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Observation of depinning phenomena in the sliding friction of Kr films on gold
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We have used quartz crystal microbalance to study the sliding friction of atomically thin Kr films adsorbed
on gold. We have observed sharp pinning transitions separating a low-coverage region, characterized by
slippage at the solid-fluid boundary, from a high-coverage region where the film is locked to the oscillating
electrodes. Furthermore, we have induced sliding of a film by slowly increasing the amplitude of the substrate
oscillations. Such a depinning transition is characterized by hysteresis as the amplitude is decreased back to
zero. These observations have been obtained with two different quartz plates and are similar to those recently
reported in the literature. A more quantitative comparison among the different experimental runs indicate that
the location of these dynamical transitions is strongly dependent on the state of the substrate surface.
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[. INTRODUCTION quired with two different quartz crystals that present similar
depinning transitions in the nanofriction of Kr films on gold.
The dynamic response of various condensed-matter sys- This paper is organized as follows. After a detailed dis-
tems interacting with pinning potentials exhibits a very rich,cussion of the experimental setup and data acquisition pro-
nonlinear behaviol A small applied forceF is not sufficient — cedures followed in our measurements, we present a simple
to overcome the random pinning centers and the system r@ormalization of the derived slip times, which we feel is
mains trapped. By increasing, a threshold value=, is ~ more realistic to quantify the dynamic response of a sub-
reached above which the System is moving_ Such a depirfﬂOﬂOlayer film. We then describe the friction data acquired
ning transition can be either continuous or first order withwith two different quartz crystals, comparing in some detail
hysteresig.Examples of such systems include vortex latticesthe depinning phenomena observed with each sensor. Finally,
in type-Il Superconducto%pharge_density waves in aniso- we put in evidence how the state of the adsorption surface
tropic conductoré, motion of contact lines of droplets on Plays a crucial role in this kind of phenomena.
rough substrat@sand of an interface in a random medifm,
2Sgsz\g?é%imensiona(2D) colloidal systems on disordered || =xpERIMENTAL SETUP AND DATA ACQUISITION
Arguably, the paradigm of a system undergoing depinning The microbalance is a small AT-cut quartz disk whose
is an adsorbed monolayer sliding onto a subsftaiéie  principal faces are optically polished and covered by two
model system of an overlayer of interacting particles at-gold films, which are used both as electrodes and as adsorp-
tracted by a substrate potential and subject to an externdibn surfaces. By applying an ac voltage across the two elec-
driving force has been extensively studied through moleculatrodes, it is possible to drive the crystal to its own mechani-
dynamics’ 12 cal resonance with the two parallel faces oscillating in a
In particular, simulations based on Brownian-motion dy-transverse shear motion, characteristic of the AT cut. The
namics and carried out by Persshow a rich phenomenol- quality factor of these resonances is usually very high
ogy. On a weakly corrugated, periodic substrate, a film ig=10°) and this explains why the quartz-crystal microbal-
always found to slide no matter how small the applied forceance(QCM) is a quite sensitive probe of interfacial phenom-
is. Instead, on strongly corrugated film-substrate potentialsgna. In particular, it has been successfully applied to the
the film slides whenever it is in a fluid phase. However, if thestudy of nanofriction of physisorbed filnt3,because it de-
film is solidlike, the nanofriction exhibits a sharp depinning tects both coverage and interfacial viscosity. A change in the
transition characterized by hysteresis as the pulling force iglisk inertia, as caused, for example, by the adsorption of a
decreased back to zero. The use of a disordered substréttn on the metal electrodes, is signaled by a shift in the
does not seem to preclude the observation of such a nonlimesonant frequency. Similarly, any dissipation taking place in
ear behavior, as long as a solid adsorbate structure occurs ftite system causes a decrease in the resonance amplitude.
F=0. The acoustics of the quartz-film-vapor system can be
Recent experiments seem to confirm this picture. Thesolved using the Navier-Stokes equations simplified for un-
shear response of molecularly thin liquid films on solid sub-compressible fluid® leading to the determination of the slip
strates when subjected to an applied air stress has been mei@me 7 which describes the viscous coupling between the
sured and found to correspond to viscous fricttdr/ice  gold substrate and the physisorbed film. The meaning of this
versa, investigations with a quartz-crystal microbalance ofjuantity is quite intuitive, since it represents the time con-
Kr films adsorbed on gold at low temperatures and likely tostant of the exponential film velocity decrease due to an hy-
be solidlike may display static friction under certain pothetical sudden stop of the oscillating substrate. Very low
conditionst* In the following, we will show further data ac- slip times mean high interfacial viscosity and, in the extreme
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case of a film rigidly locked to the substrategoes to zero. 6003350 —rrrrr—
In the opposite case of a superfluid, whose motion is totally — e
decoupled from that of the underlying substrate; . Typi- 6003340 |- '\-\.\. —
cal values ofr in the case of a rare-gas film adsorbed on gold § r "lh..._
are generally comprised between 1 and 10 ns. ‘“§ 6003330 |- u, 1
Here we present data acquired using two different quartz, r 1
plates: quartz 1, which has been employed in a previous 6003320 - ..H‘lg
study* has a resonance frequency of 6 MHz, while quartz 2 o
has a frequency of 5 MHz; both of them are characterized by ossk
quality factors=10° in vacuum and at low temperature. The 052 L S ]
data we present refer only to the fundamental mode. Thex -1 . lx ]
resonance frequency and amplitude are measured by meai™s 051  Ta =—a—" w ]
of a frequency modulation technique, in which the output >g 050 - '-_ -
signal of a radiofrequenci.f.) generator is locked onto the - -

. . 049 |- [
peak resonanck¥. The sample is mounted in a brass cell, L [
installed in a homemade liquid-nitrogen cryostat and directly 048 1
connected to a turbomolecular pump through a short 0.01 0.1 1

stainless-steel tube in order to reach a high pumping speed
In this study we have performed two kinds of measure- —
ments: isothermal coverage scans and isothermal amplitud 10r- 4
scans. In both cases we detect the frequency and the ampl
tude shifts of the resonance peak from their vacuum values 7
In the first case the gas is admitted into the sample cell in &
small doses up to its saturated vapor presseyg. Every . L h
time the pressure is increased, the system reaches equilit - '\___ . EEEE ]
rium after a short transient and the corresponding quartz [, e
resonance parameters are recorded. Figure 1 shows an is 0.0 0.5 10 L5 20 2.5
therm of Kr on gold taken af=85 K following such a Coverage (Iayers)

procedure. In particular, the two top graphs display the mea- pig 1. Raw data of the resonance frequefiop) and ampli-
sured frequencymeasand voltageVneasvalues of the quartz  yyde(middle) measured with quartz 1 during an adsorption isotherm

crystal as a function of the vapor pressure. The horizontal logf kr on gold at 85 K. Bottom: calculated slip time as a function of
scale is used only for clarity reasons. From the correctegy fiim coverage.

shifts of frequency and voltage with respect to the corre-
sponding values in vacuum, it is then possible to determine Figure 2 shows an example of such a procedure. The top
the slip time and the film coverage according to the formulagraph indicates the dependence/gf,,,, as a function of the
described in Ref. 16. The result of such analysis is shown ifcreasing output voltage of the r.f. generator, in vacuum and
the bottom graph of F|g 1. We point out that the Jump in S||pW|th a Kr film of 0.7 Iayers Covering the gOld electrodes. The
time is related to the step observed in the amplitude grapiset shows an enlargement of the interesting part of the
(see Sec. IV for further detajls curves, where the gap between the two suddenly increases.
The second possible way to acquire data consists in ahhe corresponding frequency datasets are instead separated
amplitude scan: the crystal is driven to resonance using difoy an almost constant amount which is barely visible over
ferent voltages which are changed by varying the output sigthe amplitude range of Fig. 2 and for this reason have not
nal of the r.f. generator. Since the oscillating amplitédef ~ been plotted. For each driving voltage, a slip time has been
the metal electrodes depends on the driving voltage, it is thef@lculated from the frequency and voltage shifts with respect
possible to vary in a precise way the amplitude of the forcel© the corresponding vacuum values using the same formulas
of inertiaF:4ﬂ-2mAf2 acting on each adsorbate molecule mentioned before. The result of this anaIySiS is the bottom
of massm tangentially to the gold surface. The data acquisi-9raph, where the calculated slip time is plotted as a function
tion is fully automatized and controlled via computer. The©f the oscillating amplitude of the gold electrodes.
actual value of the electrode displacemaArns deduced from
the voltage applied across the electrodgs,,.;, once the

resonance quality factor has been meastftdd. our case, All of the theoretical analyses of the interfacial slippage
Vquartz IS comprised between 1 and 6 mV and the inducecbetween a thin film and an oscillating metallic substrate rely
displacements are in the range 1.5—-10 A. For this proceduren the slab modéf®*°a film covers uniformly the electrode

a scan in vacuum is first taken as a reference: the resonansarface are&®; .., its equivalent thickness being calculated
parameters are measured as a function of the output power frbm the formulamyj;m= primSeied. The quantitypyiim is

the r.f. generator. The data acquisition is then repeated aftehe mass density of the film, usually assumed equal to that of
the admission in the sample cell of a known amount of gashe bulk liquid (solid) at the same temperature. The friction
and is carried out both at increasing and at decreasing poweforce at the solid-film interface is given by
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16k 1 /-/.\'-f'-\ -./\..—-".\-R . i FIG. 3. Slip time of Kr on gold measured at 85 K with quartz 1,
. L S | before and after the normalization procedure.
-
~ L2 . T Obviously, the total friction force at the interface must be
£ the same in the two cases, since what we measure is the
g 08| . value ofF4,;., and then
=
§0_4 | i T= TstabMslab! 7= TsiabScontact! Selec™ TslapA /AT,
)
ool ety i where Af represents the measured frequency decrease cor-
' . . . rected for the hydrostatic effect and the viscous coupling to
3 4 s the vapot®'®andAf; is the frequency shift expected for the

AR adsorption of the first monolayer.
The above equation is valid for coverages less than 1
FIG. 2. Top: raw data of the resonance amplitude, measureghonolayer. Instead, for thicker solid films, the slip time is
with quartz 1 in vacuum and in the presence of 0.7 layers of Kr, amormalized according to the forméia
a function of the increasing generator output. Bottom: calculated

slip time as a function of the oscillating amplitude of the quartz 7= TgapA T /AT (6)
electrodes. which explicitly takes into account the fact that the friction
force is generated at the interface between the substrate and
Fric = = MsiabSeled U film — Veled) (1) the adsorbate.

In the following graphs, we show the results of this nor-

which |mpI|p|tIy defme; the interfacial VISCOSIs ap- From malization to some real datasets. Figure 3 refers to the same
the acoustical analysis of the combined quartz-film-vapor

svstem model. such a quantity is also related to the decreaexperimental run illustrated in Fig. 1, before and after nor-
Sy : ’ q Y ; . alization. The two curves coincide at high film coverages,
in amplitude of the oscillator via the acoustic resistance o

the system. Accordingly, the slip time can be derived by theWth.3 they are significantly different at Ic_)wer values.

relation |m|I_arIy, Fig. 4 shows a set of amplitude scans taken at
three different coverages befo(®p graph and after(bot-
tom graph the same normalization procedure. The dataset

Tsiab= Primd/ Zsiap- 2) corresponding to 0.7 layers is the same of Fig. 2. Above the
o ] ) jumps, the normalized slip times are close to each other,
In reality, if the film coverage is less than 1 monolayer,insteadr,,, differs by more than a factor of 3 between 0.2

there will be regions of the electrodes surface covered withynq 0.7 layers.

atoms and others free. In other words, the true contact area

will be less than that geometric. In order to be consistent

with this picture, formulal) has to be rewritten as V- EXPERIMENTAL RESULTS

The isotherms presented in the previous graphs display a

Ftric=— 7Scontac{ Vfilm — Veled (3) jump separating a low coverage region, characterized by
slippage at the solid-fluid boundary, from a high coverage
and thus the corresponding slip time becomes region where the film, within our resolution, is locked to the
oscillating electrodes. This behavior is similar to what we
7= psiimd/ 7. (4)  recently observed in our laboratdf/An analogous pinning
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FIG. 5. Coverage scans of Kr on gold measured with quartz 2 at

97 K for three different amplitudes of oscillation.

1.0 |
age. Figure 6 shows datasets relative to three different sub-

monolayer coverages, obtained with quartz 2 at the tempera-
ture of 97 K. The top graph contains data acquired while
increasing the amplitude of oscillations, while the bottom
one displays the corresponding scans taken by decreasing
back to zero(We have decided to split the scans in two plots
only for clarity reason$.The data at increasing show dis-
5 3 . P tinctly that the depinning of the film from the substrate oc-
curs at different values of, depending on the coverage.
AR . e _
They also confirm that sliding is favored at lower coverages:
FIG. 4. Amplitude scans of Kr on gold measured with quartz 1the depinning threshold increases with film coverage. The
at 85 K for three Kr coverages befo(®p) and after(bottom) the pinning transition is instead Significantly lower than the cor-
normalization procedure. For clarity reasons, only the data at infesponding value measured while increastagVe have al-
creasing amplitude are shown. ready observed the same hysteresis analyzing data acquired
using crystal &
transition may have also been seen by Krim and co-workers This experimental observation of the transition from static
in a QCM study of Kr on silver, although the authors did nottg dynamic friction is in good qualitative agreement with
make any specific comment about the presence of a suddeixtensive computer simulations based on the Langevin equa-

jump in one of the published isotherrffsThe fact that, ex-
cept this possible case of pinning, they always find sliding of .,

7 (ns)

05

00 |-

Kr on gold is probably due to the larger driving amplitudes ! " ]
used in these measuremetit$® 151 f;jg'?sl?zr: / \ - _
Actually, the position of the pinning transition observed | s 02 1a§ers §ow \\. ]
during a coverage scan is found to depend on the oscillating. 0T ?~0-o‘gr_2\ \ . y
amplitude of the electrodes. Figure 5 shows a set of Kr iso-& [ s v G
therms measured with quartz crystal 2 at 97 K and corre-" *°T ' L

sponding to three different amplitudes. The slip time is nor- 4, U B-0-D—0—G-0-8-0-00-A-AA4 | . . o
malized as explained in the previous section and the ' ' ' ' ' ' ' ' ' '
coverage is plotted in a log scale for clarity reasons. At low o.
coverage, the curves practically coincide; as the coverage Lor ,’°1?<t%&£\--/\ T
increases, they show a broad maximum just before the pin-_
ning transition. Interestingly, we notice that such a transition & ;
is steplike at low amplitude and becomes distinctly more * | }i
rounded at highe’A. Similar behavior has been observed
with other quartz crystals. Currently, we are taking more sys- ) s . s
tematic data in order to better characterize this change ir AR
slope.

As mentioned earlier, a different way to take data consists FIG. 6. Amplitude scans of Kr on gold acquired using quartz 2
in amplitude scans at constant temperature and film covert 97 K for three coverages.
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. v - T T T represents amplitude scans taken with quartz 2 at the same
A— after 1 day nominal experimental conditions but in different days. Dur-

---O---after 5 days | - . . . . .
— = after 10 days ing this period of time, the experiment has been always kept
Ak‘{ ] at low temperature and several measurements have been car-
:»\\« ried out at different temperatures and film coverages. Right
\A\.\ i after a cool down, on a fresh gold surface, a sharp depinning

N transition is observed to occur at=3 A. After five days,

kk\‘* the transition has moved #=3.7 A and the slip time has
decreased by a factor of 2. Finally, after 10 days, the transi-
o0 " . tion is very broad and=0.5 ns. The progressive disappear-
_f’- bD;f.\. o ance of the depinning transition is probably caused by the
- _f? '°"e.é 1 deposition onto the gold electrodes of foreign molecules
which likely act as pinning centers. Actually, after these runs
é . ; . ;; = the resonance frequency in vacuum decreased-RyHz

with respect to the initial value right after the cool down. We
A4 believe that these impurities are mainly due to the outgassing

FIG. 7. Amplitude scans corresponding to a film of 0.05 IayersOf the gas system anpl dqsmg tubes Whlc.h are pqmpeq down
measured with quartz 2 at 97 K and obtained by repeating théq 10, Torr. Cont.amlnlatloln. from the dosing gas is unlikely
measurement after 1, 5, and 10 days from the first cool down, ~ 9iven its high purity(scientific gradgand the use of a cold

trap in the gas handling system. For a more systematic study
tion carried out by Persson, who found similar hysteresisOf this effe_ct, it would be necessary to quantify the surface
loops in his study of a model system of molecules adsorbed€fects with, for example, an AFM/STM probe; unfortu-
on a regular lattice and subject to a tangential fdrbethis ~ Nately, with our current setup we cannot do it.
model, the adsorbate molecules interact with each other via a
Lennard-Jones pair potential and the adsorbate-substrate in-
teraction potential is assumed to be a simple cosine corruga- V. CONCLUSIONS
tion along the two planar directionsandy. The observed
hysteresis and nonlinearity with respect to the external ap- We have employed the quartz-crystal microbalance tech-
plied force are explained in terms of the melting of a solidnique to measure nonlinear sliding friction of thin Kr films
commensurate film. As the driving amplitude increases fromydsorbed on gold substrates. A novel normalization proce-
zero, the ordered structure prevails and there is no slidingyre of the slip time has been introduced to account for the
until A reaches a certain critical value. At this depinning g4ynamic response of thin films in the submonolayer region.
value, the sliding velocity increases abruptly and the fllmBy increasing the oscillating amplitude of the quartz elec-

becomes fluidlike. When decreasiAgthe film goes back to 0 oc and, accordingly, the force of inertia acting tangen-

|t§ initial statg at a much lower amphtlude. The return to thetiaIIy on the Kr atoms, a transition from static to dynamic
pinned state is found to be a nucleation process.

Needless to sav. a more quantitative comparison betwe efriction has been observed with two different quartz crystals.
Y, q P Rs the driving amplitude is decreased back to zero, the slip

experiment and simulation is not possible at this stage. The q ib d hvst is | imilar to what
reasons are simply that the theoretical model is probably to me gdescribes a pronounced nysIeresis 1oop, simiiar to wha
ound in computer simulations. Quantitative comparisons be-

simple and that our gold surface is not regular. The elec: o i x
trodes evaporated in vacuum are likely to have a polycrystwee” the nanofriction Qata acq.u.lred with the two quartz
talline surface with &111) texture, chemically pure but with Plates at the same nominal conditions suggest that the mor-
a rough profile and possibly covered during the experiment@hology of the surface electrodes strongly affect these phe-
by some foreign particles which may act as pinning centerslomena. The influence of the surface d_efect_s has been more
Actually, depinning transitions observed with different directly observed through the progressive disappearance of
quartz crystals at the same nominal conditions suggest th##€ depinning transition with time, which shows that the con-
the microscopic state of the electrodes surface plays a majégmination of the gold surface by foreign particles drastically
role in our measurements as expected. Data taken with tH&duces the slippage. We would like to conclude by pointing
same quartz crystal but at different times may also lookout that a more comprehensive understanding of these phe-
somewhat different. For example, the adsorption isotherm§omena requires the use of very homogeneous and well char-
reported in Fig. 5 always show sliding of Kr for Coverages_actenzed surf_aces and the measurements must be performed
<0.4 layers and amplitudes greater than 2.8 A with a charln @ UHV environment.

acteristic slip time~2 ns. Instead, the amplitude scans indi-

cate that forA=2.8 A there is pinning of a 0.2-layer film and

sliding of thinner films but withr~1 ns. These two sets of ACKNOWLEDGMENT
data have been taken in different weeks and this may have
caused a change in the gold surface. This work has been supported by UniversitaPadova

Figure 7 further corroborates such an interpretation. Iand INFM-PRA Nanorub.
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