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High-frequency measurements of interfacial friction using quartz crystal resonators integrated

into a surface forces apparatus
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A quartz crystal resonator covered with a thin sheet of mica was integrated into a surface forces apparatus.
The shifts in resonance frequency and bandwidth were monitored as the mica surface came into contact with
a spherical lens approached from above. We compare experiments where the lens was either coated with a
second mica sheet or just had a silver layer evaporated onto its surface. For the contact with the silver surface,
strong maxima in bandwidth occurred during the formation and the disruption of the contact. No such maxima
were seen when approaching and separating two mica surfaces. We attribute this increased dissipation to
sliding and rolling friction, involving plastic deformation of the metal surface under oscillatory load.
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[. INTRODUCTION own inertia, which results in a rather weak shear stress.
These experiments are conceptually different from the ex-
Friction, albeit an everyday experience, is still poorly un-periments described here. We report on the contact between a
derstood in terms of its underlying mechanisftd Amon-  quartz resonator with aecond solid surface
tons’ laws state that the friction force is proportional to the As we have argued in previous publicatiop$l,12,
vertical load, but independent of both the contact area anfluartz crystals may have a special role in tribology. Because
the lateral speed. The independence of contact area and sligf their high oscillation frequency, they allow a positioning
ing speed contrasts strongly with liquidlike friction as given, @ccuracy in the nanometer range and a h,!gh lateral sfuged
for instance, by Stokes’ law, which states that for a spherd® 1 M/9 at the same time. The “dynamic” SFA or the FFM
immersed in a viscous liquid, the friction force is propor- Usually do not reach such speeds, which are, on the other

tional to the speed and radius. Bowden and Tabor have ap_and, frequently encountered in practical applications. The

gued that sliding friction as expressed in Amontons’ laws ismOSt prominent example, where sliding speeds beyond a

. . . r distances are of impor-
the result of multiasperity contac{®], where the size of meter per second and truly molecula P

. . tance, is the hard disk in a magnetic storage deViS.
each contact is 90"‘?”?60' l_::y the local yield stress. The truﬂigh sliding speeds are encountered in most mechanical ma-
contact aredto be distinguished from the apparent macro-

. . X ) chines as well, although the lubricating films in these cases
scopic contact areas then proportional to the vertical force. ,qa1ly are thicker than a monolayer. In previous tribological

The force of sliding friction is proportional to the true con- exneriments with quartz crystals, the sliding occurred be-
tact area and, therefore, proportional to the vertical loadyyeen the(suitably modifiedl crystal surface and a macro-
Since the local stresses at the point contacts are high, ”B%opic spherg11,12 or the tip of an atomic force micro-
material locally undergoes plastic deformation or even sufscope (AFM) [14—16. Such experiments lack absolute
fers from plastic instabilities. Although the microscopic be- distance control and the capability of visual inspection of the
havior is expected to be complex, one can rationalize @ontact area. In the following, we demonstrate how this can
strongly sublinear stress-speed relation by local plasticitybe achieved by incorporating a quartz crystal resonator into
once the local yield stress is exceeded, the material deformen interferometric SFA.
and the stress increases only weakly with strain. The SFA is a well-established instrument for measuring
The work of Bowden and Tabor has given rise to the fieldboth normal and lateral interaction forces between two sur-
of “nanotribology” [3]. When the objects sliding across eachfaces with subnanometer control of their relative distance
other are either very small or very smooth, multiasperity[6,7,17. In the standard SFA setup, a contact with a well-
contacts can be avoided and experiments on the fundamentéfined geometry is formed between atomically flat surfaces
mechanisms of sliding friction become possible. The instru-consisting of micrometer-thin mica pieces glued onto cylin-
ments mostly employed for these studies are the frictiordrical supports that are mounted in a crossed geometry. The
force microscopéFFM) [4,5] and the surface forces appara- mica pieces have semitransparent silver layers on their back-
tus (SFA) [6—8]. Quartz resonators were used for measuresides, so that a pair of surfaces form an optical cavity that is
ments of sliding of adsorbed layers of noble gases in theised for interferometric distance measuremefis,19.
UHV [9,10]. In these experiments the layers slide under theilSuch a setup has been used to study the static and dynamic
forces in a large number of systems confined between
. smooth surfaces. At moderate loads, two bare mica surfaces
*Permanent address: Department of Physical Chemistbo A can also be brought to slide past each other under dry con-
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have concerned symmetrical systems of two identical silica (a) h f
[20] or alumina[21] surfaces with a roughness of about shape o
0.2-nm rms, and silicon nitridg22] with a roughness of ca. back electrode

4-nm rms. For bare surfaces under dry conditions and loads
of a few millinewton, the initiation of sliding typically re-
quires a displacement in the micrometers range. The friction
force for hydrophilic silica, alumina, and silicon nitride gen-
erally does not show the regular stick-slip behavior seen for
atomically smooth surfaces. Instead, it shows small irregu-
larities that reappear upon reversing the scan direction and
reflect the multiasperity nature of the contact. Under dry con-
ditions and slow sliding speedwvith sliding amplitudes of
tens of micrometer silica and alumina surfaces become (b)
damaged at loads of 10—-20 mN.

We report on the integration of a quartz crystal resonator
into an SFA in a manner that does not require significant
modification of the SFA itself. Technical details are provided
and results are given for two different systems, one with two
bare mica surfaces coming into adhesive contact and another
with one mica and one rough silver surface. We find funda-
mental differences in the responses of these two systems, and
discuss these in terms of the contributions of friction and
plastic deformation to the measured signals.

Il. EXPERIMENTAL SETUP (C)
3s.of

f,=3967687.2 Hz

Quartz crystals with a diameter of 14 mm and a funda-
mental resonance frequency of either 4 or 10 MHz were used 32,5}
as the lower surface in the SFA. Both surfaces of the quartz

r,=310.0 Hz

—

2 1)
blank were planar. To allow the white light needed for the E 32.0f 30g
interferometry to pass through the setup, the electrode on the @ 5.5 2
backside(lower sidg of the crystal was keyhole shaped with 31.5f
a central hole with a diameter of 2 mfifig. 1(a)]. To still . . . 20
obtain an efficient confinement of the oscillation to the cen- 3.967 3968 3.069
tral portion of the quartz crystatenergy trapping”, the rest frequency [MHz]

of the back electrode had to be thicker than usual. Energy

trapping is based on the fact that the resonator is thicker in FIG. 1. Integration of a quartz crystal into the surface forces
the middle of the plate than at the rim. This can be achieve@pparatus(a) The keyhole-shaped silver electrode on the lower side
with keyhole shaped back electrodes alone, provided they af¥ the quartz has a hole in the middle to allow the light necessary
thick enough. The back electrode in the present experimenf§F optical measurements of distance to pass throlghh circular
consisted of thermally evaporated silvédnaxis, purity piece of mica has been glued to the front eIectrode in order Fo
99.99% with a thickness of 750 nm. The front electrode, obtain an atomically flat surface. The quartz plate with the mica is
which also forms one of the reflecting surfaces in the interlaced in an adapter that can be mounted as the lower surface in the
ferometer, was a semitransparent silver layer with a thicknes FA. The adapter also supplies the electrical Conn?Ct'on'(E)art

of 52 nm, evaporated onto the whole frontside of the quarts2'S @ trace of a resonance for a quartz plate with an attached
crystal. Onto the front electrode, we glued circuidiameter mica circle as shown |(i_3). Th_e conductanc& and tht_a suscep_tance

5 mm) pieces of micaS&J Trading, Glen Oaks, Nythat B are the real and the imaginary part of the electrical admittance.
had been cut from larger pieces with a die cuf28]. A  the quartz crystal on top of the lens holder for the lower
small droplet(about 0.1ul) of UV-curable glue(Norland  surface in the SFA was made of brass. A ring of a rigid
Optical Adhesive 83Hwas placed on the center of the front polymer (“Delrin” ) was inserted below the quartz plate in
electrode. When a mica piece was placed on the glue, therder to provide electrical insulation between the lower elec-
droplet spread into the entire gap under the piece due trode and the SFA lens holdécf. Fig. 3c)]. The cables
capillary forces. The glue was cured by a 2-min irradiationconnecting the electrodes to the impedance analyaet

with a mercury arc lam100 W). It is essential that the mica showr) were taken through a hole in an existing side plate of
circles used for gluing are thick enough10 um) to resist  the instrument.

wrinkling induced by the capillary forces from the glue. The  Typically, the glue-and-mica overlayer initially increased
thickness can be decreasadter gluing by cleaving with ad- the resonance bandwidth by a factor of about 100. Most of
hesive tape. The complete assembly, mounted in its holder, this increase is caused by the mica, as is proven by the fact
shown in Fig. 1b). The rather simple adapter for mounting that the bandwidth gradually reverts toward its original value
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when most of the mica is cleaved off successively with ad- oL, (i@C)" R

. . . . 1 1
hesive tape. The final, combined thickness of the glue-and- Acoustic
mica layer was estimated from optical measurements in each branch
experiment and was typically 3—@m. In order to achieve a O— _OEl rical
small bandwidth, which is important for an accurate determi- I ectrca

- L " b h
nation of resonance frequency, it is critical that the edges of " ranc

the mica are smooth and adhere well to the front electrode. (ioCy)™"

Frayed out edges were the most common source of increased

bandwidth(and can, later on, be a source of undesired side FIG. 2. The Butterworth-van DykéBvD) equivalent circuit has
contacts with the upper surfac@he type of the glue and its thre_e acoustic e_Iements, which are the motlor_1al inductancehe
thickness appear to be less critical. A bandwidth of less thafotional capacitanc€,, and the motional resistanég .

1 kHz could be reached after cleaving of the mi¢éncoated
quartz blanks typically have bandwidths in the range of 5
Hz.) An example of the typical fundamental resonance ob
tained for a mica-coated quartz crystal is shown in Fig).1
The resonance is slightly asymmetric and the conducténc

is such that the fit can be hardly distinguished from the data
cf. Fig. 1(c)]. The asymmetry parameterwas introduced to
account for a rotation of the resonance curve in the complex
e plane(polar diagram Such an asymmetry is clearly visible
is offset from zero by about 2 mS. This is indicative of im- in Fig. 1(0.) (part_icularly in th_e conductance trace, Whi.Ch is
gsymmetr@. While the most important parameters for inter-

perfect calibration of the impedance analyzer. Since the fi : .
routine accounts for such imperfections, the frequency deterétation are the frequencl, and the HBH widthl’, the

mination is unaffected by these shortcomings. The drive?ther parametersin particular, the amplitudeGy,,) may
power was typically-10 dBm(where 0 dBm corresponds to Ca'fy information, as well.

1-mW electrical power Although, in principle, much higher  Generally speaking, all parameters not based on fre-
drive levels (and as a consequence much higher laterafluency have to be interpreted with care because they are

speeds can be chosen, this low power ensures a resonan uch more susceptible to electrical artifacts than the fre-
frequency independent of the drive level. At higher driveduencies. Calibration is another problem. Since the quartz is

levels, the quartz becomes intrinsically nonlinear mostlyat a rather remote location, calibration with known resistors
caused by heating due to internal friction. At the drive leveldt the exact same place is difficult and was not attempted

chosen here the amplitude of lateral motion and the Iaterégere' The derived frequencies and bandwidths are unaffected
speed are-0.7 nm and 15 mm/s, respectivelg4]. y calibration. Offsets and asymmetry, however, do depend

Usually, only the fundamental resonance peak showed gn calibration and we are not surprised to find them rather
thickness shear mode that was well separated from the afizaPle. The fact that offset and asymmetry change when
harmonic sidebands. On the overtones, the anharmonic sid@gma_Ct is being formed.r_nay be ascrlbgd to the changing
bands overlapped with the main resonance. Presumably, ufflectrical boundary conditions. The amplituGg.,, on the
evenness in the glue layer or the rather peculiar form of th@ther hand, primarily is an acoustic quantity, although it is
back electrode spoiled the mode structure. Because the natiéasured by electrical means and, therefore, contaminated
ral length scale in acoustic experiments is the wavelength O\f/lth electrical disturbances. The physical interpretation of

sound, imperfections are more detrimental at higher frequerf!® ParameteG,,, is based on the Butterworth-van Dyke
cies. For the same reason, experiments with quartz crystal§VD) eduivalent circuit shown in Fig. 2. The BvD circuit
with a resonance frequency of 4 MHz were easier than excontains three acoustic elements that are the motional induc-
periments with 10 MHz crystals. tance,L, (equal toMy/2, with M, the mass of the active

The frequency-dependent complex admittanteG portion of the quartz25]), the motional capacitanc€,

+i B was fitted with the functions (equal to 2dq/[7TZSGq(1—K2)], with dq the thickness of
the resonators the active areaG, the shear modulus, and

£2(2T)2 «k?>=0.008 the piezoelectric coupling constd@6]), and a
Gﬁt:Gma{ 25225 o252 COS® motional resistanc; (related to viscous dissipatipnAll
(fo— 97+ (20) three parameters can be derived separately via the relations

(-1 1. s 1
- S'n(P + off » o
(fo—12)2+(2I)?f? 2mfo=——,
° JLiCy
(2I)?f2 _ f L \12 1
Bs=G - sin __0_ (=1 =
fit max{ (fg_f2)2+(21'*)2f2 ¢ Q oT (Cl) Rly (2)
(f5—f2) FENTIREL:
— 1
(2= 127+ (21)772 0% |+ Bor (1D Gmax=§(c—1)

whereG ., is an amplitudefy is the resonance frequendy, with Q the Q factor, and ¢=S¢€,/d, a factor that
is the half-band-halfHBH) width, ¢ is an asymmetry pa- converts from acoustic to electrical impedana. =
rameter, andG; and By are offsets. Usually, the fit quality 9.65x10 2 Cm 2 is the piezoelectric coefficient. In abso-

026119-3



STEFFEN BERG, MARINA RUTHS, AND DIETHELM JOHANNSMANN

lute terms,G,,,ax CaN serve to estimate the active area of the
quartz plateS, since this quantity enters the conversion from
acoustic to electric impedance. Whé&n,,, varies this may
be ascribed to changes in either the active area or in changes
in L;/C;. Assuming that the active area remains constant,
one can use Eq(2) to derivelL,, C;, and R; from the
resonance parameters. For a bare quartz plate one expects
that (L,/Cy)Y?=m/2Z,. The “normalized impedance”
shown in Figs. 5 and 7 in the results section is equal to
(Ly/Cy)™(m12Z,). In the derivation, we assumed that the
active area was a circular disc with an equivalent radius of
3.5 mm. Given that the normalized impedance is found to be
close to one, this seems to have been a reasonable choice.
The emphasis in Figs. 5 and 7 is on thariation of the
normalized impedance, not on its absolute value.

As the opposing surface we used plane-convex lenses
(Newport, Darmstadt, Germahwith a diameter of 10 mm
and a radius of curvature of either 7.8 or 10.4 mm. The
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curved surface of the lens was either covered with an evapo-
rated layer of silverthickness 52 nm[Fig. 3(a)] or with a
small piece of back-silvered middig. 3b)]. In the first
case, the surface roughness of the silver layer was around
4-nm rms (15 nm peak-to-pegkas determined with AFM
over an area of 26m?. The second case enabled us to inves-
tigate also the contact between two atomically smooth sur-
faces in a plate-sphere geometry. It is indeed possible to glue
a small piece of thin micgsize ca. 3¢3 mm, thickness<2

um) onto a spherical support, provided that one uses a liquid
glue (in this case a molten 1:1 mixture of galactose and dex-
trose, so that one can control the positions of unavoidable
folds in the mica extending radially from the highest point of
the glue droplet. The mica piece is possibly able to complyrh

V.Vlth a small amou_nt of biaxial CL_Jrvature. With some Prac-¢peet as shown in Fig.(l). The opposing lens was either covered
“,Ce* one can obtam a surfgce W'th a softly C“fve‘?' top thaF/\/ith an evaporated 52-nm-thick silver layé&) or with a back-
gives a single, qrcular or slightly elliptical contact with ‘?‘,flat,silvered mica shedb). Panel(c) shows a sketch of the experimen-
surface. The radius of curvature of such a contact position igy| setup. The adapter with the quartz plate and the lens are inserted
typically 1-3 cm, which is similar to the one obtained in i, the holders, where conventionally the fused silica cylinders of a
standard SFA eXperimentS with two Crossed, Cylindrical SUl'standard SFA are mounted. Pamd) shows a photograph of the
faces. assembly inside the SFA.

The half-spherical lens was placed in the standard holder
for the upper surface so that it faced the lower surfdbe  dulations with a height of a few nanometemn the fringe.
mica-coated quarjZFigs. 3c) and 3d)]. The distance be- (Recalling that in the optical measurement, the resolution in
tween the surfaces, and thus the pressure in contact, wase surface plane is aboutm, this shows the variations in
regulated with the standard motor-driven micrometer conthe average height of the evaporated silver layers over a
trols of the SFA. The spring constant of the spring supportindength scale of a few micrometersn this system, the closest
the lower surface(cf. Figs. 3c) and 3d)) was 520 N/m, distance between the surfaces at hard compression with the
giving a sensitivity in the measurement of normal forces ofcoarser motor contro{la normal force of 5-10 mNwas
about 107 N. taken as zero distance. The high compression used to defined

The distance between the surfaces was determined byero” causes both plastic deformation of asperities of the
multiple beam interferometry. The fringes of equal chromaticmetal layer(which will be discussed belowand some elastic
order had the appearance expected for a two-1§%8f or  deformation of the glue layer. The interferometer was ap-
asymmetric[19] interferometer, depending on the system.proximated by a two-layer system, where one layer was
We could always observe birefringence, also in the experitaken as the gluérefractive index 1.56together with the
ments involving only one mica sheet, which was an indicaimica, and the other layer was assumed to béigiroring the
tion that mica was indeed left on the lower surface aftempresence of silver “spikes” that occupy a small fraction of
cleaving with tape. the air volume[26] as the rough silver surface first touches

In experiments with an evaporated silver layer on the topthe mica. Since we were mainly interested @hangesin
lens, the interferometer can be very thoccasionally only  distance when the surfaces come in contact, this approxima-
1-2 um), and one can see some larger-scale roughfuess tion was used together with a simplified equation for a two-

7 quartz plate E%—
/
Delrin double cantilever

ring adapter springs

FIG. 3. Schematic drawing&,b of the two systems studied:
e front electrode of the quartz was always coated with a mica
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layer interferometef18], valid only at small separations. 150F

Clean surfaces generally came into first contact at a separa- /N frequency (@)
tion distance of about 11-17 nm from the defined “zero” at ~ 100} o f relaxation

high compressioticf. Fig. 6c) in the results sectiopwhich E Aeinetan bandwidth

is in good agreement with the measured peak-to-peak rough- © sof N

ness of the silver layer. The “air gap” could be compressed © —L
stepwise with the sensitive motor control by about 7—10 nm, oF : .

which is likely a compression and flattening of the peaks of 3000 5 10

the rough silver layer. The compression thus constitutes an relaxation N ®)]
increase in the true contact area, even though the macro- o

scopic shape of the reflecting layers did not chafigeth L ] friction \trequency |
were evaporated on rigid substrgteand a change in the «'3 100l o arency |
width (lateral dimensionof the silver peaks cannot be re- = ) bandwidth | |
solved optically. After compression, a strong adhesion and 0 ; ~7Hz
even some extension could be seen on separation. Generally,

the surfaces would come back to the original contact and 10 15ﬁme [min] 2 %

onset of forcesaround 15 nm from the defined “zerpdn a
new approach. Occasionally the surfaces were damaged on FIG. 4. (a) Shifts in frequency and bandwidth upon touching the
separation, which resulted in a longer-ranged repulgipon  mica on the quartz plate with a second mica surface in dry air. Since
the observation of such changes in the forces on approacthe surfaces jumped spontaneously into contact from a close dis-
the experiment was discontinyed tance, the rate of approach was not controlled. No external load was
In the case of two mica pieces facing each other, the su@pplied. The frequency of oscillation was 4 MHe) Shifts in
faces spontaneously jumped into contact due to van ddrequency and bandwidth upon touching the mica on the quartz
Waals forces, as is normally seen for clean mica surfaceglate with a bare silver surface in dry air. The surfaces drifted into
This strongly adhesive contact in dry air defined zero disontact at a rate of about 0.1-0.5 nm/s and reached a maximum
tance in the mica-mica system. The contact area could bi@ad of < 0.5 mN.
directly measured from the shape of the flattened tip of the

fringe, since now the upper, back-silvered mica pieceé Wagaces came in contact. The particles might to some extent
supported on a deformable gl{ief. Fig. Ab)]. As expected, 5hhear when cleaving the mica on the quartz with tape, es-
the mica surfaces could be approached and separated sevefayia|ly if larger steps are created across the surface, but
times without d_a”_‘age or chgnges in distance. _could also come from occasional exposure of the quartz as-
_In these preliminary experiments, the glue on the quartz igemp)y 1o the laboratory air during initial calibration proce-
situated inside the optical cavity. Since the glue varies iNgures. The silvered top surfadiens might become contami-
thickness over the sample area, this complicates the analysiSiied when removing it from the evaporator. Handling of the
of distances with respect to the defined zero distance in CaS@Riartz crystals in a laminar flow cabinet, as we normally did
where new contact positions have to be found, and the 1&g oiher procedures involving the SRicluding the gluing
fractive index of the glue does not exactly match that of they¢ mica on the top lensgreatly reduced this problem. The
mica as assumed in the distance calculation above. In futurg..,,rence and identification of contamination illustrates
experiments, we intend to use back-silvered mica also on thgq,\ important it is to have optical access to the contact zone.
quartz, so that the optical cavity would contain only the mica |, Fig. 4, we compare the signals from the quartz crystal
and the sample of interest, and also large separation distancgfien contact is being made between the lower mica surface
could be calculated in the standard manrie, 19. T_he front on the quartzand a mica surface glued onto the top IEcfs
electrode on the quartz must then have a hole like the baC%ig. 3(b)], and between the lower mica surface and a silvered
electrode |n.order to provide optical accessibility. lens [cf. Fig. 3a)]. The contact is subsequently being re-
All experiments were done at room temperature and aljgaseq after a contact time of about 5 min. The results of the
mospheric pressure. The instrument chamber was purggg, experiments are strikingly different. For the contact be-
with dried nitrogen(<5% humidity for about one hour prior yyeen the mica and the silver there is a strong maximum in
to the experiment. During the experiment, the purging Wagne pandwidth when the contact is just being established. It
stopped, and a vessel with phosphorous pentoxide Wag| he shown below that this point coincides with the onset
placed in the chamber to take up humidity. of normal interactions between the surfaces. This maximum
is absent for the contact between two pieces of mica, where
the surfaces spontaneously jumped into an instantaneous
contact over an area of aboutx40 19 m? due to van der
Waals forces. In the mica-silver system, some further
The majority of our initial attempts were unsuccessful aschanges in the frequency shift after the initial contact can be
a result of contamination, mainly by small dust particlesascribed to a combined effect of relaxation in the glae
whose presence could be inferred from long-range repulsiothe quartz and of silver deformation. When the two mica
observed as the surfaces were brought close, and seen @ieces are in adhesive contact, there is also some relaxation
deformations on the interference fringe pattern as the surdikely in the two supporting glue layeysalthough smaller

Ill. RESULTS AND DISCUSSION
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than in the mica-silver system. The relaxation is consistentleformed after an external pressure has been applied. Flat-
with a slight increase in contact area observed from thdening of a rough silver layer against mica after long contact
fringe pattern arising from the mica-mica contact during thistimes and adhesion of similar magnitude as in our experi-
time. ment have also been observed by otH&@. Especially at

Upon separation of the surfaces, a similar maximum inhigh compression, there might be some small elastic defor-
the bandwidth as on approach is seen for the mica-silvemation of the glue layer under the mica, but this cannot be
contact. For the mica-mica contact, there is an indication of éhe cause for the adhesion hysteresis and shear responses
small maximum. The separation of two mica surfaces norseen during the compression and separation.
mally follows the so-called Johnson, Kendall, and Roberts When comparing Figs.(4), 4(b), 6(a), and &b), one no-
(JKR) theory[27,28 and thus occurs from a finite contact tices a large difference in the absolute change of the band-
area with a radius of about 60% of the one on initial contactwidth. We attribute this to differences in the contact area and
at zero load(where no maximum was seerPossibly the normal load. In Fig. éa), the actual contact area is very large
backlash present in the mechanical controls could have ineompared to in Figs.(4) and 6, because of the smoothness
duced a slight increase in pressure at the initiation of sepasf the two mica surfaces. In Fig. 6, we increased the normal
ration, which could be seen as an increase in the signals th&irce stepwise with the surfaces in contact, whereas in Fig.
is not caused by friction. 4(b) the surfaces just drifted into first contact. Therefore, the

Figure 5 shows the fit parameters not related to frequencyeal contact are#lattened asperitigss larger in Fig. 6 than
for the data from Fig. 4. These are the offsets of the conducin Fig. 4(b), but still smaller than in Fig. @). Based on an
tance and the susceptance, a phase parameter quantifying tmgument raised by Borovski and co-worké¢dg, one can
asymmetry of the resonanpef. Fig. 1(c)], and the resonance also analyze the ratio between the HBH width sift and
amplitudeG,,,. In the bottom panel a normalized imped- frequency shiftéf in terms of multiasperity contacts. Disre-
ance has been derived frof,,, and theQ factor as de- garding sliding or rolling friction, the simple contact me-
scribed in the experimental section. As stated above, thehanical model from Ref11] states that this ratio should be
electrical parameters have to be interpreted with care. We dequal tokr., with k the wave number of sound amg the
however, observe systematic effects. In particular, the noreontact radius. A small ratio ofl'/&f [as found in Fig. )]
malized impedance shows a negative peak on approach bsiiggests that the contact is made across a multitude of small
no such anomaly on separation. contacts, all of them having a small radius

In Fig. 6, we show data for a contact between mica and The main peaks in the bandwidth occur when the quartz
silver where the distance has been changed in small stepglate first touches and when the surfaces finally separate.
Figs. 6c) and &d) show the force between the surfaces inHowever, there are also smaller maxima when the lower
the normal direction vs the optically measured dista@®e stage is moved. After each stégompression or separatipn
defined in the experimental sectipand the frequency shift there is relaxation, evidenced by a gradual change in fre-
vs the normal force, respectively. As mentioned previouslyguency shift. Figure 7 shows the remaining fit parameters for
there is a substantial adhesion hysteresis and some extensithre data from Fig. 6. Again, the normalized impedance be-
upon separation. In contrast to systems of elastically deformhaves differently for approach and separation.
ing rough surfaces, which are expected to show low adhesion Clearly the peaks in bandwidths seen on approach and
[29], the strong adhesion and extension of our mica-metaseparation of the mica to the silver should be ascribed to
contact on separation suggest that some of the silver, likelgissipative processes. The interpretation can be based on two
the highest points on the rough surface, becomes plasticallgistinct processes, which are sliding frictiph] and rolling
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L L . the data from Fig. 6. See the Experimental section for the definition
0 1gistance2[?1m] 30 of the parameters. As in Fig. 5, the normalized impedance behaves
. . . , differently on approach and separation.
(d)frequency shift
150 ¢ " i which is consistent with observations. Our analysis aims
X / only for an order of magnitude estimate and ignores the fact
< 100} /_ _ that the true contact area has a complicated shape due to the
15// initial surface roughness, which is reduced by plastic defor-
mation[26,30. The amplitude of motion,, is about 1 nm. It
50 2 '1 6 1‘ seems highly unlikely that such a small amplitude could

cause sliding once the surfaces are in adhesive contact. One
can estimate the interfacial shear strefsom the frequency
shift 5f as[35]

normal force F_[mN]

FIG. 6. Contact between mica and silver. Traces(a®f fre-
quency shift andb) bandwidth as a function of time for a series of
steplike movements of the lower stage. Points 1-6 represent in- S of du S
creasing compressions and 7—15 separations. Ranehows the o=mLy AT odr Ly A 2w ofu

; ; c'0 c
normal force vs the optically measured distance. Generally, no force

was observed until the surfaces came to a separation of about 15 nm S 2 dygUg S

from the defined closest separati@s defined in the textwhere a = 21'r22q A ofQ — 5 =2mZ, A SfQ dygUy,
monotonically repulsive force appeared. Occasionally, a small jump ¢ . ¢

inward to this same distance occurred. In both cases, the onset of 3

the repulsive force coincided with the increase in frequency shift

and bandwidth. There ?s a strong adhesion hysteresis. Repwel whereZ.—=8.8 16 kg/(m2 s) is the acoustic impedance of
shows the frequency shift vs normal force, again demonstrating th%T—cut a 17 5F~200 Hz is the f hiff.. is th
strong hysteresis. quartz, Z1Is _e requency S_I 0 IS the
frequency of the fundamental, is the lateral displacement,
S~0.7 cnf is the active area of oscillation, which roughly
friction [31,32. Here, we understand sliding and rolling fric- corresponds to the area under the back electrdgle,w re
tion as two different phenomena that may be caused by & the contact are&f. discussion aboyeQ="f,/(2I') is the
variety of different elementary processes. Sliding friction isQ factor, d,g=3.1 pm/V is the piezoelectric coefficient, and
discussed in many textbook4,2,13. The elementary pro- Ug=100 mV is the electrical voltage across the electrodes.
cesses of rolling friction are less clear. Plastic deformation isNote that we have averaged the shear stress over the entire
most probably one of theif83]. In the following, we argue contact area. Inserting values, one finds a shear stress of only
that rolling friction must be part of the explanation. 10° Pa, which is below the yield stress, the latter being much
Using the JKR model and some reasonable numbers, wabove 1 MPa. We expect that the shear stress would be much
find that the vertical pressure in the center of the contactower than the yield stress in refined models as \(teking,
region is about 10Pa even atzero external forf84]. The for instance, roughness and a nonuniform stress distribution
contact radius at zero-external forcg is about 20um,  into account
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While we cannot exclude that some sliding friction occurstion of the contact line and, concomitantly, reduce rolling
when contact is being made, we find tliaased on the pre- friction. When the contact line is forced to mov#or in-
vious argumentssliding friction cannot account for the in- stance, by pulling back the mica surfatkese pinning sites
creased bandwidth upaeparation This leaves rolling fric- are lost.
tion as the likely explanation31]. The term “rolling We have limited our discussion to the increased friction
friction” here denotes all processes of dissipation connectedn separationbecause true sliding friction might contribute
to a rolling or tilting motion, regardless of the underlying to the friction when contact is being made. Interestingly, the
elementary processes. We see two distinct fundamental praormalized impedance behaves differently upon approach
cesses that ar@) adhesion hysteresis aith) plastic defor- and separatiofFigs. 5e) and 7e)]. At this point, we do not
mation of the subsurface regid86]. Adhesion hysteresis have a quantitative understanding of the variation of this
can arise due to energy conversion into heat or sound upgmarameter with the experimental conditions. We cannot ex-
contact formation. This energy is irreversibly lost. The dissi-clude that the variation of the normalized impedance is con-
pation caused by adhesion hysteresis should be less than thected to deviations of the resonance curves from Lorentz-
surface energy times the frequency. Below, we test this preians[cf. Eq.(1)]. Should the stress-strain ratio or the friction
diction by comparing the experimentally observed total dis-coefficient be a function of amplitude, that is, should nonlin-
sipated power with the surface energy. The experimentallgarities be present, the shape the resonance would be modi-
observed total dissipated poweP,; is P=U3Gma fied. Evidence for such nonlinear processes connected to
=(100 mV)¥*x 0.8 mS=8 uW. Of this total power, a frac- friction has been gathered in ring-down experim¢B@ and
tion ol 4. /T o=(7 H2)/ (345 Hz)=2% is spent on friction, Will be described in more detail in a separate publication.
which gives a power dissipated in friction oP4; Nonlinear behavior is very common in friction phenomena.
~0.16 uW [see Fig. 4b)]. The dissipated power due to ad- Despite this uncertainty in the quantitative aspects, we find
hesion hysteresis can be estimated using simple argumerif3e distinct asymmetry in the response on approach and sepa-
on rolling friction along the lines of Ref33]. We assume ration interesting. Possibly sliding friction and rolling fric-
that adhesion hysteresi&H) occurs on a strip of the sur- tion could be distinguished based on the normalized imped-
faces that undergoes adhesion-separation cycles under thBce.
shearing motion of the quartz. The width of this stép,
should not exceed the amplitude of the shear motion, which V. CONCLUSIONS
is of the order of 1 nm. The total dissipated powelPig;

=Py Gayf=1/2 (27 1.) EaiGayf, Where Apy=1/2 By combining a quartz crystal resonator with a surface

forces apparatus, we have performed friction measurements

(2m re) gAH. ls the area _unplergomg adhesmn-sepgratlorhnder oscillatory movement at shear rates of up to 10 mm/s.
cycles,Gay is the energy dissipated per cycle and unit aréarp e shape and cleanliness of the contact position was de-

andf is th'e frequgncy. Thg factor of 1/2 was inserted beC"’u“"c"auced from the optical interference pattern and the measured
the area in question consists of two half moons, rather than brmal interaction force between the surfaces. There is a

fing. Assuming thakay is less than 1 nm, one arrives at a striking difference in the signal from the oscillating quartz

Io_wer boundary forGay of GAH>1‘J/mZ:_ T_his is_much crystal for the contact between two strongly adhering, atomi-
higher than what we expect for the equilibrium surface en-

L S cally smooth mica sheets and between a mica sheet and a
ergy. Alth(_)u.gh the possibility of contamination prevents usrough silver surface. Upon the formation and the disruption
from providing an exact number for the surface energy,

: . %f the mica-silver contact there is a strong maximum in
typical value would be in the range of 30-100 md/i@ur bandwidth, which we attribute to interfacial friction. The en-

estimate shows that_ ac_jhe§|on hyste_re5|s alone cannot accoylyced friction seen right before separation of the surface is
for the amount of dissipation experimentally observed. Sub

. ! > Fattributed to rolling friction and plastic deformation of the
surfaceplastic deformatiorof the metal, therefore, contrib-

) : L : metal surface.
utes to the signal assumed to arise from friction. Plastic de-
formation also provides an explanation why “friction”
should increase immediately before separation. Prolonged
cycles of adhesion and separation will presumably deform Part of this work was funded by the DAAD and the Acad-
the contact line until it comes to rest at pinning centersemy of Finland in the frame of their program for bilateral

These pinning centers would then reduce the oscillatory moexchange of researchers.
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