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High-frequency measurements of interfacial friction using quartz crystal resonators integrated
into a surface forces apparatus

Steffen Berg, Marina Ruths,* and Diethelm Johannsmann†

Max-Planck-Institute for Polymer Research, Ackermannweg 10, D-55128 Mainz, Germany
~Received 27 August 2001; published 18 January 2002!

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.

DOI: 10.1103/PhysRevE.65.026119 PACS number~s!: 81.40.Pq
n

he
an
s
n
er
r-
a
i

tru
ro
.

n-
ad
t

u
e
e
ity
rm

eld
ch
it
en
ru
io
a-
re
th
e

ss.
ex-
en a

use
g

ther
he

d a
por-

ma-
ses
cal
be-
-

-
te
the
an

into

ing
ur-
ce
ll-
ces
in-
The
ack-
t is

amic
een
ces
on-
ters

FA

A

s:
I. INTRODUCTION

Friction, albeit an everyday experience, is still poorly u
derstood in terms of its underlying mechanisms@1#. Amon-
tons’ laws state that the friction force is proportional to t
vertical load, but independent of both the contact area
the lateral speed. The independence of contact area and
ing speed contrasts strongly with liquidlike friction as give
for instance, by Stokes’ law, which states that for a sph
immersed in a viscous liquid, the friction force is propo
tional to the speed and radius. Bowden and Tabor have
gued that sliding friction as expressed in Amontons’ laws
the result of multiasperity contacts@2#, where the size of
each contact is governed by the local yield stress. The
contact area~to be distinguished from the apparent mac
scopic contact area! is then proportional to the vertical force
The force of sliding friction is proportional to the true co
tact area and, therefore, proportional to the vertical lo
Since the local stresses at the point contacts are high,
material locally undergoes plastic deformation or even s
fers from plastic instabilities. Although the microscopic b
havior is expected to be complex, one can rationaliz
strongly sublinear stress-speed relation by local plastic
once the local yield stress is exceeded, the material defo
and the stress increases only weakly with strain.

The work of Bowden and Tabor has given rise to the fi
of ‘‘nanotribology’’ @3#. When the objects sliding across ea
other are either very small or very smooth, multiasper
contacts can be avoided and experiments on the fundam
mechanisms of sliding friction become possible. The inst
ments mostly employed for these studies are the frict
force microscope~FFM! @4,5# and the surface forces appar
tus ~SFA! @6–8#. Quartz resonators were used for measu
ments of sliding of adsorbed layers of noble gases in
UHV @9,10#. In these experiments the layers slide under th
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own inertia, which results in a rather weak shear stre
These experiments are conceptually different from the
periments described here. We report on the contact betwe
quartz resonator with asecond solid surface.

As we have argued in previous publications@11,12#,
quartz crystals may have a special role in tribology. Beca
of their high oscillation frequency, they allow a positionin
accuracy in the nanometer range and a high lateral speed~up
to 1 m/s! at the same time. The ‘‘dynamic’’ SFA or the FFM
usually do not reach such speeds, which are, on the o
hand, frequently encountered in practical applications. T
most prominent example, where sliding speeds beyon
meter per second and truly molecular distances are of im
tance, is the hard disk in a magnetic storage device@13#.
High sliding speeds are encountered in most mechanical
chines as well, although the lubricating films in these ca
usually are thicker than a monolayer. In previous tribologi
experiments with quartz crystals, the sliding occurred
tween the~suitably modified! crystal surface and a macro
scopic sphere@11,12# or the tip of an atomic force micro
scope ~AFM! @14–16#. Such experiments lack absolu
distance control and the capability of visual inspection of
contact area. In the following, we demonstrate how this c
be achieved by incorporating a quartz crystal resonator
an interferometric SFA.

The SFA is a well-established instrument for measur
both normal and lateral interaction forces between two s
faces with subnanometer control of their relative distan
@6,7,17#. In the standard SFA setup, a contact with a we
defined geometry is formed between atomically flat surfa
consisting of micrometer-thin mica pieces glued onto cyl
drical supports that are mounted in a crossed geometry.
mica pieces have semitransparent silver layers on their b
sides, so that a pair of surfaces form an optical cavity tha
used for interferometric distance measurements@18,19#.
Such a setup has been used to study the static and dyn
forces in a large number of systems confined betw
smooth surfaces. At moderate loads, two bare mica surfa
can also be brought to slide past each other under dry c
ditions once the displacement exceeds a few microme
@6#.

Previous studies of friction of rough surfaces in the S
©2002 The American Physical Society19-1
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have concerned symmetrical systems of two identical si
@20# or alumina @21# surfaces with a roughness of abo
0.2-nm rms, and silicon nitride@22# with a roughness of ca
4-nm rms. For bare surfaces under dry conditions and lo
of a few millinewton, the initiation of sliding typically re-
quires a displacement in the micrometers range. The fric
force for hydrophilic silica, alumina, and silicon nitride ge
erally does not show the regular stick-slip behavior seen
atomically smooth surfaces. Instead, it shows small irre
larities that reappear upon reversing the scan direction
reflect the multiasperity nature of the contact. Under dry c
ditions and slow sliding speeds~with sliding amplitudes of
tens of micrometer!, silica and alumina surfaces becom
damaged at loads of 10–20 mN.

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

II. EXPERIMENTAL SETUP

Quartz crystals with a diameter of 14 mm and a fund
mental resonance frequency of either 4 or 10 MHz were u
as the lower surface in the SFA. Both surfaces of the qu
blank were planar. To allow the white light needed for t
interferometry to pass through the setup, the electrode on
backside~lower side! of the crystal was keyhole shaped wi
a central hole with a diameter of 2 mm@Fig. 1~a!#. To still
obtain an efficient confinement of the oscillation to the ce
tral portion of the quartz crystal~‘‘energy trapping’’!, the rest
of the back electrode had to be thicker than usual. Ene
trapping is based on the fact that the resonator is thicke
the middle of the plate than at the rim. This can be achie
with keyhole shaped back electrodes alone, provided they
thick enough. The back electrode in the present experim
consisted of thermally evaporated silver~Unaxis, purity
99.99%! with a thickness of 750 nm. The front electrod
which also forms one of the reflecting surfaces in the int
ferometer, was a semitransparent silver layer with a thickn
of 52 nm, evaporated onto the whole frontside of the qua
crystal. Onto the front electrode, we glued circular~diameter
5 mm! pieces of mica~S&J Trading, Glen Oaks, NY! that
had been cut from larger pieces with a die cutter@23#. A
small droplet~about 0.1ml! of UV-curable glue~Norland
Optical Adhesive 83H! was placed on the center of the fro
electrode. When a mica piece was placed on the glue,
droplet spread into the entire gap under the piece due
capillary forces. The glue was cured by a 2-min irradiati
with a mercury arc lamp~100 W!. It is essential that the mica
circles used for gluing are thick enough~.10 mm! to resist
wrinkling induced by the capillary forces from the glue. Th
thickness can be decreasedafter gluing by cleaving with ad-
hesive tape. The complete assembly, mounted in its holde
shown in Fig. 1~b!. The rather simple adapter for mountin
02611
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the quartz crystal on top of the lens holder for the low
surface in the SFA was made of brass. A ring of a rig
polymer ~‘‘Delrin’’ ! was inserted below the quartz plate
order to provide electrical insulation between the lower el
trode and the SFA lens holder@cf. Fig. 3~c!#. The cables
connecting the electrodes to the impedance analyzer~not
shown! were taken through a hole in an existing side plate
the instrument.

Typically, the glue-and-mica overlayer initially increase
the resonance bandwidth by a factor of about 100. Mos
this increase is caused by the mica, as is proven by the
that the bandwidth gradually reverts toward its original va

FIG. 1. Integration of a quartz crystal into the surface forc
apparatus.~a! The keyhole-shaped silver electrode on the lower s
of the quartz has a hole in the middle to allow the light necess
for optical measurements of distance to pass through.~b! A circular
piece of mica has been glued to the front electrode in orde
obtain an atomically flat surface. The quartz plate with the mica
placed in an adapter that can be mounted as the lower surface i
SFA. The adapter also supplies the electrical connection. Par~c!
shows a trace of a resonance for a quartz plate with an atta
mica circle as shown in~b!. The conductanceG and the susceptanc
B are the real and the imaginary part of the electrical admittanc
9-2
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HIGH-FREQUENCY MEASUREMENTS OF INTERFACIAL . . . PHYSICAL REVIEW E 65 026119
when most of the mica is cleaved off successively with
hesive tape. The final, combined thickness of the glue-a
mica layer was estimated from optical measurements in e
experiment and was typically 3–6mm. In order to achieve a
small bandwidth, which is important for an accurate deter
nation of resonance frequency, it is critical that the edge
the mica are smooth and adhere well to the front electro
Frayed out edges were the most common source of incre
bandwidth~and can, later on, be a source of undesired s
contacts with the upper surface!. The type of the glue and its
thickness appear to be less critical. A bandwidth of less t
1 kHz could be reached after cleaving of the mica.~Uncoated
quartz blanks typically have bandwidths in the range of
Hz.! An example of the typical fundamental resonance
tained for a mica-coated quartz crystal is shown in Fig. 1~c!.
The resonance is slightly asymmetric and the conductancG
is offset from zero by about 2 mS. This is indicative of im
perfect calibration of the impedance analyzer. Since the
routine accounts for such imperfections, the frequency de
mination is unaffected by these shortcomings. The dr
power was typically210 dBm~where 0 dBm corresponds t
1-mW electrical power!. Although, in principle, much highe
drive levels ~and as a consequence much higher late
speeds! can be chosen, this low power ensures a resona
frequency independent of the drive level. At higher dri
levels, the quartz becomes intrinsically nonlinear, mos
caused by heating due to internal friction. At the drive lev
chosen here the amplitude of lateral motion and the lat
speed are;0.7 nm and 15 mm/s, respectively@24#.

Usually, only the fundamental resonance peak showe
thickness shear mode that was well separated from the
harmonic sidebands. On the overtones, the anharmonic
bands overlapped with the main resonance. Presumably
evenness in the glue layer or the rather peculiar form of
back electrode spoiled the mode structure. Because the n
ral length scale in acoustic experiments is the wavelengt
sound, imperfections are more detrimental at higher frequ
cies. For the same reason, experiments with quartz cry
with a resonance frequency of 4 MHz were easier than
periments with 10 MHz crystals.

The frequency-dependent complex admittanceY5G
1 i B was fitted with the functions

Gfit5GmaxF f 2~2G!2

~ f 0
22 f 2!21~2G!2f 2 cosw

2
~ f 0

22 f 2!

~ f 0
22 f 2!21~2G!2f 2 sinwG1Goff , ~1a!

Bfit5GmaxF2
~2G!2f 2

~ f 0
22 f 2!21~2G!2f 2 sinw

2
~ f 0

22 f 2!

~ f 0
22 f 2!21~2G!2f 2 coswG1Boff , ~1b!

whereGmax is an amplitude,f 0 is the resonance frequency,G
is the half-band-half~HBH! width, w is an asymmetry pa
rameter, andGoff andBoff are offsets. Usually, the fit quality
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is such that the fit can be hardly distinguished from the d
@cf. Fig. 1~c!#. The asymmetry parameterw was introduced to
account for a rotation of the resonance curve in the comp
plane~polar diagram!. Such an asymmetry is clearly visibl
in Fig. 1~c! ~particularly in the conductance trace, which
asymmetric!. While the most important parameters for inte
pretation are the frequencyf 0 and the HBH widthG, the
other parameters~in particular, the amplitude,Gmax! may
carry information, as well.

Generally speaking, all parameters not based on
quency have to be interpreted with care because they
much more susceptible to electrical artifacts than the
quencies. Calibration is another problem. Since the quart
at a rather remote location, calibration with known resist
at the exact same place is difficult and was not attemp
here. The derived frequencies and bandwidths are unaffe
by calibration. Offsets and asymmetry, however, do dep
on calibration and we are not surprised to find them rat
sizable. The fact that offset and asymmetry change w
contact is being formed may be ascribed to the chang
electrical boundary conditions. The amplitudeGmax, on the
other hand, primarily is an acoustic quantity, although it
measured by electrical means and, therefore, contamin
with electrical disturbances. The physical interpretation
the parameterGmax is based on the Butterworth-van Dyk
~BvD! equivalent circuit shown in Fig. 2. The BvD circu
contains three acoustic elements that are the motional in
tance,L1 ~equal toMq/2, with Mq the mass of the active
portion of the quartz@25#!, the motional capacitanceC1
~equal to 2dq /@p2SGq(12k2)#, with dq the thickness of
the resonator,S the active area,Gq the shear modulus, an
k250.008 the piezoelectric coupling constant@25#!, and a
motional resistanceR1 ~related to viscous dissipation!. All
three parameters can be derived separately via the relat

2p f 05
1

AL1C1

,

Q5
f 0

2G
5S L1

C1
D 1/2 1

R1
, ~2!

Gmax5
f2

S S L1

C1
D 1/2

with Q the Q factor, and f5Se826/dq a factor that
converts from acoustic to electrical impedance.e8265
9.6531022 Cm22 is the piezoelectric coefficient. In abso

FIG. 2. The Butterworth-van Dyke~BvD! equivalent circuit has
three acoustic elements, which are the motional inductanceL1 , the
motional capacitanceC1 , and the motional resistanceR1 .
9-3
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STEFFEN BERG, MARINA RUTHS, AND DIETHELM JOHANNSMANN PHYSICAL REVIEW E65 026119
lute terms,Gmax can serve to estimate the active area of
quartz plateS, since this quantity enters the conversion fro
acoustic to electric impedance. WhenGmax varies this may
be ascribed to changes in either the active area or in cha
in L1 /C1 . Assuming that the active area remains consta
one can use Eq.~2! to derive L1 , C1 , and R1 from the
resonance parameters. For a bare quartz plate one ex
that (L1 /C1)1/25p/2Zq . The ‘‘normalized impedance’
shown in Figs. 5 and 7 in the results section is equa
(L1 /C1)1/2/(p/2Zq). In the derivation, we assumed that th
active area was a circular disc with an equivalent radius
3.5 mm. Given that the normalized impedance is found to
close to one, this seems to have been a reasonable ch
The emphasis in Figs. 5 and 7 is on thevariation of the
normalized impedance, not on its absolute value.

As the opposing surface we used plane-convex len
~Newport, Darmstadt, Germany! with a diameter of 10 mm
and a radius of curvature of either 7.8 or 10.4 mm. T
curved surface of the lens was either covered with an eva
rated layer of silver~thickness 52 nm! @Fig. 3~a!# or with a
small piece of back-silvered mica@Fig. 3~b!#. In the first
case, the surface roughness of the silver layer was aro
4-nm rms ~15 nm peak-to-peak! as determined with AFM
over an area of 25mm2. The second case enabled us to inv
tigate also the contact between two atomically smooth s
faces in a plate-sphere geometry. It is indeed possible to
a small piece of thin mica~size ca. 333 mm, thickness,2
mm! onto a spherical support, provided that one uses a liq
glue ~in this case a molten 1:1 mixture of galactose and d
trose!, so that one can control the positions of unavoida
folds in the mica extending radially from the highest point
the glue droplet. The mica piece is possibly able to com
with a small amount of biaxial curvature. With some pra
tice, one can obtain a surface with a softly curved top t
gives a single, circular or slightly elliptical contact with a fl
surface. The radius of curvature of such a contact positio
typically 1–3 cm, which is similar to the one obtained
standard SFA experiments with two crossed, cylindrical s
faces.

The half-spherical lens was placed in the standard ho
for the upper surface so that it faced the lower surface~the
mica-coated quartz! @Figs. 3~c! and 3~d!#. The distance be-
tween the surfaces, and thus the pressure in contact,
regulated with the standard motor-driven micrometer c
trols of the SFA. The spring constant of the spring support
the lower surface~cf. Figs. 3~c! and 3~d!! was 520 N/m,
giving a sensitivity in the measurement of normal forces
about 1027 N.

The distance between the surfaces was determined
multiple beam interferometry. The fringes of equal chroma
order had the appearance expected for a two-layer@18# or
asymmetric@19# interferometer, depending on the syste
We could always observe birefringence, also in the exp
ments involving only one mica sheet, which was an indi
tion that mica was indeed left on the lower surface af
cleaving with tape.

In experiments with an evaporated silver layer on the
lens, the interferometer can be very thin~occasionally only
1–2 mm!, and one can see some larger-scale roughness~un-
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dulations with a height of a few nanometers! on the fringe.
~Recalling that in the optical measurement, the resolution
the surface plane is about 1mm, this shows the variations in
the average height of the evaporated silver layers ove
length scale of a few micrometers!. In this system, the closes
distance between the surfaces at hard compression with
coarser motor control~a normal force of 5–10 mN! was
taken as zero distance. The high compression used to de
‘‘zero’’ causes both plastic deformation of asperities of t
metal layer~which will be discussed below! and some elastic
deformation of the glue layer. The interferometer was a
proximated by a two-layer system, where one layer w
taken as the glue~refractive index 1.56! together with the
mica, and the other layer was assumed to be air~ignoring the
presence of silver ‘‘spikes’’ that occupy a small fraction
the air volume@26# as the rough silver surface first touch
the mica!. Since we were mainly interested inchangesin
distance when the surfaces come in contact, this approxi
tion was used together with a simplified equation for a tw

FIG. 3. Schematic drawings~a,b! of the two systems studied
The front electrode of the quartz was always coated with a m
sheet as shown in Fig. 1~b!. The opposing lens was either covere
with an evaporated 52-nm-thick silver layer~a! or with a back-
silvered mica sheet~b!. Panel~c! shows a sketch of the experimen
tal setup. The adapter with the quartz plate and the lens are ins
in the holders, where conventionally the fused silica cylinders o
standard SFA are mounted. Panel~d! shows a photograph of the
assembly inside the SFA.
9-4
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HIGH-FREQUENCY MEASUREMENTS OF INTERFACIAL . . . PHYSICAL REVIEW E 65 026119
layer interferometer@18#, valid only at small separations
Clean surfaces generally came into first contact at a sep
tion distance of about 11–17 nm from the defined ‘‘zero’’
high compression~cf. Fig. 6~c! in the results section!, which
is in good agreement with the measured peak-to-peak ro
ness of the silver layer. The ‘‘air gap’’ could be compress
stepwise with the sensitive motor control by about 7–10 n
which is likely a compression and flattening of the peaks
the rough silver layer. The compression thus constitutes
increase in the true contact area, even though the ma
scopic shape of the reflecting layers did not change~both
were evaporated on rigid substrates!, and a change in the
width ~lateral dimension! of the silver peaks cannot be re
solved optically. After compression, a strong adhesion
even some extension could be seen on separation. Gene
the surfaces would come back to the original contact
onset of forces~around 15 nm from the defined ‘‘zero’’! on a
new approach. Occasionally the surfaces were damage
separation, which resulted in a longer-ranged repulsion~upon
the observation of such changes in the forces on appro
the experiment was discontinued!.

In the case of two mica pieces facing each other, the
faces spontaneously jumped into contact due to van
Waals forces, as is normally seen for clean mica surfa
This strongly adhesive contact in dry air defined zero d
tance in the mica-mica system. The contact area could
directly measured from the shape of the flattened tip of
fringe, since now the upper, back-silvered mica piece w
supported on a deformable glue@cf. Fig. 3~b!#. As expected,
the mica surfaces could be approached and separated se
times without damage or changes in distance.

In these preliminary experiments, the glue on the quart
situated inside the optical cavity. Since the glue varies
thickness over the sample area, this complicates the ana
of distances with respect to the defined zero distance in c
where new contact positions have to be found, and the
fractive index of the glue does not exactly match that of
mica as assumed in the distance calculation above. In fu
experiments, we intend to use back-silvered mica also on
quartz, so that the optical cavity would contain only the m
and the sample of interest, and also large separation dista
could be calculated in the standard manner@18,19#. The front
electrode on the quartz must then have a hole like the b
electrode in order to provide optical accessibility.

All experiments were done at room temperature and
mospheric pressure. The instrument chamber was pu
with dried nitrogen~,5% humidity! for about one hour prior
to the experiment. During the experiment, the purging w
stopped, and a vessel with phosphorous pentoxide
placed in the chamber to take up humidity.

III. RESULTS AND DISCUSSION

The majority of our initial attempts were unsuccessful
a result of contamination, mainly by small dust particl
whose presence could be inferred from long-range repul
observed as the surfaces were brought close, and see
deformations on the interference fringe pattern as the
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faces came in contact. The particles might to some ex
appear when cleaving the mica on the quartz with tape,
pecially if larger steps are created across the surface,
could also come from occasional exposure of the quartz
sembly to the laboratory air during initial calibration proc
dures. The silvered top surface~lens! might become contami-
nated when removing it from the evaporator. Handling of t
quartz crystals in a laminar flow cabinet, as we normally d
for other procedures involving the SFA~including the gluing
of mica on the top lens! greatly reduced this problem. Th
occurrence and identification of contamination illustra
how important it is to have optical access to the contact zo

In Fig. 4, we compare the signals from the quartz crys
when contact is being made between the lower mica sur
~on the quartz! and a mica surface glued onto the top lens@cf.
Fig. 3~b!#, and between the lower mica surface and a silve
lens @cf. Fig. 3~a!#. The contact is subsequently being r
leased after a contact time of about 5 min. The results of
two experiments are strikingly different. For the contact b
tween the mica and the silver there is a strong maximum
the bandwidth when the contact is just being established
will be shown below that this point coincides with the ons
of normal interactions between the surfaces. This maxim
is absent for the contact between two pieces of mica, wh
the surfaces spontaneously jumped into an instantane
contact over an area of about 4310210 m2 due to van der
Waals forces. In the mica-silver system, some furth
changes in the frequency shift after the initial contact can
ascribed to a combined effect of relaxation in the glue~on
the quartz! and of silver deformation. When the two mic
pieces are in adhesive contact, there is also some relaxa
~likely in the two supporting glue layers!, although smaller

FIG. 4. ~a! Shifts in frequency and bandwidth upon touching t
mica on the quartz plate with a second mica surface in dry air. S
the surfaces jumped spontaneously into contact from a close
tance, the rate of approach was not controlled. No external load
applied. The frequency of oscillation was 4 MHz.~b! Shifts in
frequency and bandwidth upon touching the mica on the qu
plate with a bare silver surface in dry air. The surfaces drifted i
contact at a rate of about 0.1–0.5 nm/s and reached a maxim
load of , 0.5 mN.
9-5
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FIG. 5. Fit parameters othe
than frequency and bandwidth fo
the data from Fig. 4. See the Ex
perimental section for the defini
tion of the parameters. Note tha
the normalized impedance be
haves differently on approach an
separation.
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than in the mica-silver system. The relaxation is consist
with a slight increase in contact area observed from
fringe pattern arising from the mica-mica contact during t
time.

Upon separation of the surfaces, a similar maximum
the bandwidth as on approach is seen for the mica-si
contact. For the mica-mica contact, there is an indication
small maximum. The separation of two mica surfaces n
mally follows the so-called Johnson, Kendall, and Robe
~JKR! theory @27,28# and thus occurs from a finite conta
area with a radius of about 60% of the one on initial cont
at zero load~where no maximum was seen!. Possibly the
backlash present in the mechanical controls could have
duced a slight increase in pressure at the initiation of se
ration, which could be seen as an increase in the signals
is not caused by friction.

Figure 5 shows the fit parameters not related to freque
for the data from Fig. 4. These are the offsets of the cond
tance and the susceptance, a phase parameter quantifyin
asymmetry of the resonance@cf. Fig. 1~c!#, and the resonanc
amplitudeGmax. In the bottom panel a normalized impe
ance has been derived fromGmax and theQ factor as de-
scribed in the experimental section. As stated above,
electrical parameters have to be interpreted with care. We
however, observe systematic effects. In particular, the n
malized impedance shows a negative peak on approach
no such anomaly on separation.

In Fig. 6, we show data for a contact between mica a
silver where the distance has been changed in small s
Figs. 6~c! and 6~d! show the force between the surfaces
the normal direction vs the optically measured distance~as
defined in the experimental section!, and the frequency shif
vs the normal force, respectively. As mentioned previou
there is a substantial adhesion hysteresis and some exte
upon separation. In contrast to systems of elastically defo
ing rough surfaces, which are expected to show low adhe
@29#, the strong adhesion and extension of our mica-m
contact on separation suggest that some of the silver, lik
the highest points on the rough surface, becomes plastic
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deformed after an external pressure has been applied.
tening of a rough silver layer against mica after long cont
times and adhesion of similar magnitude as in our exp
ment have also been observed by others@30#. Especially at
high compression, there might be some small elastic de
mation of the glue layer under the mica, but this cannot
the cause for the adhesion hysteresis and shear respo
seen during the compression and separation.

When comparing Figs. 4~a!, 4~b!, 6~a!, and 6~b!, one no-
tices a large difference in the absolute change of the ba
width. We attribute this to differences in the contact area a
normal load. In Fig. 4~a!, the actual contact area is very larg
compared to in Figs. 4~a! and 6, because of the smoothne
of the two mica surfaces. In Fig. 6, we increased the norm
force stepwise with the surfaces in contact, whereas in
4~b! the surfaces just drifted into first contact. Therefore,
real contact area~flattened asperities! is larger in Fig. 6 than
in Fig. 4~b!, but still smaller than in Fig. 4~a!. Based on an
argument raised by Borovski and co-workers@1#, one can
also analyze the ratio between the HBH width shiftdG and
frequency shiftdf in terms of multiasperity contacts. Disre
garding sliding or rolling friction, the simple contact me
chanical model from Ref.@11# states that this ratio should b
equal tokrc, with k the wave number of sound andr c the
contact radius. A small ratio ofdG/df @as found in Fig. 4~b!#
suggests that the contact is made across a multitude of s
contacts, all of them having a small radiusr c.

The main peaks in the bandwidth occur when the qua
plate first touches and when the surfaces finally separ
However, there are also smaller maxima when the low
stage is moved. After each step~compression or separation!
there is relaxation, evidenced by a gradual change in
quency shift. Figure 7 shows the remaining fit parameters
the data from Fig. 6. Again, the normalized impedance
haves differently for approach and separation.

Clearly the peaks in bandwidths seen on approach
separation of the mica to the silver should be ascribed
dissipative processes. The interpretation can be based on
distinct processes, which are sliding friction@1# and rolling
9-6
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friction @31,32#. Here, we understand sliding and rolling fric
tion as two different phenomena that may be caused b
variety of different elementary processes. Sliding friction
discussed in many textbooks@1,2,13#. The elementary pro-
cesses of rolling friction are less clear. Plastic deformatio
most probably one of them@33#. In the following, we argue
that rolling friction must be part of the explanation.

Using the JKR model and some reasonable numbers
find that the vertical pressure in the center of the con
region is about 107 Pa even atzero external force@34#. The
contact radius at zero-external forcer c is about 20mm,

FIG. 6. Contact between mica and silver. Traces of~a! fre-
quency shift and~b! bandwidth as a function of time for a series
steplike movements of the lower stage. Points 1–6 represen
creasing compressions and 7–15 separations. Panel~c! shows the
normal force vs the optically measured distance. Generally, no f
was observed until the surfaces came to a separation of about 1
from the defined closest separation~as defined in the text!, where a
monotonically repulsive force appeared. Occasionally, a small ju
inward to this same distance occurred. In both cases, the ons
the repulsive force coincided with the increase in frequency s
and bandwidth. There is a strong adhesion hysteresis. Pane~d!
shows the frequency shift vs normal force, again demonstrating
strong hysteresis.
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which is consistent with observations. Our analysis ai
only for an order of magnitude estimate and ignores the
that the true contact area has a complicated shape due t
initial surface roughness, which is reduced by plastic de
mation@26,30#. The amplitude of motion,u, is about 1 nm. It
seems highly unlikely that such a small amplitude cou
cause sliding once the surfaces are in adhesive contact.
can estimate the interfacial shear stresss from the frequency
shift d f as @35#

s5pZq

S

Ac

d f

f 0

du

dt
5pZq

S

Ac
2pd f u

52p2Zq

S

Ac
d f Q

2

p

d26Uel

2
52pZq

S

Ac
d f Q d26Uel ,

~3!

where Zq58.8 106 kg/~m2 s) is the acoustic impedance o
AT-cut quartz,d f ;200 Hz is the frequency shift,f 0 is the
frequency of the fundamental,u is the lateral displacement
S;0.7 cm2 is the active area of oscillation, which rough
corresponds to the area under the back electrode,Ac;p r c

2

is the contact area~cf. discussion above!, Q5 f 0 /(2G) is the
Q factor, d2653.1 pm/V is the piezoelectric coefficient, an
Uel5100 mV is the electrical voltage across the electrod
Note that we have averaged the shear stress over the e
contact area. Inserting values, one finds a shear stress of
106 Pa, which is below the yield stress, the latter being mu
above 1 MPa. We expect that the shear stress would be m
lower than the yield stress in refined models as well~taking,
for instance, roughness and a nonuniform stress distribu
into account!.

n-

ce
nm

p
of

ft

e

FIG. 7. Fit parameters other than frequency and bandwidth
the data from Fig. 6. See the Experimental section for the defini
of the parameters. As in Fig. 5, the normalized impedance beh
differently on approach and separation.
9-7
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While we cannot exclude that some sliding friction occu
when contact is being made, we find that~based on the pre
vious arguments! sliding friction cannot account for the in
creased bandwidth uponseparation. This leaves rolling fric-
tion as the likely explanation@31#. The term ‘‘rolling
friction’’ here denotes all processes of dissipation connec
to a rolling or tilting motion, regardless of the underlyin
elementary processes. We see two distinct fundamental
cesses that are~a! adhesion hysteresis and~b! plastic defor-
mation of the subsurface region@36#. Adhesion hysteresis
can arise due to energy conversion into heat or sound u
contact formation. This energy is irreversibly lost. The dis
pation caused by adhesion hysteresis should be less tha
surface energy times the frequency. Below, we test this
diction by comparing the experimentally observed total d
sipated power with the surface energy. The experiment
observed total dissipated powerPtot is Ptot5Uel

2Gmax

5(100 mV)230.8 mS58 mW. Of this total power, a frac-
tion dG fric /G tot5(7 Hz!/(345 Hz)52% is spent on friction,
which gives a power dissipated in friction ofPfric
;0.16mW @see Fig. 4~b!#. The dissipated power due to ad
hesion hysteresis can be estimated using simple argum
on rolling friction along the lines of Ref.@33#. We assume
that adhesion hysteresis~AH! occurs on a strip of the sur
faces that undergoes adhesion-separation cycles unde
shearing motion of the quartz. The width of this stripjAH
should not exceed the amplitude of the shear motion, wh
is of the order of 1 nm. The total dissipated power isPfric
>AAH GAH f >1/2 (2p r c) jAHGAH f , where AAH51/2
(2p r c) jAH is the area undergoing adhesion-separat
cycles,GAH is the energy dissipated per cycle and unit ar
andf is the frequency. The factor of 1/2 was inserted beca
the area in question consists of two half moons, rather tha
ring. Assuming thatjAH is less than 1 nm, one arrives at
lower boundary forGAH of GAH.1 J/m2. This is much
higher than what we expect for the equilibrium surface
ergy. Although the possibility of contamination prevents
from providing an exact number for the surface energy
typical value would be in the range of 30–100 mJ/m2. Our
estimate shows that adhesion hysteresis alone cannot ac
for the amount of dissipation experimentally observed. S
surfaceplastic deformationof the metal, therefore, contrib
utes to the signal assumed to arise from friction. Plastic
formation also provides an explanation why ‘‘friction
should increase immediately before separation. Prolon
cycles of adhesion and separation will presumably defo
the contact line until it comes to rest at pinning cente
These pinning centers would then reduce the oscillatory
nc
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tion of the contact line and, concomitantly, reduce rolli
friction. When the contact line is forced to move~for in-
stance, by pulling back the mica surface! these pinning sites
are lost.

We have limited our discussion to the increased fricti
on separationbecause true sliding friction might contribut
to the friction when contact is being made. Interestingly,
normalized impedance behaves differently upon appro
and separation@Figs. 5~e! and 7~e!#. At this point, we do not
have a quantitative understanding of the variation of t
parameter with the experimental conditions. We cannot
clude that the variation of the normalized impedance is c
nected to deviations of the resonance curves from Lore
ians@cf. Eq. ~1!#. Should the stress-strain ratio or the frictio
coefficient be a function of amplitude, that is, should nonl
earities be present, the shape the resonance would be m
fied. Evidence for such nonlinear processes connecte
friction has been gathered in ring-down experiments@37# and
will be described in more detail in a separate publicatio
Nonlinear behavior is very common in friction phenomen
Despite this uncertainty in the quantitative aspects, we fi
the distinct asymmetry in the response on approach and s
ration interesting. Possibly sliding friction and rolling fric
tion could be distinguished based on the normalized imp
ance.

IV. CONCLUSIONS

By combining a quartz crystal resonator with a surfa
forces apparatus, we have performed friction measurem
under oscillatory movement at shear rates of up to 10 mm
The shape and cleanliness of the contact position was
duced from the optical interference pattern and the meas
normal interaction force between the surfaces. There i
striking difference in the signal from the oscillating quar
crystal for the contact between two strongly adhering, ato
cally smooth mica sheets and between a mica sheet a
rough silver surface. Upon the formation and the disrupt
of the mica-silver contact there is a strong maximum
bandwidth, which we attribute to interfacial friction. The e
hanced friction seen right before separation of the surfac
attributed to rolling friction and plastic deformation of th
metal surface.
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