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Interfacial shear force microscopy
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We present an experimental investigation of lossy and reactive shear forces at the nanometer scale using
quartz-crystal tuning-fork shear-force microscopy. We show that this technique allows us not only to quanti-
tatively measure viscous friction and elastic shear stress with a combination of high spatial and force resolution
~better than 10 nm, and less than 1 pN, respectively!, but also to obtain such quantities with the tip positioned
at any arbitrary distance away from direct electrical tunnel contact with the sample surface. We are proposing
that, even under vacuum conditions, the measured viscous and elastic shear stress~i.e., velocity dependent! are
directly attributable to a third body filling the tip-sample gap. A simple model is given that allows us to obtain
its local viscosity and shear modulus as a function of the tip-sample distance, showing that tuning-fork
shear-force microscopy can be applied to quantitative analysis in nanotribology.
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I. INTRODUCTION

The most fundamental property associated with friction
that the rubbing of two bodies is opposed by a resistance
accompanied by the production of heat. Not all friction i
teractions involve wear of material. This is particularly t
case of friction due to liquids or solids that are adsorbed
the surface of atomically flat crystals. This situation is
ferred to asinterfacial friction, that is, the friction that is
directly attributable to atoms and molecules adjacent to
plane along which sliding occurs.1 In recent years, significan
progress was made in the investigation of interfacial frict
owing to a number of new techniques that include the qua
crystal microbalance,2 the surface-force apparatus,3 and the
interfacial force microscope,4 making it possible to study
friction with geometries that are well defined at the nano
eter scales.

Understanding the nature ofsliding friction due to adsor-
bates is bound to have implications in the rapidly growi
field of nanoelectromechanical systems~NEMS!. Contami-
nation in a form of adsorbate layers are present on alm
every material exposed to normal atmospheric conditio
Due to their high surface to volume aspect ratio, NEMS
affected much more dramatically by such adsorbate conta
nation layers, and this in a much more dramatic way th
their larger micro-electro-mechanical system counterpa5

Dissipation due to absorbed contamination is known to
duce dramatically the quality factor of nanometer-s
oscillators.6 Even operation in a moderate vacuum do n
exclude adsorbate contamination of the devices.

Microfluidics, which is also a very new branch of eng
neering concerned with the manufacturing and technolog
liquid channels with micrometer sizes,7,8 can also benefit
from such interfacial friction studies. There, hydrodynam
boundary conditions used for predicting fluid flow in su
narrow channels can no longer rely on the standard textb
approximation according to which the molecules of the flu
are completely at rest at the liquid-solid interface.9 This the
so-calledno-slip boundary approximationis known to be not
strictly valid.10 In particular when surface roughness
greatly reduced, as it is the case for instance in lithograp
PRB 620163-1829/2000/62~19!/13174~8!/$15.00
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cally defined silicon nanostructures, slippage of fluid at
boundary is expected to play an important role. There app
to be no quantitative experimental data giving the range
applicability of the universally accepted no slippage boun
ary condition of liquids at solid surfaces.

Finally, shear-force scanning microscopy is a very act
field of application that would greatly benefit from unde
standing the origin of dissipation due to adsorbates. This n
type of microscopy which was born as a by-product of ne
field scanning optical microscopy11,12 involves a shear- and
drag-force interaction between a pointed tip and a
sample. This force is used to keep the tapered optical fi
probe of a near-field scanning optical microscope at a c
trolled distance from the sample surface. In this mode
operation, referred to asshear-force scanning microscopy,
the tip is dithered in a motion parallel to the surface of
sample. It was found that in ambient conditions a dither
tip would experience damping at distances as far as 25
away from the sample surface. The physical origin of t
interaction is still not properly understood. Neverthele
shear force is commonly used in most, if not all, near-fie
scanning optical microscopes.

It is our goal with this work to contribute to the exper
mental investigation on interfacial friction at the nanome
scale and in particular to help elucidate the physical origin
tip-sample interaction in shear-force scanning mic
scopy.11–13We investigate such phenomena using a rece
introduced experimental method, namely the tuning-fo
shear-force microscopy~TSM!.13 We show in this work that
this technique allows us to quantitatively measure visc
friction and shear stress with an unprecedented combina
of force and spatial resolution~better than piconewtons an
10 nm, respectively!. TSM offers three fundamental nove
ties. First, it allows us to measure the friction forces~dissi-
pative forces! with sensitivities about two to three orders
magnitudes better than common friction scanning force
croscopes. Second, it allows us as well to measure the r
tive forces that are associated with the combined local ela
properties of the sample, the tip, and the third-body filli
the tip-sample gap. Third, it is not affected by jump to co
tact instabilities problems encountered in normal lever-ba
13 174 ©2000 The American Physical Society
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PRB 62 13 175INTERFACIAL SHEAR FORCE MICROSCOPY
atomic force microscopes so that it is possible to position
tip in a stable way at any noncontact arbitrary distancz
from the surface of a sample. This last property allows
particular to perform measurements of thez dependence o
viscous friction force, a feature that was recently not poss
with friction force microscopes and that was recognized
Burnset al.4

II. EXPERIMENTAL DETAILS

Quartz tuning forks were recently implemented as she
force sensors for near-field scanning optical microscop13

We have demonstrated that their very high mechanical q
ity factor Q (103– 105) provides a built-in high gain, making
them very sensitive to sub-pN shear forces when used a
near their resonance frequency (104– 0.53106 Hz). The
measurement of their mechanical oscillation amplitude u
the piezoelectric effect inherent to quartz crystals provid
an electric signal proportional to the applied forces,13,14 ren-
dering them small, robust, and trivial to operate compare
optical force-measurement schemes. Their sensitivity
small forces can be optimized both by increasingQ and
minimizing the signal noise level down to thermodynam
limits.14 Figure 1 shows the basic geometry of a tuning-fo
shear-force sensor. In order to implement tuning forks
shear-force detection it is necessary to accurately measu
fundamental mechanical resonance as a function of app
force. This can be done either by shaking the fork at
mechanical resonance and monitoring the induced voltag
by directly driving the tuning fork with a resonant voltag
and measuring the induced current. On resonance, as se

FIG. 1. Right panel: schematic experimental setup. The mic
scope is operated in vacuum (831027 mbar). The tip is a cut
25-mm gold wire; the sample is atomically flat graphite or cleav
n-doped GaAs. The piezoelectric dither excites the mechan
resonance of the quartz tuning fork. The corresponding piezoe
tric signal from the fork is shown in the left panel as a function
the tip-sample distance. The condition for tip-sample contac
monitored by measuring the tunnel current under a 100-mV b
Throughout this work, the tip-sample distancez50 is defined at
tunnel currentI 51 nA. The calibration of the fork signal into a tip
amplitude was performed interferometrically. The gold tip is s
and protrudes only 75mm outside the fork’s tine. The left top pane
shows the noise spectrum of the tuning fork with the tip disengag
The constant background corresponds to the Johnson noise o
amplifier, while the resonant noise corresponds to the Brown
motion of the fork tines. The measurements were performed at
K.
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Fig. 1, the tip is vibrating with a typical amplitude of a fe
tens of picometers in a motion parallel to the surface of
sample. The structure is designed to be very stiff in the
rection of the sample and softer in the direction of the
oscillation. In such a configuration, the tip is immune to t
jump to contact instabilities when it is approached in t
nanometer range to the sample surface.

As the probe gets closer to the sample, both dissipa
and reactive forces are experienced by the tip, resulting
decrease in the amplitude and a change in the resonant
quency of the tuning fork. This behavior is shown in Fig.
The probe is made out of a 25-mm-diameter gold wire sharp
ened into a tip, and the sample is a freshly pealed, hig
oriented, pyrolitic graphite crystal. This arrangement allo
simultaneous tunneling between the probe and the samp
order to indicate when the probe contacts the surface.
heightz of the probe above the surface is calibrated using
onset of tunneling as the indicator of contact between
surface. We define arbitrarilyz50 as the condition for
which the tunneling resistance is 0.1 GV ~i.e., 1 nA under
100 mV!. We were surprised to find out that even in vacuu
(831027 mbar), the tip-sample interaction was mediated
z as large as 10 nm. Assuming that a third body filling t
tip-sample gap is responsible for the measured shear for
the goal of what follows is to determine its viscositym and
shear modulusG. In the most general case, such
interaction-mediating third body can be considered to
made out of matter~i.e., adsorbates! or fields~i.e., photons!.

We found that all the measured fork’s mechanical re
nance spectra are very well approximated by that of a dri
harmonic oscillator,13 indicating that there is no evidence o
nonlinearity such as seen in Ref. 15 even when the tip is
tunnel interaction with the sample~at distances starting 0.5
nm!. A Lorentzian fit to the resonances gives three indep
dent sets of data, consisting of the shear oscillation ma
mum amplitudex(z) near the tip as well as its resonan
frequencyf (z) and its quality factorQ(z). We defineQ as
the ratio of the resonance frequency to its width measure
full width at half maximum. Shown in Fig. 2 is an approac
curve forx(z) andD f (z), whereD f is the frequency shift of
the resonance referenced to the frequencyf ` of the unper-
turbed tuning fork~i.e., fully retracted tip!. We do not plot
the dependenceQ(z) since in the whole measurement ran
the quality factor is found to be very precisely proportion
to x(z), as shown in Fig. 3. These data are taken at ro
temperature, under vacuum conditions~i.e., 831027 mbar)
with a disengaged tip rms amplitude ofx`'18 pm. The cali-
bration of the piezoelectrical signal to the tip amplitude
obtained using differential optical interferometry.12 A further
confirmation of the small size of the tip amplitude is the fa
that topographical imaging of the atomic corrugation
graphite was obtained in constant tunnel current mode w
the tuning fork was exited on its resonant frequency. T
onset of tunneling current measured under a 100-mV dc
is also shown in Fig. 2. We verified that the resonance sp
tra did not depend in a measurable way on the applied tun
bias voltage and this in a range between 0 and 10 V. T
presented data were obtained using a commercial quartz
ing fork with tines having a static spring constant ofK
540.5 kN/m as determined independently from Browni
noise measurements14 and the theoretically expecte
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13 176 PRB 62KHALED KARRAI AND INGO TIEMANN
K5(E/4)W(T/L)3, whereL54 mm, T50.65 mm, andW
50.5 mm, being the length, thickness, and width, resp
tively, of the tines. We have used the Young modulusE
57.8731010 N/m2 of quartz. We excited the fork’s reso
nance by mechanically dithering its center of mass with
amplitude ofxD50.218 pm rms. The piezoelectric signal i
however, proportional to the resonant mode of the rela
motion of the arms. The coupling to this relative motio
resonance mode is only possible through minute mass
spring constant asymmetries between the fork’s tines.
gold wire probe, which was glued along the side of one
the tines as shown in the inset of Fig. 1, provides autom
cally such an asymmetry. The probe was electrically c

FIG. 2. The lower panel shows the maximum amplitude of
fork mechanical resonance~dots! as a function of the tip-sample
distancez. The solid line is the result of the fit to Eq.~2! discussed
in the text. The best fit was obtained forx`518.6 pm, d
55.63 nm, andl54.63 nm. The corresponding frequency shift
the resonance position is shown in the upper panel~dots!. The solid
line is the result of an exponential decay function fit given
D f 0 exp(2z/dF), whereD f 0537.79 Hz anddF52.90 nm.

FIG. 3. Right panel: Quality factorQ of the mechanical reso
nance of the quartz tuning fork as a function of the tip amplitudex.
Q and x reduce proportionally when the tip is approached tow
the sample. This strict proportionality confirms that the fricti
force introduced by the tip-sample interaction is viscous~i.e., pro-
portional to velocity!. The slope isx/Q5FD /(K)), whereFD is
the driving force andK540.5 kN/m the static spring constant of th
tines. Left panel: gray-scale plot showing the measured freque
spectra as a function of the tip-sample distance. Dark areas c
spond to high piezoelectric signals on the fork pads. Both ma
pointsA andB correspond to those in the right panel.
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tacted in order to monitor the tunnel current. Special c
was taken so that the tip protruded only 70mm out of the
fork’s tine. In this way we are confident that the tip picks u
both elastic and viscous shear without appreciable bendin
comparison to the tine oscillation amplitudex. The data were
taken in open loop~no feedback!, parking the tip at fixed
distancesz above the sample surface and probing the
sponse of the fork.

III. FRICTION AND ELASTIC FORCES

We used the three sets of data$x, Q, f % in the effective-
mass harmonic oscillator approximation for the driven tun
fork in order to obtain information concerning the tip-samp
interaction. In this approximation, the frequency-depend
oscillation amplitudeu of the fork’s arm at its ends obeys th
Newton equation of motion given byMü1M (g1g`)u̇
1(K1k)u5FD . The effective massM of the fork’s arm,
which is proportional to the mass distributed along the ti
is defined asM5(K1k)/(2p f )250.96631026 kg and is
about 1

4 of the tine’s mass.13 The forceFD drives the fork
harmonically at a cyclic frequencyv, and the damping of the
motion is included in the damping rate termg1g` . The
tip-sample interaction, in which we are primarily intereste
introduces both an excess restoring as well as a viscous f
included in the equation above through the termsk and g,
respectively. The damping rate intrinsic to the fork with t
tip disengaged from the sample isg` . On resonance condi
tion, for which v52p f and u5x, it is easy to show that
g1g`5(FD /M )(1/vx). We can then determine the tip
sample-interaction-induced damping rate in relation tog` ,
which is given byg5g`@ f `x` /( f x)21#'g`@x` /x21#,
where the subscript̀ refers to corresponding resonance p
rameters of the fully disengaged tip~i.e., z at infinity!. The
fork internal damping rate is also given byg`

52p f ` /()Q`). The productMg is a rate of a mass col
liding with the tip, which is information that can be used
order to select among possible mechanisms accounting
the tip-sample viscous interaction. The damping rate
tained using the formula above is plotted in Fig. 4. Similar
the local tip-sample-interaction equivalent spring constank
can be obtained in relation toK. It is obtained using both
resonance equations (2p f )25(K1k)/M and (2p f `)2

5K/M . The local spring constantk is then given byk
5@( f / f `)221#K, which is plotted in Fig. 4. It is interesting
to note that bothg andk are very well approximated by a
exponential decay behavior. The best fit to the data is gi
by g5g0 exp(2z/dg), where g0572.0 s21, dg54.02 nm,
and k5k0 exp(2z/dk), where k0593.9 N/m and dk
52.90 nm. Such a behavior would be, in principle, expec
in the tunneling regime. Our measurements indicate, h
ever, that the tip is most of the time out of tunneling and t
cannot be the explanation for such a behavior. The frict
force FV5Mg ẋ, which is due to the tip-sample viscou
damping, is a drag force opposing the oscillatory motion
the tip. Using the equations forg, g` , andM we determine

FV5
i

)
S 12

f x

f `x`
D Kx`

Q`
, ~1a!
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PRB 62 13 177INTERFACIAL SHEAR FORCE MICROSCOPY
where the imaginary termi indicates that the friction isp/2
out of phase with the tip motion and the square root o
originates from the definition ofQ given above. The elastic
force FE due to the reactive tip-sample interaction, which
a restoring force along the oscillation motion of the tip, c
be also trivially obtained by calculatingFE5kx:

FE5S f 2

f `
2 21DKx . ~1b!

Both forces are plotted as a function of the tip-sample d
tance in Fig. 5, where it can be seen that the tuning-f
shear-force sensor allows for detection with a few picone
ton resolution. The force resolution is limited by noise inx` ,
which in our present case is 0.1 pm/Hz1/2 and is the thermo-
dynamic limit given by the quadrature sum of the Browni
motion of the tines and the Johnson noise of the load res
of the signal amplifier. These limits were carefully analyz
and documented in a previous publication.14 Decreasing the
temperature would allow us to operate with a smaller f
oscillating amplitudex` . Equations~1a! and~1b! show that
further improvement to friction sensitivity can be achiev
by increasing the fork’s quality factorQ` and decreasing its
arm spring constantK.

We now address an important question concerning
validity of the viscously damped driven harmonic oscillat
model for the measured tip-sample interaction. In suc
model the viscous forces are assumed to be proportiona
velocity. The consequence of this is thatQ must be propor-
tional tox. The relation betweenQ andx is plotted in Fig. 3,
and it is found to follow very accurately a proportionali
dependence. This is different from direct solid-solid cont

FIG. 4. The lower panel showsg, the damping rate contribution
of the tip-sample interaction. The quantityMg corresponds to a
mass rate of colliding events picked up by the tuning fork.M is the
effective mass of the tine. The upper panel shows the effec
spring constant introduced by the tip-sample interaction. Whileg is
purely a lossy term in the harmonic oscillator,k is a reactive term.
Both terms are well approximated by exponential decay~solid
lines! function given byg5g0 exp(2z/dg), where g0572.0 s21,
dg54.02 nm, and k5k0 exp(2z/dk) where k0593.9 N/m, dk

52.90 nm.
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friction, which is not a function of the velocity but rather
proportional normal loading force. Clearly the friction we a
measuring here is not dominated by slip-stick mechanism
in solid-solid contact friction. The tip oscillation amplitude
always smaller than typical interatomic spacing; hence
slip-stick type of friction is not possible here. From the slo
Q(x) we can deduce the amplitude of the force driving t
harmonic oscillator. It is easy to show that the force drivi
the relative motion mode of the tines isFD
5)Kx(z)/Q(z), which we evaluate to here be 116 pN rm
This contrasts with the driving force of the center of mass
the tines, which isMẍD5KxD58.8 nN, wherexD is the
dither amplitude given above. The coupling efficiency of t
mechanical dithering of the center of mass to the relat
motion mode is therefore of only 1.3%. A much more ef
cient coupling can be obtained by exciting electrically t
fork.14 In spite of such a poor coupling it is important to no
that the dither amplitude remains small compared to the
amplitudex(z) and this is true for all distancesz.

A first inspection of the tip-sample interaction resu
plotted in Figs. 4 and 5 shows that the tip experience
shear- and friction-force interaction at distances as large
15 nm away from the sample surface. This is unexpec
considering that the measurement took place in a hi
vacuum environment. Another important point to note is th
the tip peak-to-peak oscillation amplitude was always l
than 0.05 nm. Consequently, here the subatomic amplit
of the tip motion precludes mechanical tapping with t
sample surface. This is in contrast with many shear-fo
instruments running at;1–10 nm~Refs. 11 and 12! ampli-
tude, a different regime that may include some tapping15

Also we would like to point out that all data shown in th
work were taken while the tip approached the sample. W
the tip comes into a tunnel interaction with the graphite s
face, the retracting curve does not retrace the appro

e

FIG. 5. The lower panel shows the viscous~friction! force ex-
perienced by the tip, and the corresponding restoring elastic forc
shown in the upper panel. The data~dots! are obtained using the
data set$x,f % and Eqs.~1a! and~1b!. The solid lines are the result o
the fitted functions forx, k, and,g used in conjunction with Eqs
~1a! and ~1b!. To the best of our knowledge, the friction force
shown here are the smallest reported in scanning probe microsc
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13 178 PRB 62KHALED KARRAI AND INGO TIEMANN
curve. This hysteretic behavior is found most pronounced
graphite samples, but often weak or nonexistent on clea
GaAs semiconductor~n-doped! samples. We attribute fo
now the existence of this hysteresis to the fact that the gra
ite is a system of staked weakly bound layers. As a con
quence it is much more compliant along the surface nor
than the GaAs.

IV. VISCOSITY AND SHEAR MODULUS

We would like now to evaluate the coefficient of viscos
m as well asG, the shear modulus of the hypothetical thi
body filling the tip-sample gap. The shear stress acting al
x in the plane z in this third body is given bysV xz
5m] ẋ/]z and sE xz5G]x/]z, where the viscous stres
sV xz is the product of the viscosity with the shear rate a
sE xz is the elastic stress. The corresponding shear forces
simply FV5AsV xz and FE5AsE xz, whereA is the effec-
tive area of interaction between tip and sample. Equa
these two relations with the expressions of the forces de
mined above leads to two time-independent differen
equationsMgx5Am]x/]z and kx5AG]x/]z from which
we deduce the equalitym/(Mg)5G/k. Since we have ob-
served in Fig. 4 thatg andk are well approximated with two
exponential functions with different decay lengths, the abo
condition imposes thatm and G must also have a decayin
exponential behavior of the typem5m0 exp(2z/dm) and G
5G0 exp(2z/dG), wherem0 andG0 could also depend onz
provided that they have the identical functional dependen
The two new decay lengths must obey 1/dg21/dm51/dk
21/dG . We will assume for now that bothAm0 andAG0 are
constant with respect toz and we will check later that this
hypothesis is consistent with the prediction forx(z). Solving
both differential equations forx(z) we obtain the functiona
form

x~z!5x` expF2
d

l
expS 2

z

d D G ~2!

for which the following conditions must be satisfied: 1/dm
51/dg21/d and 1/dG51/dk21/d as well as m0
5l(Mg0 /A) and G05l(k0 /A). We have fitted the mea
sured x with the functional form above. The best fit wa
obtained for x`518.6 pm, d55.63 nm, andl54.63 nm
and is plotted in Fig. 2. The quality of the fit is convincin
enough to tell that the assumption made above is reason
In fact we expect that the contact areaA should be a function
of z. In all our experiments however,A is not known with
satisfactory accuracy in order to obtain a precise quantita
value ofG andm. For the presented measurements, we e
mateA to be bracketed in the range~30 nm!2 to ~100 nm!2

and is expected to scale linearly with the tip radius as we
show it below. Such contact areas would correspond to a
radius bracketed between 30 and 100 nm, which is alw
larger than the tip-sample distances measured here ma
the assumption of constantA reasonable. Equation~2! shows
that the maximum damping of the resonance amplitude
z50 given byx(0)/x`5exp(2d/l) is not necessarily 0. We
discuss now the meaning of the lengthsd andl. Remember-
ing that g0'g`@x` /x(0)21#, we obtain d/l' ln(g0 /g`

11) which shows as expected that stronger damping@i.e.,
n
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x(0)/x` small# is obtained with sensitive forks~i.e., g`

small!. Knowing the expression ofl from the conditions
related to Eq. ~2! above we deduce that the lengthd
'@m0A/Mg0# ln(g0 /g`11) reflects a characteristic interac
tion distance between the tip and the sample, which a
includes the sensitivity of the shear-force sensors in the f
damping rateg` . An inspection of Eq.~2! shows that the
shear-force sensors is expected to be more sensitive
third-body filling for larger values ofd. In particular, tuning-
fork sensors with poorQ` ~i.e., g` large! leads to shortd ;
hence the detection of the tip-amplitude damping is poor
particular, when the termg0 /g` in the logarithm above is
small compared to unity, the lengthd is also proportionally
small. The terml5m0A/Mg0 in front of the logarithm in
the expression ofd appears to depend on the tip size as w
as the fork-tine mass. We will show now that in fact it d
pends solely on the fundamental properties of the third bo
The viscosity ism05rh, wherer is the density andh the
specific viscosity~in units of m2/s! of the unknown third
body. The quantityMg0 is the effective colliding mass rat
detected by the fork sensor, which can be expressed
Mg05rVeff /t, where t is a scattering time related to th
viscosity andVeff the effective volume of contributing sca
tering particles in the third body. This can be rewritten
Mg05rAz0 /t, wherez0 is an effective length specific to
the third body. Consequently the terml5m0A/Mg0
5ht/z0 is a constant of the third body and does not depe
on the tip geometry and sensor specifications, implying t
g0 is proportional tom0A/M . We verified the expected be
havior of l and d experimentally by measuring approac
curves obtained for several tip-sample contact areas. The
proach curve measurements and their corresponding fi
Eq. ~2! are shown in Fig. 6. We find indeed thatl55
60.5 nm is almost constant whiled ranges from 3 to 27 nm
when the contact area is significantly increased by increa
the tip radius. Unfortunately, we are not able to measure
contact areaA independently. The trend shows also tha
larger tip-sample interaction area results in a stronger da
ing upon tunnel contact conditions. Equation~2! corresponds
also to the distribution of shear motion in the material fillin
the gap as well as the that of flow velocities. Such a fu
tional form for the velocity distribution is potentially rel
evant to hydrodynamic applications in areas of microfluidi
It shows in particular that the velocity of the fluid atz50 is
not zero, and that theno-slippageapproximation fails when
the sample surface is atomically flat.

From the fit parameterx` and d obtained above we can
generate a plot of the viscositym(z) and the shear modulu
G(z) using

m5
d

A ln~x` /x!
Mg, ~3a!

G5
d

A ln~x` /x!
k. ~3b!

The result is plotted in Fig. 7 along with the functional form
m5m0 exp(2z/dm) andG5G0 exp(2z/dG) for which all the
relevant parameters are obtained from the fit parameterx,
g, andk. The first observation is thatm andG are not con-
stant but increase exponentially with decreasingz. In other
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words, the third body filling the tip-sample gap appears
become stiffer and more viscous as the tip approaches
substrate. Second, the magnitudes ofG and m are very dif-
ferent from those of regular condensed matter known in b

FIG. 6. The damping of the tip oscillation amplitudex as a
function of the tip-sample distance is shown for different tip rad
All measurements were performed under vacuum condition w
gold tips. In all measurements the nominal quality factor of
tuning-fork sensor was around 3000. Curves~a! and ~b! are taken
with the same tip and curve~c! a nominally larger tip. In case o
curve~a!, the tip was freshly prepared and the approach curve
the first one performed over the sample. The tip radius is not kno
with precision but is estimated from subsequent topographical
aging to be of the order of 10–20 nm. Curve~b! was taken after the
tip approached several times and scanned the sample. Curve~d! was
taken with a gold microsphere of 25mm diameter attached to th
end of the tuning fork, showing the strongest damping and
longest tip-sample interaction distance. The solid lines are obta
using a fit to Eq.~2!. We obtainedl55.5, 4.63, and 4.97 nm an
d53.35, 5.62, and 27.0 nm for curves~a!, ~b!, and~d!, respectively.
No satisfactory fit was obtained for the data in curve~c!.

FIG. 7. The lower panel shows the viscosity of the third bo
filling the tip-sample gap as a function of the gap size~z!. The top
panel shows the corresponding shear modulus. The data point
obtained using the data set$x,g% and $x,k% for m and G, respec-
tively, in Eqs. ~3a! and ~3b!. We have assumed a contact areaA
'(100 nm)2, which is poorly known.A is only estimated from
topographical images and could be as small as~30 nm!2. We have
usedx`518.6 pm obtained from the fit in Fig. 2.
o
he

lk

form. The viscosity here is about 4 orders of magnitu
larger than that of most common liquids at 298 K, and t
shear modulus is 1–2 orders of magnitudes smaller than
of common crystal materials.

V. ORIGIN OF THE SHEAR FORCES

So far we have assumed that the origin of the fricti
interaction is due to a material filling the tip-sample ga
However, in wear-free friction, dissipation can also origina
from nonmechanical interactions such as Coulo
drag10,16,17when conducting materials are involved. In som
of these cases the role of phonons and electrons needs
elucidated.16 Even quantum-mechanical effects are expec
to contribute to friction. It is predicted that friction can b
mediated through black-body fluctuation18 and even through
vacuum fluctuation.19 The later contribution is understood i
terms of the dynamic Casimir effect. Although the mag
tude of such a quantum-mechanical friction force is expec
to be very small, it is worth considering schemes that wo
allow us to measure its strength. We have evaluated visc
friction from all the above electromagnetic interactions
possible lossy interactions leading to the damping rate
measured in this work. We found that, although damping
expected in all cases, the estimated contributions are up t
orders of magnitude smaller than those measured in this
periment. We can also rule out Joule heating due to the
cillating charged image of the tip in the conducting samp
An overoptimistic upperbound estimation of such a Dru
friction can be made by assuming that the colliding mass
Mg detected by the fork is given by the maximum possib
collision mass rate given a scattering Drude electron g
namely,Mg5(pr 3j)nvme /t, wherenv is the electron den-
sity, me the electron mass, andt the mean electronic scatte
ing time. The volumepr 3j includes all the electrons con
tributing to the formation of the charge image and can
approximated by that of an effective disk of thickness cor
sponding to the electrostatic screening lengthj and of a ra-
dius r of the tip. Taking the most optimistic valuesnv
'1022/cm3, t'10214s, j'0.1 nm as well as the worst cas
of a very large tip radiusr'100 nm, the largest detectab
Drude collision mass rate should beg5331026/s, which is
5 orders of magnitudes smaller than the noise level in Fig
Consequently we can confidently rule out electromagne
as well as electrostatic-mediated interactions as being
origin of the viscous and elastic forces measured here.
same conclusion was previously reached by Ayarset al.20

We are therefore led to speculate that the measured dam
is mechanically mediated through adsorbate filling in the t
sample gap. Although the measurements were conducted
high-vacuum environment, we cannot exclude mate
buildup in the tip-sample gap. We do not know with ce
tainty the nature of the material adsorbed in the tip-sam
gap. It is likely to be water and hydrocarbon molecules. T
exponential dependency ofm and G on the distancez hints
that the adsorbate is located in a region where boundary
ditions and surface potentials dominate over molecular in
action within the material filling the gap. Because the co
ficient of viscosity is inversely proportional to the mobilit
of the molecules, one expectsm to be an exponential func
tion of an activation energy. If we speculate that chang
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the tip-sample distance increases linearly such an activa
energy with decreasingz, this would definitely explain the
exponential behavior seen inm and g. It is interesting to
consider how the viscosity can be measured by a probe
oscillation amplitude less than an atomic size. The molecu
in the third body are thermally agitated and experienc
much larger motion. However, the average oscillation am
tude that is imposed by the tuning fork is there only to
troduce a periodic velocity of the center of mass. The r
dom motion of molecules statistically opposes such
displacement as described in a more general formalism
Persson in Ref. 10.

The stiffness to shear action can be explained by the
hesion energy of the adsorbate on both the tip and the sa
surface. The adhesion forces are pulling the tip toward
sample. The oscillating tip experiences a tangential an
normal component to this force. The tangential componen
the elastic forceFE given by Eq. 1~b!. The normal compo-
nentFN is given byFE52FN tan(u), whereu is the shear-
strain angle in thexz plane. This angle is given byu(z)
>@x2x(0)#/z, where slippage of the third body is include
through the termx(0). For small tip amplitudes, such tha
x2x(0)!z the two force components are related byFE5
2FN(x2x0)/z. We need now to establish a relation betwe
FN andgAD , the adhesion energy of the adsorbate. We
use the proximity-force theorem, which states that the fo
between plane and sphere of radiusR is FN52pRe(z)
where e(z) is the potential energy per unit surface ar
which gives rise to the adhesion force between two para
flat planes separated byz.21 We assume here thatR is the
radius of the tip. In the present case the maximum attrac
between the tip and the sample is given usinge(0)'
22gAD , assuming that the adhesion of the third body is
same on the sample and on the tip. Remembering thaFE
5kx we can establish thate(z)52kz@x/(x2x0)#/(2pR) in
order to get the adhesion energygAD of the third body. The
limit e(0) can be evaluated making use of Eq.~2! in the limit
of small z, which gives limz50(x2x0)/x05z/l. We can
therefore easily establish thatgAD'k0l/(4pR), which in
the case presented here is aboutgAD'1 J/m2 ~assuming a tip
radius of 30 nm!. The lower bound for the estimated adh
sion energy would be 400 mJ/m2 for an overestimated tip
radius of 100 nm. Such an energy is much larger than p
van der Waals type of molecular interactions. It is comp
rable to adhesion energies of metal surfaces22 or to hydrogen
bonding between the CO group and OH group.23 It is inter-
esting to note that since bothgAD and l are material con-
stants independent of the tip geometry, the maximum sp
constantk0 of the tip-sample interaction has to scale with t
tip radius. Since, on the other hand,k0 scales likeA, the
contact area as determined from the conditionG0
5l(k0 /A) imposed on Eq.~2!, we conclude that ideallyA
should also scale like the tip radius. Furthermore, since
maximum normal pressure in the tip-sample gap is given
FN /A522pR/A(2gAD) we see that the pressure is ind
pendent of the tip geometry and is as expected only pro
tional to gAD .

The challenges we are facing now in tuning-fork she
force microscopy are to control the nature of the adsorb
filling the tip-sample gap region as well as to control the s
of the contact area at the tip level. Furthermore, since
on
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cosity and adhesion are a thermally activated process, it
also important to be able to repeat the measurements
function of the temperature. It would also be very inform
tive to reproduce such approach measurements in
ultrahigh-vacuum environment on clean tip and sample s
faces. Alternatively, similar measurements should also be
produced with a thin-film liquid of controlled pH on th
substrate.

VI. EFFECT OF THE TIP COMPLIANCE

It is important that the probe remains stiff in order
ensure maximum damping of the tuning fork. A question
addressed early in our investigations was to evaluate the
bending due to the local shear forces. In the measurem
presented above, the probe is a cut gold wire of 25mm in
diameter. Because of this particularly small diameter, it
necessary to make the free lengthl protruding outside the
fork arm as short as possible. The condition to fulfill is th
the probe elastic deformation amplitude should always
smaller than the tine amplitude. The probe elastic deform
tion is given byxP5FE /kP , wherekP is the static spring
constant of the protruding probe. Assuming a cylinder geo
etry for the probe, we estimate its spring constant usin24

kP53pEgoldr
4/(4l 3) where r is the wire radius, and for

gold, the Young modulus isEgold5831010N/m2. The value
obtained forkP is 10.9 kN/m. Since the largest elastic forc
measured in Fig. 5 was found to be of the order ofF0
'500 pN, the corresponding largest expected probe de
mation ofxP'F0 /kP'0.05 pm, which is much smaller tha
the measuredx. We show in Fig. 8 an approach curve fo
which this condition is not fulfilled. A measurement showin
a very similar behavior was reported a few years ago
Ruiter, Veerman, van der Werf, and van Hulst25 and was not
quite understood at the time. In the present case the p
length was l 5230mm, which corresponds to kP
'350 N/m. Clearly this approach curve is different from t
one measured in Fig. 3 with a shorter probe (l 575mm). An
inspection of the dependenceQ on the resonance amplitudex

FIG. 8. Effect of a gold tip that is protruding too far outside th
fork tine ~i.e., probe length 230mm!. The left panel is a gray-scale
plot showing the mechanical resonance of the fork as the sam
approaches the tip. The left panel shows the corresponding qu
factor as a function of the tine oscillation amplitude. The brea
down of the viscously damped harmonic oscillator model is sho
by the turning point inB for which the tip amplitude is reduced b
mechanical bending of the probe. Details are discussed in the
It is interesting to note that we measure two different exponen
decay lengths, namely,dG56 nm, while that of the viscosity is
dm514 nm.
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shows that there are clearly two different regimes. In each
these regimes the resonator acts as a viscously damped
monic oscillator. When the tip is approached from largez
~indicated byA in Fig. 8!, theQ of the resonance reduces
expected. At about 50 nm away from tip-sample contact~as
defined by tunnel measurements! theQ reverses its trend an
starts to increase with decreasingz. This turnaround behavio
happens at the region indicated byB in Fig. 8. Q then in-
creases linearly again until tunnel contact~point C!. The dif-
ferent slopes~about half that of the regionAB! indicates that
not unexpectedly, the coupling to the driving force has
creased by roughly a factor of 2. We infer from this me
surement that at inflection pointB the shear force is large
enough that the probe starts to bend elastically. As a re
the tip excursion is smaller and with it the friction at th
sample is also smaller. The closer the tip is approached
larger the restoring forces are and the more the probe b
at the expense of the oscillation amplitude at the tip. T
contribution of the tip friction to the total losses reduc
accordingly, leading to an increase ofQ toward pointC. The
elastic forces measured by the tuning fork at pointC corre-
sponds to about 2.6 nN~peak!, the corresponding elasti
bending of the fork would be aboutxP'10 pm~peak!, which
matches the measured fork amplitudex in region B. This
means that in regionC the probe tip is clamped by the re
storing shear-force interaction with the material filling t
gap. From the analysis made above we are learning tha
best indicator for normal operation in shear-force micr
copy is the proportionality betweenQ andx. Departure from
e

o

,

c

-

ni
of
ar-

-
-

ult

he
ds
e

he
-

this condition could be linked to an artifact due to tip ben
ing.

VII. CONCLUSIONS

It is remarkable to see that in spite of its relatively lar
size, the tuning-fork sensor allows us to measure both f
tion and shear forces with a noise level as small as 1
Measurements of such low friction-force levels are as far
we know unprecedented and are orders of magnitude b
than standard friction-force scanning probe atomic force
croscopes. One is presented here with a window of oppo
nity for the tuning-fork shear-force microscope, which offe
the capability to measure viscous friction with the accura
of a quartz-crystal microbalance but with the spatial reso
tion offered usually by friction-force microscopes. We ha
shown that the added advantage of the tuning-fork sh
force microscope is that it allows to measure friction f
almost any arbitrary distance between the tip and the sam
Also we have shown how tuning-fork shear-force micro
copy can be used for quantitative analysis in nanotribolo
provided that the contact area between sample and ti
controlled.
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