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Quantitative analysis of the frictional properties of solid materials at low loads.
I. Carbon compounds

Udo D. Schwarz, Oliver Zwo¨rner, Peter Ko¨ster, and Roland Wiesendanger
Institute of Applied Physics and Microstructure Research Center, University of Hamburg, Jungiusstrasse 11,

D-20355 Hamburg, Germany
~Received 20 February 1997!

Load-dependent studies of the frictional properties of the carbon compounds graphite, diamond, amorphous
carbon, and C60 were performed by friction force spectroscopy in air and dry argon. During the experiments,
the surface was profiled at low loads without wear or plastic deformation. The tips used for profiling were
fabricated according to a special production procedure in order to obtain apexes with a well-defined spherical
shape and known apex radius. The data obtained were compared with a theoretical model based on the contact
mechanical analysis of a Hertzian-type tip/sample contact with small tip radius, low surface energies, but not
too low elastic moduli of the tip and sample material. Our experimental results are in excellent agreement with
a F f;Fn

2/3 dependence of the frictional forceF f on the normal forceFn as predicted for this case. These
findings suggest thatcontact mechanical models, in spite of being based on continuum elasticity theory,are
valid for tip radii down to a few nanometersand that the shear stress is constant within the elastic regime.
Additionally, it was shown that the friction coefficientm5F f /Fn is not well suited for comparing the tribo-
logical behavior of different materials in the case of single-asperity friction. Therefore, aneffective friction
coefficient for point-contact-like single-asperity frictionwas introduced for the classification of the microscopic
frictional properties of materials. As quantitative results, high microscopic friction was found for C60 thin
films, medium friction for amorphous carbon and diamond, and very low friction for graphite.
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I. INTRODUCTION

Frictional forces are familiar from daily life; their unde
standing is important for the optimization of all kinds
machinery with parts that are in relative motion. Therefo
tribology, the science of friction, wear, and lubrication, ha
long history.1 Nevertheless, the understanding of the fund
mental mechanisms of friction on the atomic or molecu
level is still poor since most macroscopically measura
frictional effects are dominated by the influence of we
plastic deformation, lubrication, surface roughness, and
face asperities.

In recent years, however, the field ofnanotribologywas
established by introducing new experimental tools, mai
the quartz crystal microbalance,2–4 the surface force appara
tus ~SFA!,5–7 and the friction force microscope~FFM!,8–10

which allow the investigation of wearless friction on the n
nometer scale. Today, macroscopic friction is believed to
the sum of the frictional effects occurring at many individu
small asperities that make the physical contact between
two bodies sliding relative to each other. Thus, the inve
gation ofpoint-contact friction, experimentally realized by a
small single-asperity contact of a tip with a suitable sam
in the FFM, seems to be especially promising.

The main disadvantage of this technique up to now w
the lack of knowledge about the exact nature of the
sample contact, contrary to, e.g., the situation in the S
where the actual tip/sample contact area can be meas
independently.11 For the data presented in this paper, th
disadvantage of friction force microscopy/spectroscopy
been overcome by applying specially prepared and cha
560163-1829/97/56~11!/6987~10!/$10.00
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terized tips of exact spherical geometry to sample surf
areas which were free of any surface steps. It will be sho
that under these conditions, the contact area-load depend
of the tip/sample contact can be describedvery accurately
mathematically by contact mechanical methods,12,13allowing
the extraction of reproducible quantitative data from fricti
force spectroscopical measurements. Such a mathema
description of the elastic properties of the tip/sample con
is valid even for tip radii of only a few nanometers althoug
the corresponding contact mechanical treatment is based
continuum elasticity theory. In this context, a friction coeffi-

cient C̃ is introduced that allows a comparison of the fri
tional properties of two different materials for the case
single-asperity friction without the occurrence of wear.

In order to demonstrate the versatility of this method,
examined the frictional properties of the carbon compou
diamond, graphite, amorphous carbon, and C60 thin films.
These tribological systems are of great interest from bot
fundamental and technological point of view: The samp
investigated consist of the same atomic species, but exh
very different friction, and their specific frictional propertie
are crucial for many industrial applications~cf. Sec. III!. Ex-
periments were performed under ambient conditions as w
as in an oxygen-free and water-free argon atmosphere.

II. THEORETICAL BACKGROUND

A. Amontons’s law of friction and the multiasperity contact

Already 500 years ago, Leonardo da Vinci recogniz
that friction is proportional to load and independent from t
6987 © 1997 The American Physical Society
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~apparent! contact area.1,14 These facts were later redisco
ered by Amontons~1699! who introduced the fundamenta
friction law

F f5mF l , ~1!

where the friction coefficientm is constant for a given ma
terial combination in a wide range of externally applied loa
ing forces F l and independent from theapparent contact
area. The reason for this behavior, however, remained
clear for a long time.

In order to shed light on the origin of Eq.~1!, let us define
the mean contact pressurep

p5F l /A ~2!

and the frictional force per unit areaS ~the so-calledshear
stress!

S5F f /A. ~3!

Here,A denotes theactual contact area. From its definition
S can generally be a function of the mean contact pressurp,
i.e., S5S(p). Nevertheless, it is obvious from Eqs.~2! and
~3! that if A is proportional toF l , p will be constant for all
externally applied loading forcesF l . Consequently,S(p)
will also be constant for allF l , resulting inF f;F l .

Greenwood and co-workers showed for theelasticregime
that the A;F l condition is fulfilled for two bodies with
rough surfaces~multiasperity contact! if a certain statistical
height distribution of the individual surface asperities
assumed.15–17Moreover, when the externally applied loadF l
increases and the elastic regime is left,plastic deformation
will increase the area of contact until the mean contact p
surep in both materials~sample and slider! is less than the
yield pressurepy . Thus, sincep'py5const andA5F l /py ,
i.e., A;F l , Amontons’s law will be valid for multiasperity
contacts in relative motion in both the elastic and the pla
regime.

B. The friction law for a small single-asperity contact
of spherical shape

As we saw in the previous section, the reason for
validity of Amontons’s law in the case of multiasperity co
tacts is the proportionality of the actual contact areaA to the
externally applied loading forceF l . Most single-asperity
contacts, however, show a nonlinear contact area-l
dependence.18 This fact allows the investigation of a possib
dependence of the shear stressS on the mean contact pres
surep. Actually, many examples have already shown that
a single-asperity contact, the dependence of friction on loa
can be strongly nonlinear~see, e.g., Refs. 7,12,13,19–21!. It
will therefore be the topic of this section to analyze the c
of single-asperity friction. For the discussion, the externa
applied loading forces are restricted to the elastic regime~the
low-load regime13!, where no wear and no plastic deform
tion occurs.

For such an experimental approach, it is necessary tha
actual contact areaA and the frictional forceF f can be de-
termined individually at different loading forcesF l . This is
realized in the SFA, as already mentioned in the Introd
tion, by detecting the actual contact area using the so-ca
-
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fringes of equal chromatic order technique.11 In this tech-
nique, the visualization of the interference signal is done
means of optical microscopy. Therefore, the contact a
cannot be much smaller than'100mm2 for an accurate de-
termination of its size, and the effective radii of the cross
mica cylinders which are brought into contact in an SF
experiment are often as large as a few millimeters. Furt
disadvantages of this method are its limitation to mica or t
films on mica substrates and a lack of spatial resolution.

In this paper, we have chosen an indirect way to de
mine the contact areaA at different loading forces. If the
geometry and the elastic properties of tip and sample as
as the externally applied loading forces are known, the c
tact area in the elastic regime can be calculated using con
mechanical methods.18 This results in a simple mathematic
relationship for a spherical tip on a flat sample. For th
scenario, Hertz determined the contact area in the cas
absent attractive forces to22

A5pS RFl

K D 2/3

, ~4!

whereR is the radius of the tip and

K5
4

3S 12n1
2

E1
1

12n2
2

E2
D 21

~5!

the effective elastic modulus of the contact (n i is Poisson’s
ratio, Ei is Young’s modulus of sphere and flat surface,
spectively;i 5 1,2!.

If attractive forces are present, the situation is mo
complicated.12,13,23,24The general mathematical formulatio
of the problem cannot be solved analytically.25–27 Neverthe-
less, depending on where the attractive forces act, ana
approximations can be derived. If attractive forces are o
presentinsidethe contact area, elastic deformation of tip a
sample are described by the Johnson-Kendall-Roberts~JKR!
theory.28 However, if the attractive forces act predominan
outsidethe contact area, the analyses of Bradley29 and Der-
jaguin, Muller, and Toporov30,31should provide an appropri
ate description. Decisive for the validity of the different a
proximations is the numerical value of a nondimensio
parameterF first introduced by Tabor,32

F5S 9Rg2

4K2z0
3D 1/3

. ~6!

Here,g is the surface energy of tip and sample surface~for
equal surfaces! and z0 the equilibrium distance in contac
WhenF is large (F.5), the JKR model applies, which ha
been confirmed in many experiments~see, e.g., Refs. 7 an
33!. On the other hand, the theories of Bradley29 and Der-
jaguin, Muller, and Toporov30,31 apply for F,0.1. In this
case, the influence of attractive forces can be considered
first approximation by an effective forceFn :

Fn5F l1F0 . ~7!

F0 is the sum of the attractive forces between a sphere a
flat surface and can be determined by force-dista
curves.34 ReplacingF l by Fn in Eq. ~4! then leads to
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A5pS RFn

K D 2/3

. ~8!

Detailed mathematical derivations of Eq.~8! for the case of
attractive capillary forces can be found in Refs. 13, 35, a
36.

The validity of Eq.~8! hasnot yetbeen confirmed experi
mentally since contacts with defined geometry andF,0.1
could not be realized up to now; however, evidence for th
validity comes from molecular dynamics simulations.37 Nev-
ertheless, introducing realistic values for the contact o
force microscope tip with an atomically flat sample surfa
@R530 nm,g525 mJ/m2 ~typical for van der Waals
surfaces38!, K550 GPa, andz053 Å#, we find a value forF
of 0.086. Therefore, for force microscope tips with spheri
tip apexes in contact with not too soft and atomically fl
materials possessing not too high surface energies, theHertz-
plus-offset modelderived above is expected to provide
good approximation. Under these conditions, we can co
bine Eq.~8! and Eq.~3!, resulting in the following expres
sion for the frictional force:

F f5pSS R

K D 2/3

Fn
2/35CFn

2/3. ~9!

It is worth pointing out some consequences of Eq.~9!.
~1! As mentioned above, the shear stressS can be a func-

tion of the mean contact pressurep. However, it was already
recognized in the first friction experiments performed w
the SFA thatS might just be constant.5 Recent experimenta
results with both the SFA~Ref. 7! and the FFM~Refs. 12,13,
and 21! gave further evidence for the correctness of this
sumption.

~2! If the shear stressS were constant for all mean conta
pressuresp, F f would be proportional toFn

2/3. This gives a
significant deviation from the linear law in Eq.~1!.

~3! The frictional force in the formula above obvious
depends on the radius of the tip, i.e.,F f;R2/3. In order to
obtain aneffective friction coefficient for point-contact-lik
single-asperity frictionthat is independent from such siz
effects, we will define the new coefficientC̃:

F f5CFn
2/35C̃R2/3Fn

2/3, ~10!

which allows a reasonable comparison of measurements
tained with tips exhibiting different apex radii.

~4! Using Eqs.~9! and ~10!, we find that

C̃5p
S

K2/3
, ~11!

i.e., C̃ combines the influence of the intrinsic frictional wit
the elastic properties of a given material combination on
experienced frictional force. However, at this scale, the
tual value of the effective elastic modulusK @which is gen-
erally determined by Eq.~5!# might significantly be influ-
enced by contamination layers. Hence, it is not possible
derive quantitative exact values forS from C̃ without having
an independent measurement ofK. For this reason, we will
only give numerical values forC̃ in this paper and not forS.
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It will be the aim of future work to determine quantitativ
exact values forK in order to calculateS.

III. EXPERIMENT

A. Samples

1. Diamond

Diamond, known as the hardest material in nature, sho
low friction on the macroscopic scale for unlubricate
diamond/diamond contacts~friction coefficients down tom
50.05 were measured! combined with an excellent wea
resistance.39 Moreover, for diamond/diamond contacts lubr
cated with water, even lower friction coefficients down
'0.001 were reported.40 For diamond sliding on metal sur
faces, similar results were obtained. For these reasons
use of diamond cutting tools was established for the mac
ing of hard metals and ceramics. In addition, since diamo
has an extremely high melting point and retains its hardn
up to very high temperatures, it is very effective as a poli
ing powder.

Recently, it has become possible to grow polycrystall
diamond films by low-pressure chemical vapor deposit
~CVD!, enabling the coating of all kind of tools and machi
ery parts to protect them against wear. Therefore, in orde
optimize the tribological properties of diamond coatings
knowledge of their frictional properties is important.

The polycrystalline diamond film investigated in th
study was deposited by the hot-filament CVD technique
an ~001!-oriented silicon substrate and shows~001!-oriented
facets. The epitaxial orientation of the individual nanocry
tals can be confirmed from Fig. 1, displaying a topographi
force microscopy image. Image size is 13mm313mm. The
largest individual grains exhibit terraces of about 1mm2. The
tilt of such a terrace against the horizontal image plane
typically between 2° and 5°.

FIG. 1. Force micrograph of the~001!-oriented diamond film
investigated in this study~image size: 13mm313mm!. The largest
individual grains exhibit terraces of about 1mm2. The tilt of such a
terrace against the horizontal image plane is typically 225°.
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2. Amorphous carbon

Amorphous carbon is widely used as protection layer
magnetic disk media.41 In order to increase their storage c
pacity, the distance between disk and slider has to be red
to a minimum. Therefore, it is important to improve the t
bological and mechanical characteristics of the thin film p
tection layer,41 and several studies of the frictional properti
of such films have already been performed on b
unlubricated42–44 and lubricated45,46 samples.

The amorphous carbon films used in this study were m
by electron-beam evaporation of highly purified graph
~purity better than 99.99%, supplied by Union Carbide! on
freshly cleaved muscovite mica. The mica substrate was
at room temperature during evaporation; the backgro
pressure was'1028 Torr, the pressure during evaporatio
was'1027 Torr. The evaporation rate was 1 Å/s; films wi
thicknesses in the range of 10–40 nm were grown. Produ
in this way, the carbon films exhibited very flat and smoo
surfaces in force micrographs. Corrugations of less tha
nm were typical for areas of severalmm2.

3. Highly oriented pyrolytic graphite

Graphite has been known for a long time to be a mate
exhibiting low friction (m50.1 on the macroscopic scale!
even in the absence of any additional lubricant and up
very high temperatures.39 For this reason, lubricants contain
ing graphite have proved to be very effective under con
tions where more conventional lubricants are unsuitable
ineffective.

In their pioneering study, Mateet al.8 reported a friction
coefficient of about 0.012 for the atomic-scale friction of
tungsten tip sliding over a freshly cleaved highly orient
pyrolytic graphite~HOPG! surface, which is about an orde
of magnitude smaller than the macroscopic value mentio
above. This extraordinary low friction coefficient was lat
confirmed by other scientists~see, e.g., Refs. 34 and 47!.

In this study, HOPG with 99.99% purity, supplied b
Union Carbide, was used. The samples were freshly clea
right before the measurements. Figure 2~a! shows a large-
scale force micrograph of one of the HOPG samples~image
size: 3mm33mm!. In Fig. 2~b!, an atomic-scale force mi
crograph~image size: 5 nm35 nm! exhibits the periodicity

FIG. 2. ~a! Large-scale force micrograph of one of the us
HOPG samples. Image size was 3mm33mm; steps have the heigh
of one unit cell~3.35 Å! or multiple of this value. The large, atom
cally flat terraces are well suited for friction force investigations.~b!
Atomic-scale force micrograph exhibiting the lattice periodic
~image size: 5 nm35 nm!.
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of carbon atoms situated at equivalent lattice sites~2.46 Å;
see Ref. 48!.

4. C60 thin films

Soon after the discovery of the C60 molecule,49 there have
been speculations about possible unique frictional proper
of the material due to the spherical shape of the individ
C60 molecules and the fact that C60 molecules interact only
by weak van der Waals interaction, which allows them
rotate freely at room temperature in bulk single crystals50 as
well as in thin films on various types of substrates. The ho
was that C60 might be some kind of spherical graphite, com
bining the extraordinary low friction of the graphite surfa
~see above! with the friction-reducing properties of ball bea
ings.

However, recent studies of the tribological properties
C60 films led to contradictory conclusions.12,43,51–56For ex-
ample, the shear stress between small islands of crysta
C60 molecules and an NaCl substrate was found to be
traordinarily low,56 and low coefficients of friction between
sublimated thin film of C60 and a 52100 steel ball52 or a
force microscopy tip53 down tom50.06 were found. On the
other hand, other studies report quite high friction betwe
force microscopy tips and C60 thin films.12,43,54

The C60 films used in this study were sublimated in UH
onto in situ cleaved single-crystalline GeS~001!. Highly pu-
rified C60 material was filled into the graphite crucible of
Knudsen cell, outgassed at 380 °C for several hours
heated to the evaporation temperature of 420 °C 1 h before
the evaporation process was started by opening a shu
During the evaporation process, the substrate tempera
was held at 180 °C; the evaporation rate was 0.07 ML/m
and the background pressure 231029 Pa. This preparation
procedure leads to epitaxial, single-crystalline C60 thin films
of high quality that show layer-by-layer growth. Due to th
crystallinity and the epitaxy of the growing C60 islands, a
sharp low-energy electron diffraction pattern is obtained.

A force micrograph of the sample used for the frictio
force spectroscopical measurements presented in this stu
displayed in Fig. 3~image size: 2mm32mm!; molecularly
smooth terraces of some 100 nm2 are visible. Nominal cov-
erage was'2 ML. More details regarding the preparatio
procedure and the growth modes of C60 thin films on GeS
substrates can be found in Ref. 57.

B. Preparation of tips with well-defined spherical apexes

We have seen in Sec. II B that for the validity of Eq.~9!,
it is necessary to have a well-defined tip/sample con
where a tip possessing an exactly spherical apex even on
nanometer scale profiles a flat area of the sample surf
Actually, many experiments performed in our laborato
have shown that the exact shape of the tip end is very crit
~see Sec. V!. Moreover, tip radii should be small, i.e., the
should not exceed about 100 nm.

This was realized by the contamination of doped sing
crystalline silicon tips58 with amorphous carbon in a trans
mission electron microscope. The tips, having typical radii
5215 nm without contamination, were coated with a layer
amorphous carbon of variable thickness using electron-b
deposition. Molecules from the residual gas were ionized
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the electron beam and accelerated towards the tip end. T
the molecules spread out evenly due to their charge, form
a well-defined spherical tip apex.

The exact composition of the contamination layer is u
known and depends on the composition of the residual ga
the electron microscope. However, an analysis by mean
energy dispersive x-ray emission~EDX! revealed that the
ratio of the relative intensities of the silicon and the oxyg
peak~the oxygen peak arises from the native silicon oxide
the surface of the silicon tip! was nearly unchanged durin
the deposition, whereas the carbon peak was continuo
growing. Further atomic species except copper~from the
holder! and silver~from the silver paint used for connection!
could not be identified. Therefore, the tip apexes consist
sumably of amorphous carbon, hydrogen~which cannot be
detected by EDX!, and traces of oxygen, as it is usual
assumed for electron-beam-deposited material.59,60 Tip radii
ranging from 5 nm up to more than 100 nm could be p
duced by varying the deposition time from some minutes
to more than an hour. Three examples of tips prepared u

FIG. 3. Force micrograph of the C60 thin film sample~image
size: 2 mm32mm!. Molecularly smooth terraces of some 10
nm2 are visible; the step height between individual terraces is 1
(' 1 nm!. Nominal coverage of the sample was' 2 ML.

FIG. 4. Transmission electron micrographs of three differ
tips with spherical apexes prepared according to the procedure
scribed in the text. The apex of the tip presented in~a! has a radius
of ~2165! nm, the radius of the tip end displayed in~b! is ~35 65!
nm, and the tip shown in~c! has an apex radius of~11265! nm.
re,
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this method are shown in Fig. 4. A more detailed descript
of the tip preparation procedure will be publishe
elsewhere.61

C. Force measurements

The scanning and friction force microscopy/spectrosco
investigation was carried out at room temperature with
commercially available instrument.62 Normal and lateral
forces were measured simultaneously,9,10 and care was taken
that no steps were visible in the topography during the
quisition of the spectroscopical friction data in order to avo
a crosstalk between topography and friction signal. The n
mal forcesFn and the adhesionF0 @cf. Eq. ~7!# were deter-
mined by force-distance curves.Fn was set to be zero at th
point where the cantilever left the surface.

All spectroscopical measurements were performed wit
sliding speed of 2.78mm/s; sliding distance was 1mm.
Along such a line, the acting frictional force was measur
512 times in forward as well as in backward scan direct
with equal time between individual measurements. The
erage of these 512 individual measurements represents
data point in theF f(Fn) plots of the result part. For eac
normal force, five scan lines were recorded.

For all measurements, rectangular single-crystalline s
con cantilevers58 were used whose dimensions were acc
rately determined by means of electron microscopy. Fr
these dimensions, spring constants inz direction (cz5Fn /z)
in the range from 0.014 N/m to 0.49 N/m and for torsio
(ctor5F f /b;b is the torsional angle! from 20mN/rad to 420
mN/rad were calculated. Tip radii were varied from 5 nm
about 100 nm~see Sec. III B!.

Since it is known that humidity might significantly influ
ence the frictional behavior,63–65 measurements were pe
formed both under ambient conditions and in a water-f
and oxygen-free argon atmosphere. In air, the relative
midity was 40260 %. The argon chamber66 was specially
designed for scanning probe applications. The content of
ter in all measurements was below 1 ppm; the oxygen c
tent might occasionally be increased from below 1 ppm
some ppm due to an interrupted gas flow during meas
ments, which was shut off in order to obtain the most sta
conditions. All measurements were carried out at room te
perature.

D. Data analysis

For data analysis,S was assumed to be constant. Add
tionally, a small offsetFoff(uFoffu!uF0u) of the fitted curves
to negative loads had to be introduced in order to account
an uncertainty in the correct determination ofF0.34 Equation
~9! then changes to

F f5C̃R2/3~Fn-Foff!
2/3. ~12!

In order to ensure a correct treatment of the statistical
systematical errors of the individual data sets, Eq.~12! was
not directly fitted, but the procedure was applied that is
scribed in detail in Ref. 34. The calculation of the me
values for C̃ over all measurements of a certain mater
combination was done as follows. First, theC̃ obtained with
the same cantilever were averaged. The total average oall
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FIG. 5. The frictional forceF f as a function of the normal forceFn , measured on amorphous carbon with well-defined spherical tip
argon atmosphere~content of H2O below 1 ppm!. All curves show excellent agreement with theoretical fits according to Eq.~12!. The data
presented in~a! were obtained using a tip with an apex radius ofR5(1765)nm; n5395 individual data points are displayed. The adhes

F0 was 4.6 nN,C̃ and Foff were calculated toC̃5(0.1760.09) nN1/3nm22/3 and Foff520.4 nN. For~b!, the relevant parameters wer

R5(5867) nm, n5288, F0525 nN, C̃5(0.1760.07) nN1/3nm22/3, Foff523.9 nN; for ~c!, R5(5867) nm, n5125, F0532.6 nN,C̃

5(0.1360.05) nN1/3nm22/3, Foff523.5 nN; and for~d!, R5(762) nm, n5245, F0510.6 nN,C̃5(0.3560.15) nN1/3nm22/3, Foff5
21.1 nN.
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measurements was then extracted by averaging theC̃ of the
different cantilevers. This stepwise procedure is necessa
calculate reasonable errors forC̃; otherwise, systematical er
rors arising from cantilever dimensions might be overe
mated or underestimated.

IV. RESULTS

A. Friction force spectroscopy of carbon compounds
performed in argon atmosphere

Figure 5~a! shows results of a measurement carried ou
argon atmosphere on amorphous carbon using a spheric
with a radius of~1765! nm prepared as described in Se
III B. 395 individual line scans were analyzed;F0 was de-
termined to 4.6 nN. The fit according to Eq.~12! resulted in
excellent agreement between experimentally obtained
and theory; values ofC̃5(0.1760.09)nN1/3nm22/3 and
Foff520.4 nN were calculated. ComparingFoff to F0, we
find that the conditionuFoffu!uF0u introduced above is ful-
filled.

The results presented in Figs. 5~b! were also obtained on
amorphous carbon in argon atmosphere, but with a tip ex
iting an apex radius of~58610! nm. Here, 288 individual
line scans were analyzed, predominantly at very low for
where the deviation from the linear behavior is most prom
nent. The adhesion was, due to the larger tip radius, 25
to

i-

n
tip
.

ta

b-

s
-
N;

an offset force ofFoff523.9 nN was determined by the fi
Much higher friction was measured compared with Fig. 5~a!;
the frictional force atFn510 nN, e.g., is about three time
larger ('15 nN! than the frictional force of only 5.5 nN
observed in Fig. 5~a!. Therefore, applying a classical analy
sis in terms of the friction coefficientm, a value ofm three
times higher would be derived for the second sample c
pared with the first sample, even though the same sam
and identical tip material were used.However, the calcu-

lated numerical value ofC̃5(0.1760.07)nN1/3nm22/3 for
this second measurement is in excellent agreement with

value ofC̃ obtained in the first measurement as well as w

the mean valueC̃argon
a-C 5(0.15860.022)nN1/3nm22/3 obtained

by averaging four measurements that were performed wi
total of three different tips~cf. Table I!.

These results already demonstrate that consideratio
the geometry of the tip/sample contact is mandatory if me
ingful comparisons of the frictional properties between d
ferent measurements and different materials should be m
If, however, the geometry is considered, good reproducibi
of the measured data is obtained. TheF f(Fn) curve displayed
in Fig. 5~c! was acquired with identical tip and sample abo
2 h after the data shown in Fig. 5~b!, leading to
C̃5(0.1360.05)nN1/3nm22/3. Even in the measurement pre
sented in Fig. 5~d! for which the measured
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TABLE I. Relevant data for the measurements performed on amorphous carbon in argon atmosphere. Averaging the first four v

C̃ yields a mean valueC̃argon
a-C 50.15860.022nN1/3nm22/3.

Measurement no. 1 2 3 4 5

Tip no. 1 1 2 3 4
Tip radius~nm! 58610 58610 2465 1765 762
cz ~N/m! 0.07860.015 0.07860.015 0.02560.005 0.01460.003 0.2160.04
ctor (mN/rad! 130617 130617 3665 2063 310640
No. of data points 288 125 185 395 245
AdhesionF0 ~nN! 25 32.6 6.1 4.6 10.6

C̃ ~nN1/3nm22/3) 0.1760.07 0.1360.05 0.1560.08 0.1760.09 0.3560.15

Offset forceFoff ~nN! 23.9 26.6 21.3 20.4 21.1
t
e

e
ti
re

he
on
t.
fre
e
ac

s

a
t

r-

q.

ison

-

t
ns
C̃5(0.3560.15)nN1/3nm22/3 was by far the most significan
deviation fromC̃argon

a-C , the mean value is only slightly outsid
the error range.

However, the adhesion of the data displayed in Fig. 5~d!
was unusually high (F0510.6 nN! for a tip with such a small
tip radius@R5~762! nm#, suggesting a contamination of th
tip/sample contact by adsorbates. Such a contamina
could probably explain at least part of the observed inc
ment of C̃. Usually, tip and sample were inserted in t
argon chamber from air without further sample preparati
only graphite was cleavedin situ before measuremen
Therefore, contaminants that do not desorb in the water-
argon atmosphere~hydrocarbon compounds, for exampl!
influence the tribological properties of the tip/sample cont
by both modifying the local shear stressS as well as the
effective value ofK of the tip/sample contact. Nevertheles
friction studies performed in ambient air~see Sec. IV B! are
reasonable because they represent realistic conditions,
comparative studies in argon atmosphere help evaluating
influence of the water film on the observed friction.
on
-

;

e

t

,

nd
he

Figure 6 showsF f(Fn) plots of the other investigated ca
bon compounds diamond@Fig. 6~a!#, C60 @Fig. 6~b!#, and
HOPG @Fig. 6~c!#. The data for diamond and C60 are again
in excellent agreement with the theoretical model of E

~12!. For diamond, a value of C̃ of
(0.2160.11)nN1/3nm22/3 was determined which is very
close to the average ofCargon

dia 5(0.15860.061)nN1/3nm22/3

~cf. Table II!, and for C60, C̃5(0.8260.33)nN1/3nm22/3

was calculated. In the latter case, however, a compar
with the average value over all C60 measurements
C̃argon

C60 5(0.6760.22)nN1/3nm22/3 is problematic, since due
to the small terraces on the C60 sample, only two measure
ments could be successfully completed.

On HOPG@Fig. 6~c!#, we observed a frictional force tha
is near the noise level of our FFM, causing large fluctuatio
of the data points. Calculation ofC̃ resulted in very low
values@C̃5(0.001860.0008)nN1/3nm22/3 for the measure-
ment presented in Fig. 6~c! or C̃5(0.0012
60.0009)nN1/3nm22/3 on average#. However, due to the
d

FIG. 6. F f(Fn) plots for differ-

ent carbon compounds performe
in argon atmosphere.~a! Dia-
mond, R5(2465) nm, n5355,

F053.6 nN, C̃5(0.21
60.11) nN1/3 nm22/3, Foff5
20.05 nN. ~b! C60 thin film, R
5(1362) nm, n5205, F0

54.1 nN, C̃5(0.8260.33)
nN1/3nm22/3, Foff50 nN. ~c!
HOPG, R5(2665) nm, n

565, F055.3 nN, C̃5(0.0018
60.0008)nN1/3nm22/3, Foff52.9
nN. Additionally, for comparison,
a classical friction coefficient
m50.00860.005 was calculated
for HOPG.
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TABLE II. Mean values ofC̃ for the materials investigated.

No. of No. of Mean value ofC̃
Material Atmosphere measurements tips used ~nN1/3nm22/3)

Amorphous carbon argon 4 3 0.15860.022
Amorphous carbon air 6 2 0.45060.042
Diamond argon 8 5 0.15860.061
Diamond air 6 5 0.26360.060
C60 argon 2 2 0.6760.22
HOPG argon 2 2 0.001260.0009
it
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ich
high influence of noise, a comparison of obtained data w
the theory of Sec. II B is not very fruitful. Nevertheless,
order to give an impression of the low friction on HOPG, w
additionally applied a classical analysis in terms of the fr
tion coefficientm according to Eq.~1! ~but again allowing an
offset force! that resulted inm50.00860.005. Generally, we
can say that the friction on HOPG in argon atmosphere
nearly vanishing and the classical friction coefficient is w
below m50.02.

B. Friction force spectroscopy of carbon compounds
performed under ambient conditions

Figure 7 showsF f(Fn) plots of amorphous carbo
@Figs. 7~a! and 7~b!#, diamond @Fig. 7~c!# and HOPG
@Fig. 7~d!#, but the plots now display data that were acquir
in air. Qualitatively, the results are identical with the situ
tion in argon. For amorphous carbon and diamond, comp
tively high friction and good agreement of measured d
with the fit curves is observed, whereas for HOPG friction
again nearly vanishing. The comparison of the two meas
ments carried out on amorphous carbon demonstrates t
knowledge of the exact structure of the tip/sample con
h

-

is
l

d
-
a-
a
s
e-
t a
ct

under ambient conditions is as important as it is for measu
ments performed in argon: In spite of observing a fricti
three times higher in Fig. 7~b! than in Fig. 7~a!, identical
numerical values were calculated forC̃ ~see figure caption!.
The results of the averaging are given in Table II for am
phous carbon and diamond. C60 thin film samples were no
investigated in air since they are known to be unstable un
ambient conditions.57

V. DISCUSSION

It has been surprising67 up to now why the response of th
friction to a change in load had not resulted in a 2/3 pow
law as one might expect from the contact mechanical the
reviewed in Sec. II B, but power laws from 1/2~Ref. 64! to
linear ~Ref. 67! have been found. Due to the diversity o
experimental data obtained, it has been unclear which c
tact mechanical model would be suitable for the descript
of the tip/sample contact in force microscopy. In some cas
the JKR model65 or a modified JKR model21 have been ap-
plied successfully. Moreover, since a model generally ap
cable to all data could not be derived, there were also spe
lations about the limits of contact mechanical models, wh
d

-

FIG. 7. F f(Fn) plots for differ-
ent carbon compounds performe
under ambient conditions.~a!
Amorphous carbon,R5(2065)

nm, n5110, F0539 nN, C̃
5(0.5160.23) nN1/3nm22/3, Foff

521.4 nN. ~b! Amorphous car-
bon, R5(9268) nm, n590,

F05156 nN, C̃5(0.5160.22)
nN1/3nm22/3, Foff524.3 nN. ~c!
Diamond, R5(75615) nm, n

5120, F0523.0 nN, C̃5(0.29
60.13) nN1/3nm22/3, Foff520.2
nN. ~d! HOPG, R5(2065) nm,
n5199, F0513.0 nN, m50.005
60.003. For~a!, ~b!, and ~c!, the
observedF f(Fn) behavior is in ex-
cellent agreement with the pre
dictedF f;Fn

2/3 dependence.
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are all based on continuum elasticity models, in the cas
very small tip radii.

Nevertheless, the data presented above shows tha
friction model leading to Eq.~12! may be applied to most o
the samples investigated with good agreement. From the
periments, we can therefore confirm theexcellent validity of
the Hertz-plus-offset model for the description of the dep
dence of the contact area on the normal force for a sphe
flat contactin the Bradley regime (F,0.1). Simultaneously,
the validity of contact mechanical theories down to tip rad
of only a few nanometersis confirmed.

However, we would like to point out that the observ
behavior of friction on load depended critically on the sha
of the tip in all cases. Using tips as provided by the ma
facturers resulted in force laws ofF f;(Fn)

m with
0.4,m,1.2 at low loads due to the undefined tip/samp
contact. Results were in good agreement with theF f;Fn

2/3

law only if tips were used which were produced according
the preparation procedure described in Sec. III B. Con
quently, the interpretation of force microscopica
spectroscopical results in terms of a sphere/flat contact
not be more than a very crude approximation if tips are u
whose shape on the nanometer scale is only approxima
~and notexactly! spherical. However, even for the specia
prepared tips, deviations from the 2/3 power law were
served if the tip apex showed the smallest deviation from
spherical shape~e.g., due to wear!. Therefore, in order to
prevent wear, the applied normal forces have to be low,
the shape of the tip has to be checked repetitively and
tinely after a certain number of experiments. In our case,
determined the exact shape of every tip not only by tra
mission electron microscopy, but also by imaging a spe
test sample before and after each individual measurem
series.61

Another result from our measurements was thatfriction is
directly proportional to the contact areain the applied pres-
sure range. That means that the shear stressS is constant, as
it was already expected~see Sec. II B!. Using this result, we
could derive thatCargon

C60 .Cargon
a-C 'Cargon

dia @Cargon
HOPG for mea-

surements in argon atmosphere, andCair
a-C.Cair

dia@Cair
HOPG for

measurements under ambient conditions. As far as comp
tive measurements in air and in argon atmosphere were
cessful, it was found that~if the friction was not already
r.

.
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of

the

x-

-
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e
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o
e-

n-
d
ly

-
e

d
u-
e
-
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nt
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extremely low in air as in the case of HOPG! the friction
decreased significantly in a water2free argon atmosphere
Numerically, we derived a ratioCair

a-C/Cargon
a-C of 1.66-0.73

11.66 and
a ratioCair

dia/Cargon
dia of 2.36-0.97

11.50.

VI. CONCLUSION

To summarize, we presented load-dependent meas
ments of the frictional force obtained on different carb
compounds. Specially prepared well-defined single-aspe
tips were used for the experiments performed in argon at
sphere as well as under ambient conditions at low loads~i.e.,
without the occurrence of wear or plastic deformation!. The
data can be explained using a theoretical model based
Hertzian-type tip/sample contact. Within this theory, it w
shown that the ‘‘Hertz-plus-offset’’ model which predicts
A;Fn

2/3 dependence of the contact area on the normal fo
works well for a tip/sample contact in the Bradley regim
~Tabor’s parameterF,0.1). Using these results, it was ad
ditionally shown that friction is proportional to the conta
area and that the shear stress was constant within the ap
pressure range, leading to aF f;Fn

2/3 dependence of the mea
sured frictional forcesF f on the normal forcesFn . More-
over, it could be demonstrated that the classical friction
efficient m is not well suited for a comparison of th
frictional behavior of materials in the case of single-aspe
friction, and an effective friction coefficient for point
contact-like single-asperity frictionC̃ was introduced for the
classification of the nanoscopic frictional properties of ma
rials. High friction was found for C60 thin films, medium
friction for amorphous carbon and diamond, and nearly v
ishing friction for graphite.
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65E. Meyer, R. Lüthi, L. Howald, M. Bammerlin, M. Guggisberg

H.-J. Güntherodt, L. Scandella, J. Gobrecht, A. Schumacher,
R. Prins, in The Physics of Sliding Friction~Ref. 13!, pp.
3492367.

66M. Braun, Labortechnische Gera¨te, Garching, Germany.
67C. M. Mate, inHandbook of Micro/Nanotribology, edited by B.

Bhushan~CRC Press, Boca Raton, FL, 1995!.


