of a closed-packed structure
with the [101] direction aligned to the b axis of the GeS
substrate. The quality of the Cgo layers is controlled by
LEED after the evaporation process. Due to the crys-
tallinity and the epitaxy of the growing Cgo islands, a
sharp LEED pattern is obtained.2°

The scanning and friction force microscopy investi-
gation was performed under ambient conditions and
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at room temperature with a commercially available
instrument.?! Normal and lateral forces were measured
simultaneously;*® scan speeds were about 2 pum/s.

Great care was taken in order to obtain not only qual-
itative, but also reliable quantitative data. A rectan-
gular single-crystalline silicon cantilever?? was used for
all measurements shown below, whose dimensions were
accurately determined by means of electron microscopy.
Spring constants of 0.045 £ 0.005 N/m in the z direction
and 289 + 60 uN /rad for torsion were calculated accord-
ing to the formulas given in Ref. 23. The errors of these
spring constants are primarily influenced by the errors
in the lever thickness ¢t (¢ = 1.3 £ 0.1 pm) and, for the
torsional spring constant, by the error in the tip length !
(1 =13.2+2.6 um).

For the determination of absolute values for normal as
well as lateral forces, more possible sources of errors have
to be taken into account such as the calibration of the de-
flection sensor and the varying position of the laser beam
on the cantilever. Doing so, a relative error of ~30% for
the lateral force data and of ~15% for the normal forces
were obtained. These errors, however, are fully system-
atical. The statistical error of a data point is, as shown
below, very small. Therefore, the observed proportion-
alities should not be affected very much by these quite
large errors; the errors are accurately represented by the
x2 value of the statistical analysis. A detailed analysis of
force calibration in lateral force microscopy will be given
elsewhere.2*

The normal forces F,, and the adhesion F were deter-
mined through force-versus-distance curves. F, was set
to be zero at the point where the cantilever leaves the
surface. A large number of force-versus-distance curves,
performed all over the sample, showed no significant vari-
ation of the measured adhesion Fy. Only statistical fluc-
tuations were observed. Thus, the zero point of the nor-
mal force F),, was taken to be the same for the Cgq layers
and the substrate surface. Recalling that both surfaces
interact only by weak van der Waals forces with adsorbed
atoms or molecules, this appears to be reasonable.

The lateral forces are averaged over at least 250 indi-
vidual data points fluctuating by roughly 15% peak to
peak, which were accumulated over distances of several
hundred nanometers. Thus, the statistical error of an in-
dividual data point as displayed in Fig. 4 is very small
(=~1%). However, in order to get a feeling for more long-
term fluctuations, the lateral forces were determined at
the same surface spot twice for each selected normal force
value.

III. RESULTS

For the present friction study, a sample with a nominal
coverage of 1.2 ML was used. A large-scale topographical
image (6.2 x6.2 um?2) is shown in Fig. 2, revealing den-
dritically shaped Cgo islands. Due to a nonideal layer-
by-layer growth, 30% of the substrate surface was still
uncovered, but 40% of the surface was covered by two
monolayers and about 4% even by three layers. Details
of the growth process are discussed elsewhere.1”:1°

Figure 3 shows topography (a) and friction force maps
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FIG. 2. Topographical force micrograph of a sample with
a nominal coverage of 1.2 ML of Cgo molecules, exhibiting
dendritically shaped islands of up to 3 ML height. Scan size
was 6.2 x 6.2 um?.

(b-i) obtained by combined scanning and friction force
microscopy. The scanned area was 2x2 pm?2. In the
topographical image [Fig. 3(a)], the dendritically shaped
Ceo islands with 1 or 2 ML height are easily observable.
The friction force maps presented in Figs. 3(b—i) were

FIG. 3. Topography (a) and friction force maps (b-i) of a
spot on the same sample as presented in Fig. 2. The islands
are 1-2 ML high (about 1 nm each); scan size was 2 x 2 pm?.
In the friction force maps, dark means low and bright means
high frictional force. Normal forces F,, were 1.3 nN for (b),
2.6 nN for (c), 4.5 nN (d), 6.7 nN (e), 10 nN (f), 15 nN (g),
20 nN (h), and 30 nN (i). The contrast flips between 10 nN
and 15 nN normal force.
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FIG. 4. Plot of Ff as a function of F,. The data points
from the GeS substrate can well be approximated by a curve of
roughly linear shape according to Eq. (18) (C = 1.06 nN'/3,
a = 1.08). For the Cgo data, the fit according to Eq. (19)
(Fs < F2/?) is plotted (C = 2.96 nN'/3).

acquired at normal forces F,, ranging from 1.3 to 30 nN
on the same spot as shown in Fig. 3(a); dark means low
and bright means high frictional force. At low loading
forces [Fig. 3(b—e)], the frictional force on the Cgq islands
is obviously higher than on the GeS substrate. With
increasing F,,, the contrast gets weaker until it flips above
F,, = 10 nN [Fig. 3(f)]. Further increment of the normal
forces [Fig. 3(g—i)] results in significantly lower frictional
forces on the Cgg islands in comparison to the substrate.

This behavior is illustrated by the plot presented in
Fig. 4, which shows the frictional force F¢, determined on
the first monolayer, as a function of the normal force F,.
The two lines cross at around 7 nN, which corresponds to
the flip in the contrast in Fig. 3. The determined normal
forces F,, at which the frictional forces on the substrate
and on the first Cgo layer were equal varied between ~6
and 12 nN in different experiments; the qualitative be-
havior as discussed below, however, was always the same.
Above 20 nN, the Cgo monolayers start to become modi-
fied due to increased tip-sample interaction [see arrow in
Fig. 3(i)]. Below this force, no modification of the sample
surface could be observed even after extensive scanning

FIG. 5. Topographical force micrograph (a) and simulta-
neously recorded friction force map (b) of a 4 x 4-pum?-large
area imaged at F,, = 6.7 nN. The second Cgo monolayer ex-
hibits a numerical value of the frictional force which is just
in the middle of the friction on the first monolayer and the
friction on the substrate.
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(wearless friction). For these data, Fy was determined to
be 6.7 nN.

Taking a closer look at Fig. 3, it can be seen that
in some friction force maps acquired at normal forces
below the crossing point [Figs. 3(c—f)], the second Cgo
layer is somewhat darker than the first layer, indicating
a lower friction on the second than on the first mono-
layer of Cgo molecules. This is even better exemplified in
Fig. 5, where the topography (a) and the simultaneously
recorded friction force map (b) of a 4 x4—um?-large area
are shown. The normal force F,, was 6.7 nN. By means of
statistical analysis, it could be shown that, in this image,
the frictional force on the second layer is just between
the friction on the substrate and the friction on the first
monolayer.

IV. DISCUSSION

The theory of friction is governed by Amontons’s law,
which states that the frictional force Fy is proportional
to the externally applied loading force F; (which differs
from the normal force F;, acting on the atoms at the
contact interface in the case of adhesive junctions, as will
be discussed below) for many combinations of materials
and independent of the apparent area of contact

Fy = pFy, (1)

where p denotes the coefficient of friction.

To explain Eq. (1), the structural properties of the
contact interface have to be considered. For macroscopic
bodies, the actual area of contact is limited to discrete
spots of the interface due to the roughness of the surface
on a microscopic scale. Thus, for a further analysis, it
will be convenient to separate the influence of changes in
the actual area of contact A from the influence of changes
in the mean contact pressure p,

p= FI/A’ (2)
by defining the quantity S,
§=Fs/A, (3)

which represents the frictional force per unit area. Note
that A will generally depend on Fj, whereas S can be a
function of p. In the present case of wearless shearing
of an adhesive junction in the elastic limit, i.e., with-
out any plastic deformation, S is equivalent to the shear
strength of the junction according to the Bowden and Ta-
bor model.” This model, originally introduced for the ad-
hesive shearing of metallic junctions,” has already proven
to be a successful concept also for the wearless shearing
of other adhesive junctions such as thin organic films or
mica on mica.!225

First, the nature of the dependence of A on F; should
be discussed. Bowden and Tabor” already noticed that
Amontons’s law holds only when the actual area of con-
tact increases proportionally with the applied load. It
can be shown that under certain assumptions about the
statistical distribution of asperity heights for rough sur-
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faces of macroscopic bodies or with the consideration of
plastic flow, Fy will be proportional to the externally ap-
plied load F; whatever the law of deformation, the shape
of the asperities or the nature of the S(P) dependence
are.?%2” However, a load-dependent friction coefficient
has been observed on several materials.’»":2%73! In most
cases, the friction coefficient decreases with increasing
load. This is often explained in terms of relationship (3)
with a A oc F™ law (0 < m < 1).

In order to get a feeling for the contact mechanics oc-
curring in the case of a small FFM tip sliding over a
sample surface, the idealized case of a spherical tip on a
perfectly flat surface should be considered. For this sit-
uation, Hertz3233 showed already more than a hundred
years ago that for a nonadhesive junction, the contact
area A is given by

2/3
Abterts = M0l = 7| ZF 4
Hertz — MQH{erty; — T K l ) ( )

where ayert; denotes the radius of the contact area, R
the radius of the sphere over the flat, and K the elastic
moduli,

4 (1—v2 1-12\"!
K=~ 1,1
3( B T E )

(v; is Poisson’s ratio, F; is Young’s modulus of sphere
and flat, respectively; ¢ = 1,2). Combining Egs. (3) and
(4) results in the following relationship for the frictional

force:
2/3
R
Fe = Sn| —=F
f 7r(I( l) ’ (5)

which was confirmed in the experiment.3!

Equation (4) is only valid for nonadhesive junctions.
In the present case of a tip over a flat at ambient con-
ditions, attractive forces mainly due to capillary forces
occur.3* Therefore, a modified theory describing the con-
tact mechanics of the tip/sample interface is needed that
considers capillary condensation. This is included in the
generalized Hertzian theory introduced by Fogden and
White3® (henceforth referred to as FW). It is in princi-
ple an extension of the theory of Derjaguin, Muller, and
Toporov (Ref. 36, but see also Refs. 37-40), assuming
the capillary forces as the only attractive forces acting
outside of the contact area.

In this theory, the load-contact area curve is deter-
mined by a set of two equations that depend on a funda-
mental parameter k:

_smPK (3D (Do)
T 23/2 2yLv RY/2 2% )

Here, 7 represents the radius of the meniscus, yv the
surface tension of the liquid-vapor interface per unit area,
and Dy the separation of the two surfaces. Since these
two equations cannot be solved analytically, the FW the-
ory can only be handled numerically with a computer.
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Nevertheless, for sufficiently small or large k, analytic
approximations can be derived.3® A small k£ value de-
scribes a system of a soft, large sphere over a soft flat and
vapor pressures close to the onset of capillary condensa-
tion. In this limit, the additional effect of the attractive
capillary forces can be described by the introduction of
an apparent Hertzian load Fiw:

Fgw = Fy + 6nRyy + /127 Ryv Fy + (67 Ry )?
(7)

which is somewhat larger than the externally applied load
Fy;. The mathematics of the FW model in this limit is
very similar to the one of the theory of Johnson, Kendall,
and Roberts*! (JKR) developed for junctions that show
adhesion due to a finite surface energy of the contact
interface. Replacing F; by Fgy in Eq. (5), the contact
area Agyw in the small k limit of the FW model can be
written as

R 2/3
Apw = W(fFﬁw)

R\ 2/3
-~(x)

X |:F'l + 67 R’)’LV

2/3
+\/127rR’)’LvF11 + (GWR’YLv)ZjI . (8)

A consequence of this equation is that at small neg-
ative loads (F; < 0 nN), the sphere and the flat still
possess a finite contact area (i.e., they still adhere) un-
til the square root becomes zero. At this point, where
the “pull-off” force F§o = —3mRyLv/2 is reached, the
surfaces suddenly disengage.

It has been understood for many years??43 that two
surfaces in contact can experience an additional load Fy
due to attractive forces. Hence, Amontons’s macroscop-
ical law [Eq. (1)] has been modified to

Fy = u(Fy + Fo) = uF. (9)

F,, = Fy+ F; denotes the normal component of the forces
acting on the sample surface as defined in the experi-
mental part and has to be compensated for by a repul-
sive force of the sample surface being in contact with the
probing tip. The numerical value of F, is decisive for fric-
tional phenomena or surface modifications. Fjy is equal
to the absolute value of the pull-off force Fpo and can
therefore be determined by force-versus-distance curves.
Hence it follows for the FW theory:

Fo = —Ff;o = 37I'R")’Lv. (10)

This, together with the above definition of F;,, allows us
to rewrite Egs. (7) and (8) in the convenient forms

Fiw = (\/1_’;+ \/E)z (11)
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and

4/3

— (%)/ (VE+VE)". a2

Combined with Eq. (3), Eq. (12) leads to

Fj = Sr (%)2/3 (VE+ \/170)4/3. (13)

Note that, in this limit, we get an offset of FJQ =
Sm(RFy/K)?/3 for F,, = 0 nN.

In the limit for large k, corresponding to a small, hard
sphere in contact with a hard flat having a well-developed
meniscus, it turned out that capillary forces can simply
be considered by an apparent Hertzian load Fjy:

Fly=F +F,=F,

with Fy = —Fll:.o = 47 Rypv(1 — Do/27}), leading to

R 2/3

The contact mechanical models introduced above are
derived for static equilibrium conditions. Nevertheless, it
was shown recently for the Hertzian and the JKR model
that these models also apply for sliding conditions at
not too fast sliding velocities.** Hence, for a theoretical
explanation of the frictional behavior, an interpretation
of the measured data in terms of the FW theory seems
reasonable. However, before the approximations given
above are compared to the experimental data, a closer
look should be taken at the parameter k. Assuming a
well-developed meniscus with 7, = 1 nm or even larger
seems reasonable since the measurements were carried
out at a relative vapor pressure of approximately 55%,
which is well above the critical pressure for meniscus for-
mation. An estimated value of the tip radius is obtained
by using —Fpo = 6.7 nN = Fy = 4 RyLv(1 — Do/2r).
Setting Do ~ 1 A and vy = 72 mJ/m? (surface energy of
water) gives R = 7.8 nm, which is in agreement with the
data provided by the manufacturer, who claims tip radii
of smaller than 10 nm.?? With these values and K ~ 50
GPa (a typical value for layered materials like GeS in
combination with silicon tips; exact values for Eges and
VGes are not available), k is calculated to 228. Thus, the
large-k model should apply.

In order to make a comparison between the idealized
case of tip and sample in Hertzian contact and the re-
sults presented above, a model for the dependence of S
on the mean pressure p is required. [Note that, in order
to consider the contribution of the additional attractive
forces caused by the meniscus on the mean pressure, Fj in
Eq. (2) has to be replaced by F,,, leading to p = F, /A.]
There is no conclusive theory as to how such a depen-
dence should look. However, a popular model that was
first proposed by Bridgeman*® approximates the pressure
dependence of S by

S = S0 + ap. (15)
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The constants Sp and « determine the frictional proper-
ties of the material. In the small-k model, Eq. (15) has
to be introduced in Eq. (13), which results in

F=C (\/I«Tn+ \/170)4/3+a (\/17”+ \/170)2 (16)

with
R\2%/3
C = S()ﬂ' (E) .

For the large-k limit, Eq. (15) has to be combined with
Eq. (14), leading to

(17)

F; = CF?3 4 aF,. (18)
Table I shows results of fits of the parameter set given
in Fig. 4 according to Egs. (16) and (18). The results
confirm the expectation that the large-k model is proba-
bly best suited for the description of the situation. It can
be seen that Eq. (16) (small-k model) gives good results,
i.e., low values for x2, on both materials only for values
of C < 0 nN'/3. The definition of C in Eq. (17), how-
ever, obviously only allows values equal or larger than
zero. Setting C or, even worse, a to zero results in com-
paratively high values for x2. Hence, the small-k model
indeed proves to be not suitable for the situation.

Using Eq. (20), the best fit for the data measured
on the GeS substrate is found to be the one with C =
1.06 + 0.22 nN/3 and « = 1.08 + 0.09; i.e., both terms
contribute considerably to Fy. The solution with C =0
nN/3, however, reveals a value for x2 only 50% higher.
Therefore, in spite of being nonlinear, the Fy(F,) depen-
dence is not very far from a linear model of Amontons’s
type with o = 1.53 £ 0.01, as also visible from Fig. 4.

For the data on the Cgg layers, the situation is differ-
ent. A straight line through zero is not a possible solu-
tion, since this could not explain the observed flip of the
contrast in Fig. 3. Furthermore, this fit implies an eight
times higher value for x? than the other two fits. These
other two fits result in nearly the same curve. In the case
where o # 0, it is very close to zero (a = 0.03+£0.07) and
can be neglected. Therefore, the dependence of Fy on F,
on the Cgo monolayers can be excellently approximated
by

Fy = SoA = CF?/3, (19)
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where Sy has, in contrast to S in Eq. (3), no pressure
dependence.

In Fig. 4, the curve according to Eq. (19) is plotted for
data obtained on the first Cgo layer. It can be seen that
in the low-load region, the measured data are slightly
higher than the calculated curve. From Figs. 3 and 5,
however, it was recognized that at these loads the fric-
tion on the second Cgo layer is lower than on the first
layer and therefore fits even better the theoretically pre-
dicted values. This lower friction on the second layer can
probably be explained by a stronger interaction of the
Cgo molecules with the substrate than between individ-
ual Cgg layers, as already found earlier and described in
Refs. 20 and 46.

For a comparison with other work, some quanti-
tative values should be calculated. Using ALy =
7(RF}w/K)?® = m(RF,/K)*? (AL is the contact
area of the tip and sample calculated according to the
FW model in the limit for large k) and again taking
K ~ 50 GPa and R ~ 7.8 nm, ALy, results in ~0.9 nm?
for F,, = 1 nN and ~4.2 nm? for F,, = 10 nN. This leads
to contact pressures of ~1.1 GPa for F,, = 1 nN and
~2.4 GPa for F,, = 10 nN. Moreover, with the definition
of C according to Eq. (17), So = CK?/3/7rR?/3 can be
calculated to 3.3 GPa on the Cgg layers, using C = 2.96
nN1/3 and to 1.2 GPa on the GeS substrate, using C' =
1.06 nN'/3. The actual value on the Cgg layers will prob-
ably be somewhat lower if one considers that the value
of K accounting for the Cgo layers is most likely lower
than the value of K accounting for the GeS substrate due
to an increased softness of the Cgp molecules. However,
even with this uncertainty in the determination of K, it
can be stated that Sp is in the range of gigapascals.

Nevertheless, these values are difficult to compare with
values already published, as shown below. The contact
pressures, e.g., are slightly higher than the pressures ap-
plied in the experiments presented in Ref. 1 and about
the same-as in the high-pressure regime investigated in
Ref. 47 and therefore not very unusual; in these reports,
however, the typical values of Sy are about a factor of
1000 lower. This might be due to the different setups
in these experiments (much larger contact areas, other
materials, and actual and apparent contact area might
differ in these experiments, etc.).

The reason for the different behavior of the frictional
force on the two different materials, if interpreted as dis-
cussed above, is still unclear since it is not known how
Sp or a are determined by properties like the crystal

TABLE I. Results of the fits for Egs. (16) and (18) to the data set shown in Fig. 4 (40 data points at 20 different forces).

Fy was 6.7 nN.
Fitted equation Fit on Cgo layers Fit on GeS substrate
C (nN'/?) a x? C (aN'/3) a x°

(16) —0.95+0.09 0.71%0.03 0.290 —2.91+0.14 1.38+0.04 0.657
(16), C = 0 nN'/3 0 0.4240.01 1.062 0 0.5040.01 7.831
(16), 2 =0 1.36 +0.02 0 4.901 1.63 £0.07 0 18.267
(18) 2.89 +0.18 0.03+0.07 0.458 1.06 +0.22 1.08+0.09 0.672
(18), C = 0 nN'/3 0 1.25+0.03 3.424 0 1.5340.01 1.058
(18),a =0 2.96 £0.02 0 0.449 3.59 +0.06 (] 2.964
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structure or the atomic species. However, an explana-
tion should be tried in terms of the theory developed by
Briscoe and Evans.! They derived Eq. (15) using a ther-
mally activated model of Eyring’s type, obtaining

So = é {kBTln (%) + Q’} (20)
and
a= %, (21)

where kg is Boltzmann’s constant, 7' the temperature,
V the sliding velocity, Vo a proportional constant deter-
mined by the frequency of the thermally activated lattice
vibration and the lattice parameters, Q' is the height of
the potential barrier between two minima of the surface
potential without any applied force, and © and ® are
constants, formally having the units of volumes, but de-
scribing the change of the potential barrier under the
influence of a normal () or lateral (®) force.

Unfortunately, the physical meaning of some of the
constants is not clear. Vy should be determined, as men-
tioned above, by the frequency of the thermally activated
lattice vibration and the lattice parameters, but an exact
value cannot be given. The parameters 2 and ® arise au-
tomatically from the theory to make the activation terms
dimensionally correct, but are difficult to interpret. The
stress activation volume ® is generally interpreted as the
size segment that moves in the unit shear process. In the
study of Briscoe and Evans, which was performed using
an SFA, this volume had a size of several molecules (1.6—
6.6 nm?®) in the case of thin films of stearic or behenic
acid deposited on mica. The pressure activation volume
Q is associated with the local increase in volume at a
strategic site in the lattice, which is necessary to permit
the molecular motion to occur. Briscoe and Evans found,
again for stearic and behenic acid, values for Q of about
0.1 nm?2, which is approximately the volume of an ethyl
group of the used molecules. Nevertheless, these inter-
pretations are very uncertain and should be used with
extreme care. Furthermore, the values of Q and ® might
be temperature, scan rate, and pressure dependent and
might significantly differ at different experimental condi-
tions.

On the GeS substrate, So = 1.2 GPa and a = 1.08 was
found. This means that the volumes 2 and ® have nearly
the same size, differing from what was found, e.g., in the
study of Briscoe and Evans.! There, the value of Q is
much lower than the value of ®, resulting in values for a
between 0.01 and 0.3. On the other hand, a low value for
® explains well the comparably high value for Sy, if values
in the same order of magnitude for Q' and In(V/Vy) as
in Ref. 1 are assumed. This might indicate that only
very few atoms are involved in the slipping process at
the atomic scale, probably due to the groovelike surface
structure or the small contact area.

For the results on the Cgp layers, the high value of
So = 3.3 GPa can be explained by a higher value for the
potential barrier Q' due to the large corrugation of the
Ceo(111) surface, but also by a low value for & again.
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Thus, low values for ® might be an intrinsic property
of FFM since, there, only few atoms are involved in the
slipping process. On the other hand, to obtain a = 0,
a low value for Q is needed. Recalling that 2 is a mea-
sure for the dependence of the potential barrier height
on the external pressure, this implies that the friction on
the Cgp molecules should not depend on the pressure at
the contact interface, in agreement with the experimental
findings.

The above interpretation is based on the assump-
tions that (1) the tip/sample junction represents an
ideal Hertzian contact and (2) S(P) can be described
by S(P) = So + aP. However, this might not necessar-
ily be true. Furthermore, it is not easily understandable
why the potential barrier on the GeS substrate should be
pressure dependent and the potential barrier on the Cgq
monolayers is not. Therefore, the above model should be
generalized introducing a non-Hertzian tip/sample con-
tact. Such a non-Hertzian tip/sample contact is likely to
occur in the case of FFM tips, which cannot be expected
to be perfectly round shaped.

Greenwood?%27 showed, as already mentioned above,
that for arbitrarily shaped surfaces, the actual contact
area will be proportional to the load. In the Hertzian
case, we know that the contact area is proportional to
F2/3. Pyramidal-shaped or conical tips exhibit depen-
dencies proprotional to i/ z, Therefore, at least rela-
tively small force variations, the contact-area—load de-
pendence might be well approximated by a more general
A~ F™law with 0 <m < 1:

A=C'Fm (22)
Thereby, C’ is a constant in units adequate to m. This
results in the following equation for the frictional force
F; =C"F + aF, (23)
with C” = $,C’. Additionally, it has to be considered
that the area-load dependence will most probably differ
for the tip on the GeS substrate in comparison with the
tip on the Cgg layers due to the much larger corrugation
of the Cgg layers.

With this additional fit parameter m, there are several
possibilities to choose C”, o, and m in order to obtain
good agreement with the experimental data. However,
it is instructive to discuss a special case. Suppose that
in the low-load region investigated in this study (i.e., the
regime with wearless friction and without the occurrence
of plastic deformation), S = Sy is always constant, i.e.,
a = 0. This would rule out the need to explain why
the potential barrier on the GeS substrate is pressure
dependent and on the Cgg it is not.

Fitting this model to the data obtained on the GeS
substrate (Fig. 4) results in m = 0.891 £ 0.020 and a low
x? of 0.637 (cf. Table I). Following the same procedure
for the data on the Cgq layers leads to m = 0.666 +-0.017
(x* = 0.460), indicating a perfect Hertzian contact. A
control measurement, performed with the same tip, re-
produced the value on the GeS substrate within 2%
(m = 0.910£0.010) and the one on the Cgq layers within
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better than 0.2% (m = 0.665 £+ 0.012). A reproducibility
of m within 2% from one measurement to another is al-
ready very good for FFM experiments performed in air,
showing that the tip has nearly not changed. Typical
reproducibilities are within £10%.4® A reproducibility of
better than 0.2%, however, is exceptional. Moreover, the
fact that on the Cgo layers a value for m of exactly 2/3
was repetitively obtained is remarkable; for other sam-
ples, m normally varies from below 0.5 up to more than
1 for the kind of tip chosen in our experiments.

V. CONCLUSION

In this paper, wearless friction of highly oriented mono-
layers of Cgo molecules epitaxially grown on GeS(001)
substrates and of the GeS substrate itself has been inves-
tigated using friction force microscopy. On the GeS sub-
strate, the frictional force was found to be proportional
to the loading force in first approximation (m = 0.9).
For the Cgg layers, the frictional force can be interpreted
as being proportional to the contact area under Hertzian
contact without any further contact pressure dependence.
This different frictional behavior results in a flip of the
contrast in spatially resolved friction force maps as a
function of the applied loading force. Additionally, the
frictional force on the second Cgo monolayer was deter-
mined to be slightly lower than the frictional force on the
first layer at low normal forces.

A model was proposed to explain the different fric-
tional behavior on the two materials. In a first step, a
perfect Hertzian contact and a dependence of S on p ac-
cording to S = Sy + ap was postulated. Later, the model
was extended introducing a more general contact-area—
load dependence according to A ~ F,;", which differs on
the Cgg layers compared with the GeS substrate. It was
shown that already for a simple model with S = Sy, the
observed frictional behavior can be well described.

Future experiments as well as theoretical considera-
tions should aim at clarifying the following questions.

(i) What is the influence of the tip shape on the mea-
sured friction? For a correct interpretation of FFM mea-
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surements and to really obtain information about the
shear strength S, it might be necessary to control the
tip shape down to the atomic scale in order to know the
exact contact-area—load dependence.

(ii) From SFA studies, it is well known that the pres-
ence of surface adsorbates (e.g., water molecules when
measured under ambient conditions) has a strong in-
fluence on the frictional behavior.? Similar observations
were reported for FFM investigations.*® What is the in-
fluence of such adsorbates in the case of small contact
areas of only nm? size, and is it comparable to the case
of large contact areas? What happens on the molecular
scale?

(iii) It was found that the frictional force on the sec-
ond Cgg layer was lower than on the first layer for some
values of the normal force, probably due to the stronger
interaction of the Cgg molecules with the substrate than
between individual layers. What is the mechanism of
this reduction in friction? Is it due to a slower rotation
of the individual molecules in the first layer? What is
the influence of the rotation of the Cgo molecules on the
friction?

(iv) In this paper, different contact mechanical models
have been discussed for the interpretation of the data.
Evidence for a validity of these models in the case of
very small spheres with a diameter of only some atoms
under nonsliding conditions comes from molecular dy-
namics simulations.’® However, these models, derived for
equilibrium conditions using classical elasticity theory,
might not necessarily work in the case of sliding spheres
exhibiting very small radii.
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FIG. 1. (a) Structure of the GeS(001) surface. The layered
structure of the material is clearly visible. The high surface
corrugation due to the grooves along the [010] direction is
probably one reason for the comparatively large friction on
this material (cf. Table I). (b) Structural model of epitaxial
Cgo monolayers on GeS(001). If the Cgp molecules fill in ev-
ery second groove on the GeS surface, an epitaxially oriented
monolayer with (111) orientation and very low internal stress
can be formed.
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FIG. 2. Topographical force micrograph of a sample with

a nominal coverage of 1.2 ML of Cso molecules, exhibiting
dendritically shaped islands of up to 3 ML height. Scan size

was 6.2 x 6.2 pm?®.



FIG. 3. Topography (a) and friction force maps (b-i) of a
spot on the same sample as presented in Fig. 2. The islands
are 1-2 ML high (about 1 nm each); scan size was 2 x 2 pm?.
In the friction force maps, dark means low and bright means
high frictional force. Normal forces F,, were 1.3 nN for (b),
2.6 nN for (c), 4.5 nN (d), 6.7 nN (e), 10 nN (f), 15 nN (g),
20 nN (h), and 30 nN (i). The contrast flips between 10 nN
and 15 nN normal force.



FIG. 5. Topographical force micrograph (a) and simulta-
neously recorded friction force map (b) of a 4 x 4-um?-large
area imaged at F,, = 6.7 nN. The second Cgp monolayer ex-
hibits a numerical value of the frictional force which is just
in the middle of the friction on the first monolayer and the
friction on the substrate.



