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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, respectjydlyt 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 shedr.astyestocity dependeptre
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.

[. INTRODUCTION cally defined silicon nanostructures, slippage of fluid at the
boundary is expected to play an important role. There appear
The most fundamental property associated with friction isto be no quantitative experimental data giving the range of
that the rubbing of two bodies is opposed by a resistance anabplicability of the universally accepted no slippage bound-
accompanied by the production of heat. Not all friction in- ary condition of liquids at solid surfaces.
teractions involve wear of material. This is particularly the Finally, shear-force scanning microscopy is a very actual
case of friction due to liquids or solids that are adsorbed orfield of application that would greatly benefit from under-
the surface of atomically flat crystals. This situation is re-standing the origin of dissipation due to adsorbates. This new
ferred to asinterfacial friction, that is, the friction that is type of microscopy which was born as a by-product of near-
directly attributable to atoms and molecules adjacent to théield scanning optical microscopy'? involves a shear- and
plane along which sliding occurdn recent years, significant drag-force interaction between a pointed tip and a flat
progress was made in the investigation of interfacial frictionsample. This force is used to keep the tapered optical fiber
owing to a number of new techniques that include the quartzprobe of a near-field scanning optical microscope at a con-
crystal microbalancé the surface-force apparatignd the trolled distance from the sample surface. In this mode of
interfacial force microscopé making it possible to study operation, referred to ashear-force scanning microscapy
friction with geometries that are well defined at the nanom-the tip is dithered in a motion parallel to the surface of a
eter scales. sample. It was found that in ambient conditions a dithering
Understanding the nature sfiding friction due to adsor- tip would experience damping at distances as far as 25 nm
bates is bound to have implications in the rapidly growingaway from the sample surface. The physical origin of this
field of nanoelectromechanical systeiEMS). Contami- interaction is still not properly understood. Nevertheless,
nation in a form of adsorbate layers are present on almoshear force is commonly used in most, if not all, near-field
every material exposed to normal atmospheric conditionsscanning optical microscopes.
Due to their high surface to volume aspect ratio, NEMS are It is our goal with this work to contribute to the experi-
affected much more dramatically by such adsorbate contamimental investigation on interfacial friction at the nanometer
nation layers, and this in a much more dramatic way tharscale and in particular to help elucidate the physical origin of
their larger micro-electro-mechanical system counterpart.tip-sample interaction in shear-force scanning micro-
Dissipation due to absorbed contamination is known to rescopy''~**We investigate such phenomena using a recently
duce dramatically the quality factor of nanometer-sizeintroduced experimental method, namely the tuning-fork
oscillators® Even operation in a moderate vacuum do notshear-force microscop§T SM).™®> We show in this work that
exclude adsorbate contamination of the devices. this technique allows us to quantitatively measure viscous
Microfluidics, which is also a very new branch of engi- friction and shear stress with an unprecedented combination
neering concerned with the manufacturing and technology obf force and spatial resolutiofpetter than piconewtons and
liquid channels with micrometer sizé§,can also benefit 10 nm, respectively TSM offers three fundamental novel-
from such interfacial friction studies. There, hydrodynamicties. First, it allows us to measure the friction fordesssi-
boundary conditions used for predicting fluid flow in such pative force$ with sensitivities about two to three orders of
narrow channels can no longer rely on the standard textbookagnitudes better than common friction scanning force mi-
approximation according to which the molecules of the fluidcroscopes. Second, it allows us as well to measure the reac-
are completely at rest at the liquid-solid interfacEhis the tive forces that are associated with the combined local elastic
so-calledno-slip boundary approximatiois known to be not  properties of the sample, the tip, and the third-body filling
strictly valid® In particular when surface roughness is the tip-sample gap. Third, it is not affected by jump to con-
greatly reduced, as it is the case for instance in lithographitact instabilities problems encountered in normal lever-based
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Fig. 1, the tip is vibrating with a typical amplitude of a few
o tens of picometers in a motion parallel to the surface of the
1ther
]

% [ sample. The structure is designed to be very stiff in the di-
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X rection of the sample and softer in the direction of the tip

£ w be oscillation. In such a configuration, the tip is immune to the

1 % jump to contact instabilities when it is approached in the

o >0 nanometer range to the sample surface.

Kl 20 o As the probe gets closer to the sample, both dissipative

2 piezo . . . . .

Y S and reactive forces are experienced by the tip, resulting in a
0 decrease in the amplitude and a change in the resonant fre-
32550 32600 32650 32700 guency of the tuning fork. This behavior is shown in Fig. 1.

Dither excitation (Hz) The probe is made out of a 2am-diameter gold wire sharp-

FIG. 1. Right panel: schematic experimental setup. The micro-ened into a tip, and the sample is a freshly pealed, highly

scope is operated in vacuum X80 7 mbar). The tip is a cut o_rlented, pyrolitic grgphite crystal. This arrangement allows_
25-um gold wire; the sample is atomically flat graphite or cleavedS'muIt"’lm:'fou,s tunneling between the probe and the sample in
n-doped GaAs. The piezoelectric dither excites the mechanica‘P"qer to indicate when the probe cont.acts .the surfa(?e. The
resonance of the quartz tuning fork. The corresponding piezoeled€ightz of the probe above the surface is calibrated using the
tric signal from the fork is shown in the left panel as a function of ONset of tunneling as the indicator of contact between the
the tip-sample distance. The condition for tip-sample contact isurface. We define arbitrarilg=0 as the condition for
monitored by measuring the tunnel current under a 100-mV biaswhich the tunneling resistance is 0.10Qi.e., 1 nA under
Throughout this work, the tip-sample distanze 0 is defined at 100 mV). We were surprised to find out that even in vacuum
tunnel current =1 nA. The calibration of the fork signal into a tip (8 X 10 " mbar), the tip-sample interaction was mediated at
amplitude was performed interferometrically. The gold tip is stiff z as large as 10 nm. Assuming that a third body filling the
and protrudes only 7am outside the fork’s tine. The left top panel tip-sample gap is responsible for the measured shear forces,
shows the noise spectrum of the tuning fork with the tip disengagedthe goal of what follows is to determine its viscosjtyand
The constant background corresponds to the Johnson noise of tRgear modulusG. In the most general case, such an
amplifier, while the resonant noise corresponds to the BrOW”iaWnteraCtion-mediating third body can be considered to be
motion of the fork tines. The measurements were performed at 30ghade out of mattefi.e., adsorbater fields(i.e., photonk
K. We found that all the measured fork's mechanical reso-
nance spectra are very well approximated by that of a driven
atomic force microscopes so that it is possible to position théxarmonic oscillatot? indicating that there is no evidence of
tip in a stable way at any noncontact arbitrary distaace nonlinearity such as seen in Ref. 15 even when the tip is in
from the surface of a sample. This last property allows intunnel interaction with the samplat distances starting 0.5
particular to perform measurements of thelependence of nm). A Lorentzian fit to the resonances gives three indepen-
viscous friction force, a feature that was recently not possiblglent sets of data, consisting of the shear oscillation maxi-
with friction force microscopes and that was recognized bymum amplitudex(z) near the tip as well as its resonance
Burnset al’ frequencyf(z) and its quality factolQ(z). We defineQ as
the ratio of the resonance frequency to its width measured at
full width at half maximum. Shown in Fig. 2 is an approach
Il EXPERIMENTAL DETAILS curve forx(z) andAf(z), whereAf is the frequency shift of
Quartz tuning forks were recently implemented as shearthe resonance referenced to the frequeficyof the unper-
force sensors for near-field scanning optical microscdpy. turbed tuning fork(i.e., fully retracted tip. We do not plot
We have demonstrated that their very high mechanical quathe dependenc®(z) since in the whole measurement range
ity factor Q (10°— 1) provides a built-in high gain, making the quality factor is found to be very precisely proportional
them very sensitive to sub-pN shear forces when used at do x(z), as shown in Fig. 3. These data are taken at room
near their resonance frequency {1@.5x10° Hz). The temperature, under vacuum conditiofi®., 8xX 10”’ mbar)
measurement of their mechanical oscillation amplitude usewith a disengaged tip rms amplitudexof~18 pm. The cali-
the piezoelectric effect inherent to quartz crystals providingoration of the piezoelectrical signal to the tip amplitude is
an electric signal proportional to the applied foré&&*ren-  obtained using differential optical interferometA further
dering them small, robust, and trivial to operate compared t@onfirmation of the small size of the tip amplitude is the fact
optical force-measurement schemes. Their sensitivity tahat topographical imaging of the atomic corrugation of
small forces can be optimized both by increasiQgand  graphite was obtained in constant tunnel current mode while
minimizing the signal noise level down to thermodynamicthe tuning fork was exited on its resonant frequency. The
limits.2* Figure 1 shows the basic geometry of a tuning-forkonset of tunneling current measured under a 100-mV dc bias
shear-force sensor. In order to implement tuning forks foiis also shown in Fig. 2. We verified that the resonance spec-
shear-force detection it is necessary to accurately measure ii® did not depend in a measurable way on the applied tunnel
fundamental mechanical resonance as a function of appliebias voltage and this in a range between 0 and 10 V. The
force. This can be done either by shaking the fork at itspresented data were obtained using a commercial quartz tun-
mechanical resonance and monitoring the induced voltage ang fork with tines having a static spring constant I&f
by directly driving the tuning fork with a resonant voltage =40.5kN/m as determined independently from Brownian
and measuring the induced current. On resonance, as seenrnioise measuremenfs and the theoretically expected
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100 ¢ T e I tacted in order to monitor the tunnel current. Special care
0L _ was taken so that the tip protruded only @én out of the
’E“ fork’s tine. In this way we are confident that the tip picks up
~ 1 = both elastic and viscous shear without appreciable bending in
= 0.1 3 3 comparison to the tine oscillation amplitugeThe data were

taken in open loogno feedback parking the tip at fixed
distancesz above the sample surface and probing the re-
sponse of the fork.

IIl. FRICTION AND ELASTIC FORCES

X rms (pm)

We used the three sets of ddta Q, f} in the effective-

o L L L L mass harmonic oscillator approximation for the driven tuning

10 15 20 fork in order to obtain information concerning the tip-sample
Z (nm) interaction. In this approximation, the frequency-dependent

. ) oscillation amplitudes of the fork’s arm at its ends obeys the

f :IG. ZH The IIower panct(eqldsgows thef mza'[xlmur?t?]mptl_ltude OfltheNeWton equation of motion given bylii+M (y+ v..)u

ork mechanical resonandglots as a function of the tip-sample _ : ,

distancez. The solid line is the result of the fit to ER) dizcussepd N (_K+_k)u— Fo. The effective mass -Of the fork's arm,

) ) . - which is proportional to the mass distributed along the tine,

in 5‘23 text K‘f 4b§§t ft e obtained d.f“mf‘ 18.6pm, 2 is defined asM—(K-+k)/(27f)?=0.966< 10° kg and is

— 965 hm, andv =253 i, The corresponciing frequency Sttt o about? of the tine’s mas$® The forceF, drives the fork

the resonance position is shown in the upper péhats. The solid . . .
line is the result of an exponential decay function fit given by harmonically at a cyclic frequenay, and the damping of the

Afo exp(—28,), whereAfo=37.79 Hz ands. =2.90 nm. r_notion is included_ in t_he dgmping rate terpt vy, . The
tip-sample interaction, in which we are primarily interested,

introduces both an excess restoring as well as a viscous force
included in the equation above through the tekmand v,
respectively. The damping rate intrinsic to the fork with the

|I1II| 1.4 |III||| 11 IIIIII'
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W

K=(E/4)W(T/L)3, whereL=4 mm, T=0.65 mm, andV
=0.5 mm, being the length, thickness, and width, respec

tively, of thoe tings. We have used the Young mf)dUE'S tip disengaged from the samplejs.. On resonance condi-
=7.87x10'° N/m? of quartz. We excited the fork’s reso- tion, for which w=27f andu=x, it is easy to show that

nance by mechanically dithering its center of mass with a +v,=(Fp/M)(L/wx). We can then determine the tip-

amplitude ofxp=0.218 pmrms. The piezoelectric signal is, sample-interaction-induced damping rate in relationyta
however, proportional to the resonant mode of the reIatinNhiCh is given by y=y.[ f.X. [(FX) — 1]~ yu[Xe. /X — 1]

motion of the arms. The coupling to this relative motion where the subscript refers to corresponding resonance pa-

resonance mode is only ppssible through minu’te mass ar]%meters of the fully disengaged tipe., z at infinity). The
spring constant asymmetries between the fork’s tines. Th tk internal damping rate is also given byy

gold _wire probe, Wh.iCh was glued "%"0”9 the S.ide of ane Ol 27f../(v3Q.). The productMy is a rate of a mass col-
the tines as shown in the inset of Fig. 1, provides automannding with the tip, which is information that can be used in

cally such an asymmetry. The probe was electrically CONGrder to select among possible mechanisms accounting for
the tip-sample viscous interaction. The damping rate ob-

32.66 T tained using the formula above is plotted in Fig. 4. Similarly,
32,64 - '] 3000 the local tip-sample-interaction equivalent spring conskant

g ' § ] can be obtained in relation t. It is obtained using both

€ e L B 12000 resonance equations £2)?=(K+k)/M and (2rf.)?

g o ] 1S4 =K/M. The local spring constari is then given byk

% 32.60 r 11000 =[(f/f.)?—1]K, which is plotted in Fig. 4. It is interesting

(o] L 4 .

= r 1 to note that bothy andk are very well approximated by an
32.58 ] o exponential decay behavior. The best fit to the data is given

0 PR by y=ryoexp(-74,), where y,=72.0s", 5,=4.02 nm,
X p. to p. (pm) and k=kyexp(=7¢§), where ky=93.9 N/m and &
=2.90nm. Such a behavior would be, in principle, expected
FIG. 3. Right panel: Quality facto® of the mechanical reso- in the tunneling regime. Our measurements indicate, how-
nance of the quartz tuning fork as a function of the tip amplitade ever, that the tip is most of the time out of tunneling and this
Q andx reduce proportionally when the tip is approached towardcannot be the explanation for such a behavior. The friction
the sample. This strict proportionality confirms that the friction force F\, =M y%, which is due to the tip-sample viscous
force introduced by the tip-sample interaction is visc@s, pro-  damping, is a drag force opposing the oscillatory motion of

portional to VelOCity. The Slope |9(/Q:FD/(K\/§), WhereFD is the “p Using the equations fqr] Voo s andM we determine
the driving force and& =40.5 kN/m the static spring constant of the

tines. Left panel: gray-scale plot showing the measured frequency

spectra as a function of the tip-sample distance. Dark areas corre- i fx | Kx

spond to high piezoelectric signals on the fork pads. Both marker Fv:—(l— ) °°, (1a)
pointsA andB correspond to those in the right panel. V3 foXee) Qe
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FIG. 5. The lower panel shows the viscalfisction) force ex-
perienced by the tip, and the corresponding restoring elastic force is
shown in the upper panel. The ddidotg are obtained using the
data se{x,f} and Eqs(1a) and(1b). The solid lines are the result of
%he fitted functions forx, k, and, v used in conjunction with Egs.
(1a) and (1b). To the best of our knowledge, the friction forces
shown here are the smallest reported in scanning probe microscopy.

FIG. 4. The lower panel showg the damping rate contribution
of the tip-sample interaction. The quantilyy corresponds to a
mass rate of colliding events picked up by the tuning fddkis the
effective mass of the tine. The upper panel shows the effectiv
spring constant introduced by the tip-sample interaction. Whike
purely a lossy term in the harmonic oscillat&ris a reactive term.
Both terms are well approximated by exponential de¢sglid
lines) function given by y=y,exp(-24,), where y,=72.0 st
5,=4.02 nm, andk=koexp(-z8) where ko=93.9 N/m, § friction, which is not a function of the velocity but rather is
=2.90 nm. proportional normal loading force. Clearly the friction we are

measuring here is not dominated by slip-stick mechanisms as

where the imaginary termindicates that the friction is/2  in solid-solid contact friction. The tip oscillation amplitude is
out of phase with the tip motion and the square root of 3always smaller than typical interatomic spacing; hence the
originates from the definition o given above. The elastic slip-stick type of friction is not possible here. From the slope
force Fe due to the reactive tip-sample interaction, which isQ(x) we can deduce the amplitude of the force driving the
a restoring force along the oscillation motion of the tip, canharmonic oscillator. It is easy to show that the force driving
be also trivially obtained by calculatingg=kx: the relative motion mode of the tines isFp
=v3Kx(2)/Q(z), which we evaluate to here be 116 pN rms.
This contrasts with the driving force of the center of mass of
the tines, which isMXp=Kxp=8.8 nN, wherexp is the
dither amplitude given above. The coupling efficiency of the
Both forces are plotted as a function of the tip-sample dismechanical dithering of the center of mass to the relative
tance in Fig. 5, where it can be seen that the tuning-forknotion mode is therefore of only 1.3%. A much more effi-
shear-force sensor allows for detection with a few piconew<cient coupling can be obtained by exciting electrically the
ton resolution. The force resolution is limited by noisein, fork.2* In spite of such a poor coupling it is important to note
which in our present case is 0.1 pm#4znd is the thermo- that the dither amplitude remains small compared to the tip
dynamic limit given by the quadrature sum of the Brownianamplitudex(z) and this is true for all distances
motion of the tines and the Johnson noise of the load resistor A first inspection of the tip-sample interaction results
of the signal amplifier. These limits were carefully analyzedplotted in Figs. 4 and 5 shows that the tip experiences a
and documented in a previous publicatfrDecreasing the shear- and friction-force interaction at distances as large as
temperature would allow us to operate with a smaller freel5 nm away from the sample surface. This is unexpected,
oscillating amplitudex., . Equationg(1a) and(1b) show that considering that the measurement took place in a high-
further improvement to friction sensitivity can be achievedvacuum environment. Another important point to note is that
by increasing the fork’s quality factd@., and decreasing its the tip peak-to-peak oscillation amplitude was always less
arm spring constark. than 0.05 nm. Consequently, here the subatomic amplitude

We now address an important question concerning thef the tip motion precludes mechanical tapping with the
validity of the viscously damped driven harmonic oscillator sample surface. This is in contrast with many shear-force
model for the measured tip-sample interaction. In such anstruments running at1-10 nm(Refs. 11 and 1Rampli-
model the viscous forces are assumed to be proportional tude, a different regime that may include some tappmg.
velocity. The consequence of this is tf@tmust be propor- Also we would like to point out that all data shown in this
tional tox. The relation betwee® andx is plotted in Fig. 3, work were taken while the tip approached the sample. When
and it is found to follow very accurately a proportionality the tip comes into a tunnel interaction with the graphite sur-
dependence. This is different from direct solid-solid contactface, the retracting curve does not retrace the approach

f2

FE: f_2_

1) KX. (1b)
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curve. This hysteretic behavior is found most pronounced ox(0)/x.,, small] is obtained with sensitive forksi.e., y.,
graphite samples, but often weak or nonexistent on cleavesimall). Knowing the expression ok from the conditions
GaAs semiconductofn-doped samples. We attribute for related to Eq.(2) above we deduce that the lengih
now the existence of this hysteresis to the fact that the graph=[ u,A/M yo]In(vo/y..+1) reflects a characteristic interac-
ite is a system of staked weakly bound layers. As a consetion distance between the tip and the sample, which also
guence it is much more compliant along the surface normahcludes the sensitivity of the shear-force sensors in the fork

than the GaAs. damping ratey... An inspection of Eq(2) shows that the
shear-force sensors is expected to be more sensitive to a
IV. VISCOSITY AND SHEAR MODULUS third-body filling for larger values o#é. In particular, tuning-

fork sensors with poo®., (i.e., y.. large leads to shor®;

We would like now to evaluate the coefficient of viscosity hence the detection of the tip-amplitude damping is poor. In
w as well asG, the shear modulus of the hypothetical third particular, when the termy,/y., in the logarithm above is
bodly filling the tip-sample gap. The shear stress acting alongmall compared to unity, the lengthis also proportionally
x in the planez in this third body is given byoy,, small. The term\ =puoA/My, in front of the logarithm in
=wdxldz and og x,=Gdx/dz, where the viscous stress the expression o appears to depend on the tip size as well
oy x; IS the product of the viscosity with the shear rate andas the fork-tine mass. We will show now that in fact it de-
0 x, 1S the elastic stress. The corresponding shear forces aggends solely on the fundamental properties of the third body.
simply Fy=Aoy «, andFg=Aog ,, whereA is the effec-  The viscosity isug=p»n, wherep is the density and; the
tive area of interaction between tip and sample. Equatingpecific viscosity(in units of nf/s) of the unknown third
these two relations with the expressions of the forces detebody. The quantityM v, is the effective colliding mass rate
mined above leads to two time-independent differentialdetected by the fork sensor, which can be expressed as
equationsM yx=Audx/dz and kx=AGdx/dz from which M y,=pV;/7, Where 7 is a scattering time related to the
we deduce the equality/(My)=G/k. Since we have ob- viscosity andV. the effective volume of contributing scat-
served in Fig. 4 thay andk are well approximated with two  tering particles in the third body. This can be rewritten as
exponential functions with different decay lengths, the abovem y,=pAz,/r, wherez, is an effective length specific to
condition imposes thake and G must also have a decaying the third body. Consequently the term=uoA/My,
exponential behavior of the type=puoexp(-24d,) andG = y57/z, is a constant of the third body and does not depend
=Gy exp(—=Zég), whereuy and G, could also depend on  on the tip geometry and sensor specifications, implying that
provided that they have the identical functional dependencey, is proportional touw,A/M. We verified the expected be-

The two new decay lengths must obeys}+1/5,=1/6,  havior of A and & experimentally by measuring approach
—1/65 . We will assume for now that bothu, andAGy are  curves obtained for several tip-sample contact areas. The ap-
constant with respect te and we will check later that this proach curve measurements and their corresponding fit to
hypothesis is consistent with the prediction f§gz). Solving  Eq. (2) are shown in Fig. 6. We find indeed that=5
both differential equations fox(z) we obtain the functional +0.5nm is almost constant whil&ranges from 3 to 27 nm
form when the contact area is significantly increased by increasing
the tip radius. Unfortunately, we are not able to measure the
1) z contact area@A independently. The trend shows also that a
X(2) =Xz exr{ - Xexr{ - 5) (2 Jarger tip-sample interaction area results in a stronger damp-
ing upon tunnel contact conditions. Equati@ corresponds
for which the following conditions must be satisfied:51/  also to the distribution of shear motion in the material filling
=1/6,~1/6 and 1b5=1/5,—-1/6 as well as ug the gap as well as the that of flow velocities. Such a func-
=N(M1yy/A) and Go=\(ko/A). We have fitted the mea- tional form for the velocity distribution is potentially rel-
sured x with the functional form above. The best fit was evant to hydrodynamic applications in areas of microfluidics.
obtained forx.,=18.6 pm, §=5.63 nm, and\=4.63 nm It shows in particular that the velocity of the fluid z¢ 0 is
and is plotted in Fig. 2. The quality of the fit is convincing not zero, and that theo-slippageapproximation fails when
enough to tell that the assumption made above is reasonablé@e sample surface is atomically flat.
In fact we expect that the contact arkahould be a function From the fit parametex.. and o obtained above we can
of z In all our experiments howevea is not known with  generate a plot of the viscosify(z) and the shear modulus
satisfactory accuracy in order to obtain a precise quantitativ&(z) using
value of G and u. For the presented measurements, we esti-

mateA to be bracketed in the rang80 nm? to (100 nm? B o M 3
and is expected to scale linearly with the tip radius as we will K= A IN(X., /X) v (33
show it below. Such contact areas would correspond to a tip

radius bracketed between 30 and 100 nm, which is always S

larger than the tip-sample distances measured here making G= mk- (3b)

the assumption of constaAtreasonable. Equatidi2) shows

that the maximum damping of the resonance amplitude folrhe result is plotted in Fig. 7 along with the functional forms
z=0 given byx(0)/x..=exp(=d/\) is not necessarily 0. We  u=uqexp(-25,) andG=Gjexp(—zdg) for which all the
discuss now the meaning of the lenghand\. Remember- relevant parameters are obtained from the fit parameter to
ing that yp=~ v..[X../X(0)—1], we obtain §/\~In(yy/y. v, andk. The first observation is that and G are not con-
+1) which shows as expected that stronger dampireg,  stant but increase exponentially with decreasingn other
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20 L N A T T T T form. The viscosity here is about 4 orders of magnitude
larger than that of most common liquids at 298 K, and the
shear modulus is 1-2 orders of magnitudes smaller than that

of common crystal materials.

V. ORIGIN OF THE SHEAR FORCES

x rms (pm)

So far we have assumed that the origin of the friction
interaction is due to a material filling the tip-sample gap.
However, in wear-free friction, dissipation can also originate
from nonmechanical interactions such as Coulomb
drag®®"when conducting materials are involved. In some

Z (nm) of these cases the role of phonons and electrons needs to be

FIG. 6. The damping of the tip oscillation amplitudeas a elucidated® Even guantum-mechanical effects are expected
function of the tip-sample distance is shown for different tip radii. to contribute to friction. It is predicted that friction can be
All measurements were performed under vacuum condition withmediated through black-body fluctuati§rand even through
gold tips. In all measurements the nominal quality factor of thevacuum fluctuatiort® The later contribution is understood in
tuning-fork sensor was around 3000. Curyasand (b) are taken  terms of the dynamic Casimir effect. Although the magni-
with the same tip and curvée) a nominally larger tip. In case of tude of such a quantum-mechanical friction force is expected
curve(a), the tip was freshly prepared and the approach curve waso be very small, it is worth considering schemes that would
the first one performed over the sample. The tip radius is not knowmlow us to measure its strength. We have evaluated viscous
with precision but is estimated from subsequent topographical imfriction from all the above electromagnetic interactions as
aging to be of the order of 10-20 nm. Curti was taken after the  yossible lossy interactions leading to the damping rate we
tip approached several times and scanned the sample. @was  measyred in this work. We found that, although damping is
taken with a gold microsphere of 2am diameter attached to the gy hacted in all cases, the estimated contributions are up to 10
end of the tuning fork, showing the strongest damping and the, 4o of magnitude smaller than those measured in this ex-
longest tip-sample interaction distance. The solid lines are obtaine, eriment. We can also rule out Joule heating due to the os-
using a fit to Eq.(2). We obtained\ =5.5, 4.63, and 4.97 nmand . .. . . .

- ) cillating charged image of the tip in the conducting sample.
8=3.35, 5.62, and 27.0 nm for curvés, (b), and(d), respectively. A timisti bound estimati f h a Drud
No satisfactory fit was obtained for the data in cuftep N Overoplimistic upperbound estimation ol such a rude

friction can be made by assuming that the colliding mass rate

words, the third body filling the tip-sample gap appears toV 7 detected by the fork is given by the maximum possible
become stiffer and more viscous as the tip approaches tHefllision mass ra;e given a scattering Drude electron gas,
substrate. Second, the magnitudesGoénd  are very dif- namely,My=(ar°g)n,m/7, wheren, is the electron den-

ferent from those of regular condensed matter known in bulléity: Me the electron mass, andthe mean electronic scatter-
ing time. The volumerr~¢ includes all the electrons con-

T T T T T ] tributing to the formation of the charge image and can be
approximated by that of an effective disk of thickness corre-
sponding to the electrostatic screening lengténd of a ra-

£ 10 E 3 dius r of the tip. Taking the most optimistic values,
= - ] ~10%%cn?, 7~10 *s, £&~0.1nm as well as the worst case
O - 1 of a very large tip radius~100 nm, the largest detectable
1 = Drude collision mass rate should lye=3x 10 %/s, which is
E T S NSRRI IR S 5 orders of magnitudes smaller than the noise level in Fig. 4.
30 AL B D B Consequently we can confidently rule out electromagnetic-

as well as electrostatic-mediated interactions as being the
origin of the viscous and elastic forces measured here. The
same conclusion was previously reached by Ayetral?°

We are therefore led to speculate that the measured damping

llllllllllllllll

10 s is mechanically mediated through adsorbate filling in the tip-
*%epee sample gap. Although the measurements were conducted in a
o b e L high-vacuum environment, we cannot exclude material
0 5 10 15 20 25 buildup in the tip-sample gap. We do not know with cer-
Z (nm) tainty the nature of the material adsorbed in the tip-sample

FIG. 7. The lower panel shows the viscosity of the third body 92P- It is likely to be water and hydrocarbon molecules. The
filing the tip-sample gap as a function of the gap size The top  €XPonential dependency @f and G on the distance hints
panel shows the corresponding shear modulus. The data points dfgat the adsorbate is located in a region where boundary con-
obtained using the data sgt,y} and{x,K for x and G, respec- ditions and surface potentials dominate over molecular inter-
tively, in Egs. (33 and (3b). We have assumed a contact asea action within the material filling the gap. Because the coef-
~(100 nmy¥, which is poorly known.A is only estimated from ficient of viscosity is inversely proportional to the mobility
topographical images and could be as smali3&snm?2 We have  of the molecules, one expecisto be an exponential func-
usedx,,=18.6 pm obtained from the fit in Fig. 2. tion of an activation energy. If we speculate that changing
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the tip-sample distance increases linearly such an activation Ty
energy with decreasing, this would definitely explain the s 280 G /

. . . i : B ]t 1 2000
exponential behavior seen in and . It is interesting to T A
consider how the viscosity can be measured by a probe with E 32.70 l‘
oscillation amplitude less than an atomic size. The molecules § | B 7 / 1000 o]
in the third body are thermally agitated and experience a g 3, 49 i L,‘" - T
much larger motion. However, the average oscillation ampli- = o
tude that is imposed by the tuning fork is there only to in- —— o 0
troduce a periodic velocity of the center of mass. The ran- 100 50 00 20 40
dom motion of molecules statistically opposes such a Z (nm) X p.top. (pm)
displacement as described in a more general formalism by
Persson in Ref. 10. FIG. 8. Effect of a gold tip that is protruding too far outside the

The stiffness to shear action can be explained by the adork tine (i.e., probe length 23pum). The left panel is a gray-scale
hesion energy of the adsorbate on both the tip and the Samd%pt showing the_mechanlcal resonance of the fork as the sample
surface. The adhesion forces are pulling the tip toward th@PProaches the tip. The left panel shows the corresponding quality
sample. The oscillating tip experiences a tangential and ctor as a fu_nctlon of the tine oscnla_non a_mplltude. Th? break-
normal component to this force. The tangential component i own of the viscously damped harmonic oscillator model is shown

. . _ by the turning point irB for which the tip amplitude is reduced by
the elasFIC f_orceFE given by Eq. 1b). The no_rmal compo mechanical bending of the probe. Details are discussed in the text.
nentFy is given byFg=—Fytan(f), whered is the shear-

. . . A It is interesting to note that we measure two different exponential
strain angle in thexz pl_ane. This angle IS g'Ven t_)ﬁ(z) decay lengths, namely§z=6 nm, while that of the viscosity is
=[x—x(0)]/z, where slippage of the third body is included 5§ —14m

" .

through the ternx(0). For small tip amplitudes, such that

x—x(0)<z the two force components are related By=  ¢osity and adhesion are a thermally activated process, it will
— Fn(x—Xo)/z. We need now to establish a relation betweeng|so important to be able to repeat the measurements as a
Fn andyap, the adhesion energy of the adsorbate. We camynction of the temperature. It would also be very informa-
use the prOXimity—force theorem, which states that the fOI’Cine to reproduce such approach measurements in an
between plane and sphere of radiBsis Fy=27Rez)  yltrahigh-vacuum environment on clean tip and sample sur-
where e(z) is the potential energy per unit surface areafaces. Alternatively, similar measurements should also be re-
which gives rise to the adhesion force between two parallebroduced with a thin-film liquid of controlled pH on the
flat planes separated ®”* We assume here th& is the  gypstrate.
radius of the tip. In the present case the maximum attraction
between the tip and the sample is given usie@)~
—2vyap, assuming that the adhesion of the third body is the
same on the sample and on the tip. Remembering Fhat It is important that the probe remains stiff in order to
=kx we can establish tha&{(z) = —kZ x/(x—Xg) [/ (27R) in ensure maximum damping of the tuning fork. A question we
order to get the adhesion energyp of the third body. The addressed early in our investigations was to evaluate the tip
limit e(0) can be evaluated making use of E2).in the limit  bending due to the local shear forces. In the measurements
of small z, which gives lim_y(x—Xg)/Xo=2z/N. We can presented above, the probe is a cut gold wire ofu @b in
therefore easily establish that,p~koA/(47R), which in  diameter. Because of this particularly small diameter, it is
the case presented here is abgpt~1 J/nf (assuming atip necessary to make the free lendtiprotruding outside the
radius of 30 nm The lower bound for the estimated adhe- fork arm as short as possible. The condition to fulfill is that
sion energy would be 400 mJnfior an overestimated tip the probe elastic deformation amplitude should always be
radius of 100 nm. Such an energy is much larger than puremaller than the tine amplitude. The probe elastic deforma-
van der Waals type of molecular interactions. It is compadion is given byxp=Fg/kp, wherekp is the static spring
rable to adhesion energies of metal surfatesto hydrogen constant of the protruding probe. Assuming a cylinder geom-
bonding between the CO group and OH grédift is inter-  etry for the probe, we estimate its spring constant f8ing
esting to note that since botj,p and N are material con- kp=37rEgo|dr4/(4I3) where r is the wire radius, and for
stants independent of the tip geometry, the maximum springold, the Young modulus i yoq= 8% 10'°N/m?. The value
constankg of the tip-sample interaction has to scale with theobtained forkp is 10.9 kN/m. Since the largest elastic force
tip radius. Since, on the other harkly scales likeA, the  measured in Fig. 5 was found to be of the orderFgf
contact area as determined from the conditi@d, =500 pN, the corresponding largest expected probe defor-
=A(ko/A) imposed on Eq(2), we conclude that ideallA  mation ofxp~Fq/kp~0.05 pm, which is much smaller than
should also scale like the tip radius. Furthermore, since théhe measurec. We show in Fig. 8 an approach curve for
maximum normal pressure in the tip-sample gap is given byvhich this condition is not fulfilled. A measurement showing
Fn/A=—-27RIA(2yap) We see that the pressure is inde-a very similar behavior was reported a few years ago by
pendent of the tip geometry and is as expected only proporRuiter, Veerman, van der Werf, and van Hélsind was not
tional to yap - quite understood at the time. In the present case the probe
The challenges we are facing now in tuning-fork sheardength was 1=230um, which corresponds tokp
force microscopy are to control the nature of the adsorbate-350 N/m. Clearly this approach curve is different from the
filling the tip-sample gap region as well as to control the sizeone measured in Fig. 3 with a shorter probe {5um). An
of the contact area at the tip level. Furthermore, since visinspection of the dependeneon the resonance amplitude

VI. EFFECT OF THE TIP COMPLIANCE
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shows that there are clearly two different regimes. In each othis condition could be linked to an artifact due to tip bend-
these regimes the resonator acts as a viscously damped harg.

monic oscillator. When the tip is approached from lame

(indicated byA in Fig. 8), the Q of the resonance reduces as VIl. CONCLUSIONS

expected. At about 50 nm away from tip-sample contast
defined by tunnel measurementise Q reverses its trend and
starts to increase with decreasmd his turnaround behavior
happens at the region indicated Byin Fig. 8. Q then in-
creases linearly again until tunnel contgeoint C). The dif-
ferent slopegabout half that of the regioAB) indicates that
not unexpectedly, the coupling to the driving force has in-
creased by roughly a factor of 2. We infer from this mea-
surement that at inflection poird the shear force is large

It is remarkable to see that in spite of its relatively large
size, the tuning-fork sensor allows us to measure both fric-
tion and shear forces with a noise level as small as 1 pN.
Measurements of such low friction-force levels are as far as
we know unprecedented and are orders of magnitude better
than standard friction-force scanning probe atomic force mi-
croscopes. One is presented here with a window of opportu-
nity for the tuning-fork shear-force microscope, which offers
enough that the probe starts to bend elastically. As a resuﬁpe capability to measure viscous frictipn with the.accuracy

of a quartz-crystal microbalance but with the spatial resolu-

the tip excursion is smaller and with it the friction at the tion offered usually by friction-force microscopes. We have

sample is also smaller. The closer the tip is approached, th X
larger the restoring forces are and the more the probe ben egown that the added advantage of the tuning-fork shear-

at the expense of the oscillation amplitude at the tip. Theéjlxgsgﬁm;?&?rzr's dtigtaatngeatl)lggvzg trr?:isu;ﬁ df?ﬁgosg;]orle
contribution of the tip friction to the total losses reduces Y Y P pie.

accordingly, leading to an increase@ftoward pointC. The Also we have shown how tuning-fork shear-force micros-
elastic forces measured by the tuning fork at p@ntorre- copy can be used for quantitative analysis in nanotnbol_ogy
sponds to about 2.6 nipeak, the corresponding elastic provided that the contact area between sample and tip is
bending of the fork would be aboup~ 10 pm(peak, which controlied.

matches the_ mea_sured fork amp_lltu_xden region B. This ACKNOWLEDGMENTS
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