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Quantitative analysis of the frictional properties of solid materials at low loads.
II. Mica and germanium sulfide
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Load-dependent studies of the frictional properties of mica and germanium sulfide were performed by
friction force spectroscopy in air and in argon atmosphere. Well-defined spherical tips made from amorphous
carbon were used to profile the surface at low loads. In air, the frictional forceF f as a function of the normal
force Fn for GeS follows anF f;Fn

2/3 behavior with good agreement, as is predicted by contact mechanical
theories for a Hertz-type contact with small tip radius, with not too soft tip and sample materials, and with low
surface energies involved. The friction of mica, however, deviates significantly in many cases from the
F f;Fn

2/3 law due to its higher surface energy. In argon, chemical reactions between clean sample and tip
material prevent the observation of wearless friction onin situ prepared samples. These effects were partially
suppressed by anex situcleavage of the mica or germanium sulfide samples.@S0163-1829~97!00335-4#
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I. INTRODUCTION

In Part I of this paper,1 we have demonstrated by th
analysis of the nanotribological properties of different carb
compounds that the frictional forceF f per unit areaA ~the
so-called shear stressS) is independentof the mean contac
pressurep5Fn /A at normal forcesFn where no wear oc-
curs, and that contact mechanical methods are under ce
conditions excellently suited to describe the elastic deform
tion of a tip with spherical apex on a flat sample surface e
if the radius of the tip apex is in the range of some nano
eters. Additionally, we have shown that the friction coef
cient m5F f /Fn is not well suited for comparing the tribo
logical behavior of different materials in the case of sing
asperity friction. Therefore, we introduced an effecti
friction coefficient for point-contact-like single-asperity fric
tion C̃ for the classification of the microscopic frictiona
properties of solid materials.

Starting from these results, we will analyze in this pap
the frictional properties of muscovite mica and germani
sulfide under ambient conditions as well as in an oxygen-
and water-free argon atmosphere using the theory and
experimental procedure presented in Part I. Similarities
differences between the frictional behavior of mica, germ
nium sulfide, and the carbon compounds will be discuss

II. EXPERIMENT

The friction of mica is of considerable interest since
possesses a well-defined lamella structure. This leads,
cleavage, to individual molecularly flat terraces at the surf
that can be extraordinarily large: terraces of thousands ofmm
2 and more are common. For this reason, the frictional pr
erties of mica are well studied with the surface force ap
ratus, where it is used as a substrate for lubricating thin fi
~see, e.g., Ref. 2!. For the friction force microscope, there a
also a number of studies where the friction coefficient
mica was measured under different conditions.3–7 In these
560163-1829/97/56~11!/6997~4!/$10.00
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studies, friction coefficients between 0.05 and 0.3 were
served, depending on the relative humidity of the surrou
ing atmosphere.7 However, force spectroscopy measur
ments in argon atmosphere with a water and oxygen con
below 1 ppm have not been reported yet.

GeS is also a layered material which can easily be clea
along its~001! plane using Scotch tape. This allows, simil
to mica, an easy preparation of clean surfaces prior to m
surement. The crystal exhibits atomically smooth terrace
typically somemm2 size. An extensive discussion of the su
face structure of GeS and typical force micrographs can
found in Ref. 8. GeS has been of interest because of
outstanding properties as substrate for the layer-by-la
growth of epitaxial, single-crystalline C60 thin films. A high
friction coefficient ofm'1.5 was found for GeS.9

The scanning and friction force spectroscopy investi
tion was performed at room temperature both under amb
conditions and in a water-free and oxygen-free argon atm
sphere. Measurements were carried out using the same
cially prepared tips with well-defined spherical tip ends a
known tip radii and the identical experimental setup as
ready described in Part I.1 Additionally, the definitions of the
parameters and coefficients used below and the equa
used for data analysis and curve fitting are also given in P
I.

III. RESULTS

Figure 1 shows a plot of the frictional forceF f versus the
normal forceFn acquired on a freshly cleaved germaniu
sulfide crystal in air. The friction was found to be very hig
in agreement with the results of Ref. 9. At a normal force
10 nN, e.g., we already detected a frictional force of nea
20 nN. For the present measurement, a tip with an a
radius ofR5~2065! nm was used,n5134 data points were
taken, and an adhesion ofF0511.0 nN was obtained. The fi
according to Eq. ~12! of Part I shows good agree
6997 © 1997 The American Physical Society
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ment between theory and experiment. Values
C̃5(0.5060.21) nN1/3nm22/3 and Foff521.8 nN ~which
fulfills the condition uFoffu!uF0u introduced in Part I! were
calculated.

Under ambient conditions, a total of 32F f(Fn) data sets
were acquired using five different tips. In most cases, a n
linear dependence of the frictional force on the normal for
was found that was very close to the predictedF f;Fn

2/3 de-
pendence. Averaging all measurements leads to a mean v
for C̃ of (0.32860.128) nN1/3nm22/3.

A typical F f(Fn) curve acquired in air on mica is shown

FIG. 1. The frictional forceF f as a function of the normal force
Fn , measured on a freshly cleaved GeS~001! surface in air. The
experimental data show good agreement with theF f;Fm

2/3 law ac-
cording to Eq.~12! given in Part I~Ref. 1! and cannot be described
by a linearF f(Fn) dependence~see the fit curves displayed in the
plot!. A tip with an apex radius ofR5(2065) nm was used for the
measurement;n5134 individual data points are displayed. The ad

hesion F0 was 11.0 nN, C̃, and Foff were calculated to

C̃5(0.5060.21) nN1/3nm22/3 andFoff521.8 nN.

FIG. 2. F f(Fn) plot for mica. The corresponding measureme
was carried out on a freshly cleaved sample in ambient air. T

calculatedC̃ is (0.1460.05) nN1/3nm22/3, which is significantly
lower than the value derived in Fig. 1 for germanium sulfide. No
the large offset of the frictional force atFn50 nN. The relevant
parameters of the measurement are given in the text.
f

n-
e

lue

in Fig. 2. A tip with an apex radius ofR5~4763! nm was
used, 135 data points were taken. The adhesionF0 was 55

nN. C̃ was calculated to (0.1460.05) nN1/3nm22/3, and an

offset forceFoff5212.3 nN was found. This value ofC̃ is in

excellent agreement with the mean value forC̃ of
(0.13960.056) nN1/3nm22/3, which was derived by averag
ing a total of ten measurements performed with four differ
tips.

In the case of mica investigated in air, it was remarka
that often significant frictional forces were measured
Fn'0 nN, causing quite large calculated values forFoff

when compared with the observed adhesion. Additiona
about one-third of the acquired data sets show signific
deviations from the expectedF f;Fn

m law with m 5 2/3,
where deviations withm.2/3 as well asm,2/3 occurred.

Freshly cleaved mica has a very high surface energy
600 mJ/m2 due to positively charged K1 ions at its
surface.10 Under ambient conditions, molecules from the a
mosphere are attracted to the surface, where they for
contamination layer in order to reduce the surface energ
the system. In dry argon, however, the surface charges
not be compensated. Therefore, strong long-range elec
static forces are acting between tip and sample in argon
prevent a controlled approach of the tip to the sample surf
in our experiments and lead to extraordinary large jump
peaks. After making contact, the charges can compens
leading to a reduction of the attractive tip/sample forces a
eventually causing a jump off of the tip from the surfac
Thus, a reliable determination of the effective acting norm
force was impossible. Moreover, a chemical reaction
curred at the tip/sample interface that manifested itself
gradually appearing surface features in the simultaneo
acquired topographical information on formerly molecula
flat surface regions, and in a truncation of the tips obser
in control measurements carried out after performing fo
spectroscopy on mica in argon atmosphere.11

For these reasons, no meaningful spectroscopical
could be obtained on mica cleaved in argon atmosphere
cleaving in air with subsequent transfer into the argon cha
ber, we tried to examine the influence of the water film
the measured friction. Samples prepared in such a way c
be successfully measured in most cases. The shapes o
curves acquired under these conditions were quite clos
the expectedF f;Fn

2/3 dependence@see, e.g., theF f(Fn) plot

displayed in Fig. 3#; the numerical values extracted forC̃,
however, varied in an unacceptable wide range, and so
times large forcesFoff occurred. Therefore, we cannot mak
any reasonable quantitative statements about the frictio
mica under these conditions.

Similar problems also occurred for GeS in argon. If t
GeS single crystals were cleavedin situ, chemical reactions
at the tip/sample interface prevented the acquisition of me
ingful force spectroscopical data. Samples that were clea
ex situand introduced into the argon chamber about 5 m
after cleaving surprisingly exhibited a nearly linear depe
dence of the frictional force on the normal force and som
times a very high friction for normal forces close toFn 5 0
nN even for small tip radii~see Fig. 4!. Additionally, an
increased wear of the tip apex could be confirmed.
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IV. DISCUSSION

It was found that the tribological behavior of mica and
germanium sulfide deviated in several ways from the beha
ior of the carbon compounds found in Part I.1 Possible ori-
gins for these differences will be discussed in the following

We have seen that both materials react with the tip mat
rial if they are cleaved in argon. Hence, the conditions fo
wearless friction were not fulfilled. If the samples were
cleaved under ambient conditions with subsequent transf
into the argon chamber some minutes after the cleavag
measurements without the obvious occurrence of wear we
possible in the case of mica. The formation of an adsorptio
layer which protects and stabilizes the sample surface cou
be the reason for this behavior; the formation of such a

FIG. 3. F f(Fn) plot for mica. The corresponding measuremen
was performed in argon atmosphere on a sample that was cleav
under ambient conditions about 5 min before introducing it into th
argon chamber. For the measurement, a tip with a radius ofR5~67
69! nm was used,n5400 data points were taken, and an adhesio
of F0514.9 nN was detected. Data analysis leads t

C̃5(0.1660.04) nN1/3nm22/3 andFoff520.8 nN.

FIG. 4. F f(Fn) plot for GeS measured in argon atmosphere. Th
tip radiusR was~1362! nm, n5161 data points are displayed, and
the adhesion wasF0514.4 nm. The data follow a linearF f(Fn)
dependence; a friction coefficient ofm51.2260.40 can be calcu-
lated. Note the high offset ofF f'8 nN atFn50 nN.
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adsorption layer that is stable even in dry argon in order
compensate the positive charges from the K1 ions is likely
~see Sec. III!. The measurements, however, were not su
ciently reproducible, which is probably due to variations
thickness and composition of the adsorption layer.

On the other hand, the surface of germanium sulfide
no free charges at the top; hence, its surface energy wil
lower, resulting in a nonstable surface adsorption layer
like the case of mica. The layer of adsorbed molecules
remains on the GeS surface in argon cannot sufficiently p
vent chemical reactions between tip and sample, explain
the occasional high offset atFn50 nN and the increased
wear of the tip apex. Therefore, the conditions for wearl
friction are again not fulfilled. The linear dependence of t
F f(Fn) data indicates that the tip end flattens and that
contact changes from single-asperity to multiasperity slid
or that debris particles are present in the tip/sample cont

Measurements carried out under ambient conditions w
successful for both GeS and mica; the thick adsorption lay
that are always present in air can obviously sufficiently p
sivate the sample surface in order to prevent chemical re
tions between tip and sample. However, in the case of m
significant deviations from the 2/3 power law of som
F f(Fn) curves were observed, whereas theF f(Fn) curves ob-
tained on GeS were in most cases quite close to the
power law. This can be understood based on the calcula
of the surface energyg. If F,0.1 @Eq. ~6! in Part I#,
Bradley12 and Derjaguin, Muller, and Toporov13,14 have
shown that the surface energyg can then be calculated from
the adhesion forceF0 by the simple equationg5F0 /4pR.
This leads with the adhesion forceF0 taken from the data
presented in Fig. 1 tog51131029/4p(2031029) J/m2

544 mJ/m2. With this value forg andR520 nm, z053 Å
andK' 50 GPa~exact values for the elastic parameters
the tip as well as the sample are not available!, F is calcu-
lated to 0.11. Hence, Eqs.~8!, ~9!, and ~10! given in Part I
should apply. In the case of the mica data from Fig. 2,g is
calculated to 93 mJ/m2, leading toF50.24. This is already
outside the range for which Eqs.~8!–~10! are good approxi-
mations sinceF is significantly larger than 0.1. Therefore
more sophisticated mathematical models than the one in
duced above have to be applied for a better description.9,15–17

As a result of this discussion, we would like to point o
that it is not possible to measure wearless friction between
amorphous carbon tip and a clean mica or GeS surface
spectively, due to the occurrence of chemical reactio
Wearless friction between tip and sample is always stron
influenced by the properties of the adsorption layers wh
passivate and lubricate the sample as well as the tip surf

V. CONCLUSION

To summarize, we presented load-dependent meas
ments of the frictional force obtained on mica and germ
nium sulfide. Well-defined, approximately pointlike singl
asperity tips made from amorphous carbon were used for
experiments performed in argon as well as in air at l
loads. It was shown that chemical reactions prevented
observation of wearless friction on clean surfaces in dry
gon. The existence of an adsorption layer due to a sam
preparation under ambient conditions could partially su
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press these reactions. In air, the friction of GeS follows
good agreement anF f;Fn

2/3 behavior, as predicted for
Hertz-type contact withF'0.1 or smaller. The friction of
mica, however, deviates in many cases significantly from
F f;Fn

2/3 law due to the higher surface energy of the mater
which increases the parameterF significantly over the value
of 0.1. Therefore, more comprehensive contact mechan
theories should be applied for a precise description of
F f(Fn) dependence of mica.
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