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Quantitative analysis of the frictional properties of solid materials at low loads.
I. Carbon compounds
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Load-dependent studies of the frictional properties of the carbon compounds graphite, diamond, amorphous
carbon, and G, 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 Ff~Fﬁ’3 dependence of the frictional forde; on the normal force=,, as predicted for this case. These
findings suggest thatontact mechanical modelg spite of being based on continuum elasticity theang
valid for tip radii down to a few nanometeend that the shear stress is constant within the elastic regime.
Additionally, it was shown that the friction coefficiept=F;/F, is not well suited for comparing the tribo-
logical behavior of different materials in the case of single-asperity friction. Thereforeffeetive friction
coefficient for point-contact-like single-asperity frictiaras introduced for the classification of the microscopic
frictional properties of materials. As quantitative results, high microscopic friction was found gipth®
films, medium friction for amorphous carbon and diamond, and very low friction for graphite.
[S0163-18287)00635-9

[. INTRODUCTION terized tips of exact spherical geometry to sample surface
areas which were free of any surface steps. It will be shown
Frictional forces are familiar from daily life; their under- that under these conditions, the contact area-load dependence
standing is important for the optimization of all kinds of of the tip/sample contact can be describegty accurately
machinery with parts that are in relative motion. Therefore mathematically by contact mechanical meth&dS allowing
tribology, the science of friction, wear, and lubrication, has athe extraction of reproducible quantitative data from friction
long history! Nevertheless, the understanding of the fundaforce spectroscopical measurements. Such a mathematical
mental mechanisms of friction on the atomic or moleculardescription of the elastic properties of the tip/sample contact
level is still poor since most macroscopically measurablds valid even for tip radii of only a few nanometers although
frictional effects are dominated by the influence of wear,the corresponding contact mechanical treatment is based on
plastic deformation, lubrication, surface roughness, and surontinuum elasticity theoryin this context, a friction coeffi-

face asperities. cient C is introduced that allows a comparison of the fric-

In recent years, however, the field nénotribologywas tional properties of two different materials for the case of
established by introducing new experimental tools, mainlysingle-asperity friction without the occurrence of wear.
the quartz crystal microbalan; the surface force appara-  |n order to demonstrate the versatility of this method, we
tus (SFA),>~" and the friction force microscopéFM),>*°  examined the frictional properties of the carbon compounds
which allow the investigation of wearless friction on the na-diamond, graphite, amorphous carbon, angh @in films.
nometer scale. Today, macroscopic friction is believed to behese tribological systems are of great interest from both a
the sum of the frictional effects occurring at many individual fundamental and technological point of view: The samples
small asperities that make the physical contact between thavestigated consist of the same atomic species, but exhibit
two bodies sliding relative to each other. Thus, the investivery different friction, and their specific frictional properties
gation ofpoint-contact friction experimentally realized by a are crucial for many industrial applicatiofsf. Sec. I). Ex-
small single-asperity contact of a tip with a suitable samp|eperiments were performed under ambient conditions as well
in the FFM, seems to be especially promising. as in an oxygen-free and water-free argon atmosphere.

The main disadvantage of this technique up to now was
the lack of knowledge about the exact nature of the tip/
sample contact, contrary to, e.g., the situation in the SFA Il. THEORETICAL BACKGROUND
where the actual tip/sample contact area can be measure
independently! For the data presented in this paper, this
disadvantage of friction force microscopy/spectroscopy has Already 500 years ago, Leonardo da Vinci recognized
been overcome by applying specially prepared and charadhat friction is proportional to load and independent from the

%\. Amontons’s law of friction and the multiasperity contact
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(apparent contact ared:}* These facts were later rediscov- fringes of equal chromatic order technigileln this tech-
ered by Amontong1699 who introduced the fundamental nique, the visualization of the interference signal is done by
friction law means of optical microscopy. Therefore, the contact area
cannot be much smaller thaa100um? for an accurate de-
Fi=ukF, (1) termination of its size, and the effective radii of the crossed
mica cylinders which are brought into contact in an SFA
experiment are often as large as a few millimeters. Further
disadvantages of this method are its limitation to mica or thin
Jilms on mica substrates and a lack of spatial resolution.

In this paper, we have chosen an indirect way to deter-
mine the contact are& at different loading forces. If the
geometry and the elastic properties of tip and sample as well
as the externally applied loading forces are known, the con-

p=F,/A 2) tact area in the elastic regime can be calculated using contact
[ . . . . :
mechanical method$.This results in a simple mathematical
and the frictional force per unit are® (the so-calledshear  relationship for a spherical tip on a flat sample. For this
stres$ scenario, Hertz determined the contact area in the case of
absent attractive forces%o

where the friction coefficienu is constant for a given ma-
terial combination in a wide range of externally applied load-
ing forcesF, and independent from thapparent contact
area. The reason for this behavior, however, remained u
clear for a long time.

In order to shed light on the origin of E(l), let us define
the mean contact pressupe

S=F;/A. (3
RF 2/3
Here,A denotes thectual contact area. From its definition, A= 7,<_' , (4)
S can generally be a function of the mean contact pregsure K
i.e., S=S(p). Nevertheless, it is obvious from Eq®) and . . .
(3) that if A is proportional toF,, p will be constant for all whereR is the radius of the tip and
externally applied loading forceB,. ConsequentlyS(p) _.2 _ .21
. . 4/1—vy 1—v5

will also be constant for alF, resulting inF;~F,. K=— + (5)

Greenwood and co-workers showed for tHasticregime 3\ By E>

that the A~F, condition is fulfilled for two bodies with
rough surfacegmultiasperity contagtif a certain statistical
height distribution of the individual surface asperities is . L
assumed® 1" Moreover, when the externally applied lo&d spectively;i = 1,2). o

: ' If attractive forces are present, the situation is more

increases and the elastic regime is Igigstic deformation complicated®1%2324The general mathematical formulation

will increase the area of contact until the mean contact pres- . om 27
. . s of the problem cannot be solved analyticafty?’ Neverthe-
surep in both materialdsample and slideris less than the P Y

ield pressur Thus. Sincen~p.— const andA— F. / less, depending on where the attractive forces act, analytic
yield p ure,. 1hu » INC&Y™p,=cor = "i/Py, approximations can be derived. If attractive forces are only
i.e., A~F,, Amontons’s law will be valid for multiasperity

! ; o . . preseninsidethe contact area, elastic deformation of tip and
contacts in relative motion in both the elastic and the plastugample are described by the Johnson-Kendall-Rol&KR)

the effective elastic modulus of the contaet (s Poisson’s
ratio, E; is Young’s modulus of sphere and flat surface, re-

regime. theory?® However, if the attractive forces act predominantly
o _ _ outsidethe contact area, the analyses of Braélegnd Der-
B. The friction law for a small single-asperity contact jaguin, Muller, and Toporo¥**should provide an appropri-

of spherical shape ate description. Decisive for the validity of the different ap-
As we saw in the previous section, the reason for theProximations is the numerical value of a nondimensional
validity of Amontons's law in the case of multiasperity con- Parametexd first introduced by Tabot;
tacts is the proportionality of the actual contact afeto the 3
externally applied loading forc&,. Most single-asperity 9Ry?
4K2zg>

(6)

contacts, however, show a nonlinear contact area-load
dependenc This fact allows the investigation of a possible
dependence of the shear str&sen the mean contact pres- Here, y is the surface energy of tip and sample surféoe
surep. Actually, many examples have already shown that forequal surfacésand z, the equilibrium distance in contact.
a single-asperity contacthe dependence of friction on load \When® is large @ >5), the JKR model applies, which has
can be strongly nonlinedsee, e.g., Refs. 7,12,13,1992k  peen confirmed in many experimertee, e.g., Refs. 7 and
will therefore be the topic of this section to analyze the case3). On the other hand, the theories of Bradfesnd Der-
of single-asperity friction. For the discussion, the externallyjaguin, Muller, and Toporci?* apply for ®<0.1. In this
applied loading forces are restricted to the elastic redlime®  case, the influence of attractive forces can be considered as a
low-load regimé®), where no wear and no plastic deforma- first approximation by an effective forde,:
tion occurs.

For such an experimental approach, it is necessary that the F,=F+F,. (7)
actual contact areA and the frictional forcé~; can be de-
termined individually at different loading forcés. Thisis  Fq is the sum of the attractive forces between a sphere and a
realized in the SFA, as already mentioned in the Introducflat surface and can be determined by force-distance
tion, by detecting the actual contact area using the so-callecurves®* ReplacingF, by F, in Eq. (4) then leads to
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RFn 2/3
) . (8)

A= 77( K
Detailed mathematical derivations of E@®) for the case of
attractive capillary forces can be found in Refs. 13, 35, and
36.

The validity of Eq.(8) hasnot yetbeen confirmed experi-
mentally since contacts with defined geometry ane 0.1
could not be realized up to now; however, evidence for their
validity comes from molecular dynamics simulaticiNev-
ertheless, introducing realistic values for the contact of a
force microscope tip with an atomically flat sample surface
[R=30 nm;y=25 mJ/nt (typical for van der Waals
surface®), K=50 GPa, and,=3 A], we find a value forp
of 0.086. Therefore, for force microscope tips with spherical
tip apexes in contact with not too soft and atomically flat
materials possessing not too high surface energiesé¢iniz-
plus-offset modelberived above is expected to provide a
good approximation. Under these conditions, we can com-
bine Eq.(8) and Eq.(3), resulting in the following expres-
sion for the frictional force: FIG. 1. Force micrograph of thé01)-oriented diamond film

investigated in this studgimage size: 13xmX 13um). The largest

_ R| 23 23 ~2/3 individual grains exhibit terraces of abougdm?. The tilt of such a
Fi=mS K Fa =CFy™. ©) terrace against the horizontal image plane is typicaiiyb2.
It is worth pointing out some consequences of j. It will be the aim of future work to determine quantitative

(1) As mentioned above, the shear strEssan be a func- exact values foK in order to calculate.
tion of the mean contact pressyreHowever, it was already

recognized in the first friction experiments performed with . EXPERIMENT
the SFA thatS might just be constaritRecent experimental

results with both the SFARef. 7) and the FFMRefs. 12,13, A. Samples
and 22 gave further evidence for the correctness of this as- 1. Diamond
sumption. :

(2) If the shear stresS were constant for all mean contact  Diamond, known as the hardest material in nature, shows
pressurep, F; would be proportional td=2". This gives a low friction on the macroscopic scale for unlubricated
significant deviation from the linear law in E¢L). diamond/diamond contact$riction coefficients down tgu

(3) The frictional force in the formula above obviously =0.05 were measurgdcombined with an excellent wear
depends on the radius of the tip, i.65~R%2. In order to resistancé® Moreover, for diamond/diamond contacts lubri-
obtain aneffective friction coefficient for point-contact-like cated with water, even lower friction coefficients down to
single-asperity frictionthat is independent from such size ~0.001 were reportetf. For diamond sliding on metal sur-
effects, we will define the new coefficief: faces, similar results were obtained. For these reasons, the

use of diamond cutting tools was established for the machin-
F=CF23=CR?3F23 (10) ing of hard metals z_;md cergmics. In addition,_sinpe diamond
n no: has an extremely high melting point and retains its hardness

which allows a reasonable comparison of measurements obp to very high temperatures, it is very effective as a polish-

tained with tips exhibiting different apex radii. ing powder.
(4) Using Egs.(9) and (10), we find that Recently, it has become possible to grow polycrystalline
diamond films by low-pressure chemical vapor deposition
_ S (CVD), enabling the coating of all kind of tools and machin-
C= WK—ZIS, (11 ery parts to protect them against wear. Therefore, in order to

optimize the tribological properties of diamond coatings, a

N bi he infl  the intrinsic frictional with knowledge of their frictional properties is important.
i.e.,C combines the influence of the intrinsic frictional wit The polycrystaline diamond film investigated in this

the elastic properties of a given material combination on thestudy was deposited by the hot-filament CVD technique on
experienced frictional fprce. quever, at this_sca_le, the acy, (001)-oriented silicon substrate and sho(@®1)-oriented
tual value of the effective elastic moduls[which is gen-  ¢,.0t The epitaxial orientation of the individual nanocrys-
erally determined by Eq(S)] might significantly be influ- 515 can be confirmed from Fig. 1, displaying a topographical
enced by contamination layers. Hence, it is not possible tq ..o microscopy image. Image size is A81x 13um. The
derive quantitative exact values f8rfrom C without having  |argest individual grains exhibit terraces of aboyih?. The

an independent measurementkof For this reason, we will tilt of such a terrace against the horizontal image plane is
only give numerical values fdE in this paper and not fos.  typically between 2° and 5°.
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of carbon atoms situated at equivalent lattice si246 A;
see Ref. 48

4. Cqo thin films

Soon after the discovery of theggmolecule?® there have
been speculations about possible unique frictional properties
of the material due to the spherical shape of the individual
Cgo molecules and the fact thatggmolecules interact only
by weak van der Waals interaction, which allows them to
rotate freely at room temperature in bulk single crystas
FIG. 2. (3 Large-scale force micrograph of one of the usedweII as in thin films on various types of substrates. The hope

HOPG samples. Image size wag.B1X 3um; steps have the height W_a,S that Ggo might b_e some kin'd Qf spherical graphite' com-
of one unit cell(3.35 A) or multiple of this value. The large, atomi- Pining the extraordinary low friction of the graphite surface
cally flat terraces are well suited for friction force investigaticins. _(539 abovewith the friction-reducing properties of ball bear-

Atomic-scale force micrograph exhibiting the lattice periodicity IN9S. . _ _ .
(image size: 5 N5 nm). However, recent studies of the tribological properties of

Cego films led to contradictory conclusior$*3°1~>®For ex-
ample, the shear stress between small islands of crystalline
Cgo molecules and an NaCl substrate was found to be ex-
Amorphous carbon is widely used as protection layer ortraordinarily low>® and low coefficients of friction between a
magnetic disk medi& In order to increase their storage ca- sublimated thin film of G, and a 52100 steel baflor a
pacity, the distance between disk and slider has to be reducddrce microscopy tip’ down to . =0.06 were found. On the
to a minimum. Therefore, it is important to improve the tri- other hand, other studies report quite high friction between
bological and mechanical characteristics of the thin film proforce microscopy tips and & thin films 24354
tection layert! and several studies of the frictional properties  The Cq, films used in this study were sublimated in UHV
of such films have already been performed on bothontoin situ cleaved single-crystalline Gé®1). Highly pu-
unlubricated*~**and lubricatetf*® samples. rified Cgq material was filled into the graphite crucible of a
The amorphous carbon films used in this study were madgnudsen cell, outgassed at 380 °C for several hours and
by electron-beam evaporation of highly purified graphiteheated to the evaporation temperature of 4201°h before
(purity better than 99.99%, supplied by Union Carbid®  the evaporation process was started by opening a shutter.
freshly cleaved muscovite mica. The mica substrate was helBuring the evaporation process, the substrate temperature
at room temperature during evaporation; the backgroungvas held at 180 °C; the evaporation rate was 0.07 ML/min
pressure was=10 8 Torr, the pressure during evaporation and the background pressure20™° Pa. This preparation
was~10"" Torr. The evaporation rate was 1 A/s; films with procedure leads to epitaxial, single-crystalling,@in films
thicknesses in the range of 10—40 nm were grown. Producegf high quality that show layer-by-layer growth. Due to the
in this way, the carbon films exhibited very flat and smoothcrystallinity and the epitaxy of the growing ( islands, a
surfaces in force micrographs. Corrugations of less than $harp low-energy electron diffraction pattern is obtained.

a)

2. Amorphous carbon

nm were typical for areas of severahm?. A force micrograph of the sample used for the friction
force spectroscopical measurements presented in this study is
3. Highly oriented pyrolytic graphite displayed in Fig. 3image size: 2umX 2um); molecularly

smooth terraces of some 100 Arare visible. Nominal cov-

Graphite has been known for a long time to be a materiabage was~2 ML. More details regarding the preparation

exhibif[ing low friction (©=0.1 on.t_he macrqscopic scale rocedure and the growth modes ofgahin films on GeS
even in the absence of any additional lubricant and up tQpstrates can be found in Ref. 57.

very high temperature®.For this reason, lubricants contain-
ing graphite have proved to be very effective under condi-
tions where more conventional lubricants are unsuitable or
ineffective. We have seen in Sec. Il B that for the validity of £§),

In their pioneering study, Matet al® reported a friction it is necessary to have a well-defined tip/sample contact
coefficient of about 0.012 for the atomic-scale friction of awhere a tip possessing an exactly spherical apex even on the
tungsten tip sliding over a freshly cleaved highly orientednanometer scale profiles a flat area of the sample surface.
pyrolytic graphite(HOPGQ surface, which is about an order Actually, many experiments performed in our laboratory
of magnitude smaller than the macroscopic value mentionetlave shown that the exact shape of the tip end is very critical
above. This extraordinary low friction coefficient was later (see Sec. ¥ Moreover, tip radii should be small, i.e., they
confirmed by other scientistsee, e.g., Refs. 34 and 47 should not exceed about 100 nm.

In this study, HOPG with 99.99% purity, supplied by  This was realized by the contamination of doped single-
Union Carbide, was used. The samples were freshly cleavectystalline silicon tip$® with amorphous carbon in a trans-
right before the measurements. Figur@ 2shows a large- mission electron microscope. The tips, having typical radii of
scale force micrograph of one of the HOPG sampiesmge 5—15 nm without contamination, were coated with a layer of
size: 3umx3um). In Fig. Zb), an atomic-scale force mi- amorphous carbon of variable thickness using electron-beam
crograph(image size: 5 nm 5 nm) exhibits the periodicity deposition. Molecules from the residual gas were ionized in

B. Preparation of tips with well-defined spherical apexes
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this method are shown in Fig. 4. A more detailed description
of the tip preparation procedure will be published
elsewheré?

C. Force measurements

The scanning and friction force microscopy/spectroscopy
investigation was carried out at room temperature with a
commercially available instrumeft. Normal and lateral
forces were measured simultaneoust)and care was taken
that no steps were visible in the topography during the ac-
quisition of the spectroscopical friction data in order to avoid
a crosstalk between topography and friction signal. The nor-
mal forcesF, and the adhesioR [cf. Eq. (7)] were deter-
mined by force-distance curves,, was set to be zero at the
point where the cantilever left the surface.

All spectroscopical measurements were performed with a
sliding speed of 2.78wm/s; sliding distance was Lm.
Along such a line, the acting frictional force was measured
512 times in forward as well as in backward scan direction
) o . with equal time between individual measurements. The av-

_ FIG. 3. Force micrograph of the & thin film sample(image  grage of these 512 individual measurements represents one
size: 2 umX2um). Molecularly smooth terraces of some 100 data point in theF(F,) plots of the result part. For each
nm? are visible; the step height between individual terraces is 1 MLnormaI force. five Sca"n lines were recorded
(= 1 nm). Nominal coverage of the sample was2 ML. ! . . -

For all measurements, rectangular single-crystalline sili-

con cantilever® were used whose dimensions were accu-

the electron beam and accelerated towards the tip end. Thengitely determined by means of electron microscopy. From
the molecules spread out evenly due to their charge, forminghese dimensions, spring constantg idirection (¢,=F,/z)

a well-defined spherical tip apex. in the range from 0.014 N/m to 0.49 N/m and for torsion
The exact composition of the contamination layer is un-(c,,,=F/8; 3 is the torsional anglefrom 20 uN/rad to 420
known and depends on the composition of the residual gas if,N/rad were calculated. Tip radii were varied from 5 nm to

the electron microscope. However, an analysis by means efbout 100 nnisee Sec. I B.

energy dispersive x-ray emissidEDX) revealed that the  Since it is known that humidity might significantly influ-
ratio of the relative intensities of the silicon and the oxygenence the frictional behavidf %> measurements were per-
peak(the oxygen peak arises from the native silicon oxide aformed both under ambient conditions and in a water-free
the surface of the silicon tjpwas nearly unchanged during and oxygen-free argon atmosphere. In air, the relative hu-
the deposition, whereas the carbon peak was continuoushidity was 40-60 %. The argon chamif¥rwas specially
growing. Further atomic species except coppeom the  designed for scanning probe applications. The content of wa-
holdey and silver(from the silver paint used for connection ter in all measurements was below 1 ppm; the oxygen con-
could not be identified. Therefore, the tip apexes consist preeent might occasionally be increased from below 1 ppm to
sumably of amorphous carbon, hydroggrhich cannot be some ppm due to an interrupted gas flow during measure-
detected by EDX and traces of oxygen, as it is usually ments, which was shut off in order to obtain the most stable

assumed for electron-beam-deposited matétid Tip radii  conditions. All measurements were carried out at room tem-
ranging from 5 nm up to more than 100 nm could be pro-perature.

duced by varying the deposition time from some minutes up
to more than an hour. Three examples of tips prepared using

D. Data analysis

For data analysisS was assumed to be constant. Addi-
tionally, a small offsef .x(|F o <<|Fg|) of the fitted curves
to negative loads had to be introduced in order to account for
an uncertainty in the correct determinationfof>* Equation
(9) then changes to

Fi=CR23(F-Fo) 22 (12

In order to ensure a correct treatment of the statistical and
a) b) ) systematical errors of the individual data sets, 8¢) was
not directly fitted, but the procedure was applied that is de-

_ FIQ. 4. Tra_nsmission electron microgra_lphs of three differentscribed in detail in Ref. 34. The calculation of the mean
tips with spherical apexes prepared according to the procedure de-

scribed in the text. The apex of the tip presente(grhas a radius values forC over all measurements of a certain material

of (21+5) nm, the radius of the tip end displayed(in) is (35 *5) combination was done as follows. First, tBeobtained with
nm, and the tip shown ifc) has an apex radius ¢112+5) nm. the same cantilever were averaged. The total averagdl of
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FIG. 5. The frictional force~; as a function of the normal forde,,, measured on amorphous carbon with well-defined spherical tips in
argon atmosphereontent of HO below 1 ppn. All curves show excellent agreement with theoretical fits according t¢’B2). The data
presented irfa) were obtained using a tip with an apex radiugef (17+5)nm; n= 395 individual data points are displayed. The adhesion

Fo was 4.6 nN,C and F . were calculated t&€=(0.17+0.09) nN*nm~2® and F 4= — 0.4 nN. For(b), the relevant parameters were
R=(58=7) nm,n=288,Fy=25 nN,C=(0.17+0.07) nN*nm 23, F=—3.9 nN; for (c), R=(58+7) nm,n=125,F,=32.6 nN,C

=(0.13+0.05) nN*nm~23 F4=—3.5 nN; and for(d), R=(7%=2) nm, n=245, F,=10.6 nN,C=(0.35+0.15) nN"*nm=23, F=
—1.1 nN.

measurements was then extracted by averagin€tbéthe  an offset force of o= —3.9 nN was determined by the fit.
different cantilevers. This stepwise procedure is necessary teluch higher friction was measured compared with Fig);5
calculate reasonable errors 01 otherwise, systematical er- the frictional force at,=10 nN, e.g, is about three times
rors arising from cantilever dimensions might be overestilarger (=15 nN) than the frictional force of only 5.5 nN

mated or underestimated. observed in Fig. &). Therefore, applying a classical analy-
sis in terms of the friction coefficient, a value ofu three
IV. RESULTS times higher would be derived for the second sample com-

pared with the first sample, even though the same sample
and identical tip material were useddowever, the calcu-

_ _ _lated numerical value o€=(0.17+0.07)nN*nm™2? for
Figure %a) shows results of a measurement carried out inthis second measurement is in excellent agreement with the

argon atmqsphere on amorphous carbon using'a spherical 1'\i)&lue ofC obtained in the first measurement as well as with
with a radius of(17=5) nm prepared as described in Sec

IIl B. 395 individual line scans were analyzeB;, was de- € mean Yalueg;gon:(o'l%t 0.022)nN"nm~2* obtained
termined to 4.6 nN. The fit according to E@.2) resulted in by averaging four measurements that were performed with a
excellent agreement between experimentally obtained dafgtal of three different tipscf. Table ). o
and theory; values ofC=(0.17+0.09)nN3nm~22 and These results alrgady demonstrate_ that con3|de_rat|on of
Fo=—0.4 NN were calculated. Comparifg,; to Fo, we f[he geometry _of the t|p/samp_le_contact is mgndatory if mean-
find that the conditior{Fq|<|F,| introduced above is ful- ingful comparisons of the fr_lct|onal properties between dif-
filled. ferent measurements and different materials should be made.
The results presented in Figsbbwere also obtained on If, however, the geometry is considered, good reproducibility
amorphous carbon in argon atmosphere, but with a tip exhibef the measured data is obtained. FéF ) curve displayed
itihg an apex radius of58=10) nm. Here, 288 individual N Fig. 3(c) was acquired with identical tip and sample about
line scans were analyzed, predominantly at very low force@ h after the data shown in Fig. (5, leading to
where the deviation from the linear behavior is most promi-C=(0.13+ 0.05)nN"3nm~2". Even in the measurement pre-
nent. The adhesion was, due to the larger tip radius, 25 nN\sented in  Fig. &) for which the measured

A. Friction force spectroscopy of carbon compounds
performed in argon atmosphere
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TABLE |. Relevant data for the measurements performed on amorphous carbon in argon atmosphere. Averaging the first four values for
C yields a mean valu€%S =0.158+0.022nN"3nm~2?,

argon

Measurement no. 1 2 3 4 5

Tip no. 1 1 2 3 4
Tip radius(nm) 58+10 58+10 24+5 17+5 7+2

¢, (N/m) 0.078+0.015 0.07&0.015 0.025:0.005 0.014-0.003 0.21-0.04
Cior (N/rad) 130+ 17 130+ 17 36+5 20+3 310+40
No. of data points 288 125 185 395 245
AdhesionFg (nN) 25 32.6 6.1 4.6 10.6
C (NN¥3nm=23) 0.17+0.07 0.13:0.05 0.15-0.08 0.170.09 0.35:0.15
Offset forceF 4 (NN) -39 —-6.6 -1.3 -0.4 -1.1

€=(0.35+0.15)nN"*nm~23 was by far the most significant Figure 6 shows¢(F ) plots of the other investigated car-

deviation fromC2C  the mean value is only slightly outside bon compounds diamonFig. 6a)], Ceo [Fig. &b)], and

argon’ . . .
the error range. HOPG[Fig. 6(c)]. The data for diamond and g are again

However, the adhesion of the data displayed in Fig) 5 in excellent agreement with the theoretical model of Eg.
was unusually highRo=10.6 nN for a tip with such asmall (12. ~ For  diamond, ~a value of C  of
tip radius[ R=(7+2) nm], suggesting a contamination of the (0.21+0.11)nN"*nm~#® was determined which is very
tip/sample contact by adsorbates. Such a contaminatiodose to the average tﬁggof(0.158t0.061)nl\’r’3nm‘2’3
could prgbably explain at least part of the observed incre¢cf. Table 1), and for Gy, C=(0.82+0.33)nN"3nm~23
ment of C. Usually, tip and sample were inserted in thewas calculated. In the latter case, however, a comparison
argon chamber from air without further sample preparationwith the average value over all & measurements
only graphite was cleavedn situ before measurement. Eacreom:(0_6710_22)n|\}/3nm*2/3 is problematic, since due
Therefore, contaminants that do not desorb in the water-freg.*

fo the small terraces on theggsample, only two measure-
argon atmospheréhydrocarbon compounds, for example ments could be successfully completed.

influence the 'tripological properties of the tip/sample contact 5, HOPGIFig. 6(c)], we observed a frictional force that
by both modifying the local shear streSsas well as the 5 near the noise level of our FFM, causing large fluctuations
effective value oK of the tip/sample contact. Nevertheless, of the data points. Calculation & resulted in very low
friction studies performed in ambient dsee Sec. IV Bare data p ' B o y
reasonable because they represent realistic conditions, ai@lues[C=(0.0018+0.0008)nN"*nm"** for the measure-
comparative studies in argon atmosphere help evaluating theent  presented in Fig. (6§ or C=(0.0012

influence of the water film on the observed friction. +0.0009)nN*nm~2® on averagé However, due to the
— 4 =
z Z w
w3 60
© °
s , 8 FIG. 6. F¢(F,) plots for differ-
- - a 40
] o ent carbon compounds performed
g | 2 2 in argon atmosphere(a) Dia-
2 ] £ 7] mond, R=(24+5) nm, n=355,
oA 0 . . . Fo=3.6 nN, C=(0.21
0 20 40 60 iOll) nM/Bnm72/3' Foff:
normal force F, [nN] normal force F,, [nN] —0.05 nN. (b) Cso thin film, R
a) b) =(13+2) nm, n=205, F,
=41 nN, C=(0.82+0.33)
S 044 nNYnm™2% F«=0 nN. (¢
K= HOPG, R=(26*5) nm, n
W % s =65, Fy=5.3 nN, C=(0.0018
S o2 . a +0.0008)nN"®nm=23 F4=2.9
— o B R § nN. Additionally, for comparison,
g s s gt ot ; a classical friction coefficient
T 00| g 4 A ©=0.008-0.005 was calculated
= B s for HOPG.
-0.1 N
0 10 20 30

normal force £, [nN]

(@]
~—~
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TABLE Il. Mean values ofC for the materials investigated.

No. of No. of Mean value ofC
Material Atmosphere measurements tips used (NNY3nm~23)
Amorphous carbon argon 4 3 0.158.022
Amorphous carbon air 6 2 0.45(0.042
Diamond argon 8 5 0.1580.061
Diamond air 6 5 0.2630.060
Cso argon 2 2 0.6%0.22
HOPG argon 2 2 0.00120.0009

high influence of noise, a comparison of obtained data withunder ambient conditions is as important as it is for measure-
the theory of Sec. Il B is not very fruitful. Nevertheless, in ments performed in argon: In spite of observing a friction
order to give an impression of the low friction on HOPG, wethree times higher in Fig.(B) than in Fig. 7a), identical

additionally applied a classical analysis in terms of the fric-numerical values were calculated f6r(see figure caption
tion coefficientu according to Eq(1) (but again allowing an  The results of the averaging are given in Table Il for amor-
offset force that resulted inu=0.008+0.005. Generally, we  phous carbon and diamond ggthin film samples were not

can say that the friction on HOPG in argon atmosphere isnvestigated in air since they are known to be unstable under
nearly vanishing and the classical friction coefficient is well gmbient conditiong’

below 1 =0.02.

V. DISCUSSION

B. Friction force spectroscopy of carbon compounds

performed under ambient conditions It has been surprisifigup to now why the response of the

friction to a change in load had not resulted in a 2/3 power
Figure 7 showsF(F,) plots of amorphous carbon law as one might expect from the contact mechanical theory
[Figs. 1@ and 7b)], diamond [Fig. 7(c)] and HOPG reviewed in Sec. Il B, but power laws from 1{Ref. 64 to
[Fig. 7(d)], but the plots now display data that were acquiredlinear (Ref. 67 have been found. Due to the diversity of
in air. Qualitatively, the results are identical with the situa-experimental data obtained, it has been unclear which con-
tion in argon. For amorphous carbon and diamond, comparaact mechanical model would be suitable for the description
tively high friction and good agreement of measured dataf the tip/sample contact in force microscopy. In some cases,
with the fit curves is observed, whereas for HOPG friction isthe JKR modéP or a modified JKR modét have been ap-
again nearly vanishing. The comparison of the two measureplied successfully. Moreover, since a model generally appli-
ments carried out on amorphous carbon demonstrates thatcable to all data could not be derived, there were also specu-
knowledge of the exact structure of the tip/sample contaclations about the limits of contact mechanical models, which

= N —
i 60 E. 1404
w W 120 74
S Lol 8 1004 FIG. 7. F{(F,) plots for differ-
2 £ so 2 ent carbon compounds performed
g g 60 under ambient conditions.(a)
5 29 g 40l Amorphous carbonR=(20+5)
= = 0] 0 nm, n=110, Fy=39 nN, C
ol L 2 i - 0 : , : : : =(0.51+0.23) nNnm™28 F
0 10 s 4 =—1.4 nN. (b) Amorphous car-
normal force £, [nN] normal force F, [nN] bon, R=(92+8) nm, n=290,
a) b) Fo=156 nN, C=(0.51+0.22)
NNY3nm=22 F4=—4.3 nN.(c)
Z sof < z Diamond, R=(75+15) nm, n
- 1.0 =120, F;=23.0 nN, C=(0.29
_ w
l§ 0 3 osl ) +0.13) nNBnm 23, Fq=—0.2
S 304 S nN. (d) HOPG, R=(20*=5) nm,
S 5 06 s Wt L s e n=199, Fo=13.0 nN, x=0.005
c 20 c 2 LA a o *
L O 041 4, 4 2% 82%a249 +0.003. For(a), (b), and(c), the
= = A 'y 4 A gAA Aﬁ ) N
2 104 £ 4 2 T A observed=¢(F,) behavior is in ex-
= &= 0.24 Ma, o 8. '
oog 28 %, & . s, cellent agreement with the pre-
0 1 T v T : T r . . ; " . ; 2/3
0 5 10 15 20 25 40 0 10 20 30 40 dicted F¢~F{™ dependence.
normal force £, [nN] normal force F, [nN]

(@]
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are all based on continuum elasticity models, in the case ofxtremely low in air as in the case of HOP®&e friction

very small tip radii. decreased significantly in a watefree argon atmosphere.
Nevertheless, the data presented above shows that tieumerically, we derived a rati6%/Ca<, of 1.66.%3°and

friction model leading to Eq(12) may be applied to most of g ratiocggflcgi;'gon of 2.367,%%°.

the samples investigated with good agreement. From the ex-

periments, we can therefore confirm tiecellent validity of VI. CONCLUSION

the Hertz-plus-offset model for the description of the depen- .

dence of the contact area on the normal force for a sphere/ 10 Summarize, we presented load-dependent measure-

flat contactin the Bradley regime® <0.1). Simultaneously ments of the frictional force obtained on different carbon
the validity of contact mechanical theories down to tip radii cpmpounds. Specially prepgred well-defined ;mgle—aspenty
of only a few nanometeiis confirmed. tips were used for the experiments performed in argon atmo-

However, we would like to point out that the observed sphere as well as under ambient conditi_ons at low I_cé'aels

behavior of friction on load depended critically on the shape\"”thoUt the occurrence of wear or plas.t|c deformaliorhe

of the tip in all cases. Using tips as provided by the manu-data can be explamed using a theo_ret_|cal '.“”Ode' bas.ed on a

facturers resulted in force laws of~(F,)™ with Hertzian-type tip/sample contact. Within this theory, it was

0.4<m<1.2 at low loads due to the undefinend tip/sampleShOWn that the "Hertz-plus-offset” model which predicts a

contact. Results were in good agreement with Fhe F2 A~F23 dependence of the contact area on the normal force
' o works well for a tip/sample contact in the Bradley regime

law only if tips were used which were produced according to , . .
the preparation procedure described in Sec. Il B. Conse(Tabors parameted <0.1). Using these results, it was ad-

quently, the interpretaion of force microscopicall ditionally shown that friction is proportional to the contact

spectroscopical results in terms of a sphere/flat contact caft ca and that the shear stress "gf;‘s constant within the applied
F,° dependence of the mea-

not be more than a very crude approximation if tips are use@"€Ssure range, leading td-a~
whose shape on the nanometer scale is only approximatefHred frictional forces=; on the normal forces,. More-
(and notexactly spherical. However, even for the specially OVer: it could be demonstrated that the classical friction co-
prepared tips, deviations from the 2/3 power law were ob€fficient u is not well suited for a comparison of the
served if the tip apex showed the smallest deviation from thdfictional behavior of materials in the case of single-asperity
spherical shapée.g., due to wear Therefore, in order to friction, and an effective friction coefficient for point-
prevent wear, the applied normal forces have to be low, angontact-like single-asperity frictio@ was introduced for the
the shape of the tip has to be checked repetitively and rouslassification of the nanoscopic frictional properties of mate-
tinely after a certain number of experiments. In our case, weials. High friction was found for G, thin films, medium
determined the exact shape of every tip not only by transfriction for amorphous carbon and diamond, and nearly van-
mission electron microscopy, but also by imaging a speciaishing friction for graphite.

test sample before and after each individual measurement
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