Chapter 6
Non-contact Friction

Marcin Kisiel, Markus Samadashvili, Urs Gysin and Ernst Meyer

Abstract Our understanding of friction and mechanism of energy dissipation has
undoubtedly experienced a tremendous profit after the introduction of scanning probe
microscopy. Nowadays the tribological response of a sliding asperity can be easily
traced down to the atomic scale. Still, many important aspects of friction on the
nanoscale are scarcely studied. Among them we can easily recognize the dissipation
accompanying the motion of a nano-object in close proximity to a solid surface.
An example, which is quite suitable for experimental investigations, is given by
the oscillations of a tiny pendulum. Here we report on different mechanisms of
energy loss—for instance probably the most common Joule dissipation. Next we
demonstrate that pendulum oscillations are expected to induce both phononic and
electronic excitations in the underlying surface and the clear distinction between them
is possible while working over metal/superconductor phase transition. Finally, we
describe an example of coupling of mechanical oscillator to the charge-density-wave
phase, an exquisitely subtle long-range order property of matter.

6.1 Introduction: Dissipation at Large Separation

Friction force has a pivotal role in nature and our everyday life is full of examples
of frictional processes. When two macroscopic bodies slide in contact energy is
dissipated due to friction [1, 2]. Sometimes it is desired, like in case of brakes in
the bicycle, sometimes unwelcome—when you ask yourself why your automated
coffee machine broke for the third time. In nanoscale, a tiny friction force is present
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Fig. 6.1 Schematic view of
the oscillating cantilever in
the pendulum geometry

when bodies in relative motion are separated by few nanometer gap [3-5]. This
non-contact form of friction might be successfully measured by highly sensitive
cantilever oscillating like a tiny pendulum over the surface as it is shown in Fig. 6.1
[5-8]. The elusive non-contact friction might by due to vdW interaction, which is
mediated by the long-range electromagnetic fields or in many cases by fluctuations
of static surface charges arising from material inhomogeneities [9]. It also strongly
depends on the bias voltage between tip and sample. The non-contact friction or we
should rather say energy dissipation is a non-reversible process, where the kinetic
energy of the damped oscillator is transferred into heat, which is observed as a decay
in time of the cantilever amplitude. The amplitude drops until the thermal equilibrium
is reached. Both decay time t and equilibrium fluctuations x(#) contain information
about the dissipative process. The quality factor Q is equal to:

Two

0= - (6.1

and the corresponding damping coefficient is given by:

k

= ——
w0

(6.2)

where k is the spring constant and wy is oscillation frequency of the cantilever. It
is obvious (6.2), that the smallest spring constant k and the highest quality factor O
imply higher non-contact friction sensitivity. Cantilevers with these features are also
very force sensitive. The minimal detectable force Fi, is given by the formula:

2kpTT Aw
Finin =/ ———— (6.3)
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where kp is the Boltzmann constant, 7 and A are the temperature and the bandwidth
of the measurement. Any change of the friction coefficient I" is always accompanied
by a change of the minimal detectable force.

In case of an extremely soft cantilever characterised by spring constant k =
130 wN/m, the quality factor Q = 250,000 and the resonance frequency fy = 6kHz
the non-contact friction is in the order of I" = 10~ “ kg/s.

Approaching soft cantilever to the surface will open new dissipation channels,
however the tip-surface interaction will immediately provoke cantilever snap into
contact. That will happen on every surface when the attractive force gradient is
larger then cantilever spring constant. An easy way to overcome this obstacle is to
oscillate the cantilever in a pendulum geometry. This way the cantilever is oriented
perpendicularly to the surface and oscillates like a tiny pendulum over it.

In this chapter several experiments reporting on non-contact friction are dis-
cussed. Next section concerns the experimental tool designed to study non-contact
friction—the Atomic Force Microscope (AFM) operating in pendulum geometry. We
next discuss the mechanisms influencing internal dissipation of the sensor, as they
strongly limit our measurement sensitivity. In order to introduce non-contact friction
itself, few mechanisms leading to this phenomena are discussed in the following
section. Finally three experiments dealing with non-contact friction are reported.
This part is structured as follows: first, experiment on y -irradiated quartz sample is
discussed. It was found that non-contact friction increases at separations of 30 nm.
In this case long-range dissipation is related to the long-range electrostatic forces
and distance dependence of the contact potential was found to influence the non-
contact friction. Next we discuss the experiment on superconducting Nb surface
which allowed to distinguish between electronic and phononic dissipation channels.
The last part reports on experiment on NbSe, surface, where the non-contact friction
is caused by the hysteretic switching of the charge density wave provoked by the
oscillating tip.

6.2 The Pendulum AFM System

6.2.1 The Microscope

The results reported in this chapter were obtained by means of pendulum AFM
located at University of Basel with the capability of working under Ultra High
Vacuum (UHV) (p < 10~ 19 mbar) as well as cryogenic conditions (T = 5K). The
setup of the microscope is shown in Fig. 6.2 and is described in details elsewhere [ 10].

Itis worth to mention that the beam deflection detection technique [11] was chosen
to measure the cantilever oscillations. The technique does not rely on a laser light
source with along coherence length. Instead superluminescent diodes (e.g. Superlum
SLD-381-MP3 or Hamamatsu SLD) with lower noise levels are used as a light source.
The cantilever motion is controlled by means of standard Phase-Lock-Loop (PLL)
electronics where the detection of the frequency, amplitude and phase are performed.
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Fig. 6.2 The UHV system is shown in figure (a) with the top loaded cryostat. The microscope
itself is shown in (b), where / (red) is the microscope holder, 2 (green) the mirrors of the beam
deflection detection system, 3 (dark blue) the cantilever itself, 4 (violet) the sample holder and 5
(light blue) the STM shielded current line

In order to maintain the amplitude of oscillation constant the excitation voltage is
brought back to the shaking piezo.

The pendulum AFM is not an overwhelming imaging tool and the atomic resolu-
tion is hard to reach. The capability to acquire a topography information is limited due
to the lateral oscillation and the spacial averaging is performed in every topographic
pixel. The strength of the pendulum geometry lays in the spectroscopy.

6.2.2 Internal Friction of the Cantilever

The experimentally determined cantilever damping I” is a superposition of different
ingredients:
r(Tr,p,E,B,d,..)=1Iy+ Irts (6.4)

and depends in general on temperature 7, pressure p and external electric £ and
magnetic B fields. The influence of the electromagnetic field plays a role in case of
tip-sample proximity. This effect leads to a distance dependent friction coefficient
I'rs(d) at small tip sample separations [5—7, 12—14]. The internal friction of the
cantilever Iy describes the friction losses which occur while bending of the cantilever
and several components might be distinguished:

1. Viscous damping due to the presence of gases,
2. Energy losses due to clamping of the cantilever,
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3. Thermoelastic damping,
4. Bulk and surface energy looses.

To minimize the viscous damping which occurs due to inelastic scattering between
the vibrating cantilever and gas molecules cantilever has to be operated under vacuum
conditions. At pressures below p < 10° mbar viscous damping is negligible [15]. The
second effect might be partly eliminated by means of rigid clamping and avoiding
of glues with high damping rates [16].

Periodic compression and expansion of oscillating cantilever causes heat flow
between compressed and expanded areas. The energy loss due to local heating of
the cantilever is known as a thermoelastic damping. The thermoelastic damping
is the dominant loss mechanism at room temperature [17]. At temperatures below
T < 200K other mechanisms start to dominate such as bulk or surface losses.

Bulk and surface losses due to scattering of elastic waves on defects present on the
surface or in the bulk are dominant loss mechanisms at low temperatures. The time
dependent stress field changes the energy landscape of the defects and the instabilities
of those might occur. The effect is related to jumps of the atoms between different
equilibrium positions. This effect is temperature dependent and dissipation versus
temperature curves show Debye activation peaks. In case of Silicon cantilever Debye
peak is observed often at T = 30K [18]. Another peak positioned at 7 = 160K
cannot be related to such an activation peak because of too high activation barrier. It
is also observed that the peak does not shift with the resonance frequency, which is
not in agreement with the simple activation energy model. It has been observed that
the 160K peak is reduced after annealing the cantilever under vacuum conditions
and the authors suggest that it is related to an existence of adsorbate layer [18]. In fact
coating of cantilevers leads to a strong increase of dissipation. The rise of I is owing
to the phonon scattering on grain boundaries because of polycrystalline nature of the
coating layer. The presence of adsorbates (H»> O or hydrocarbons) also have a negative
impact on the internal friction. It has been shown that annealing at temperatures up to
about 700 °C under ultra high vacuum conditions leads to substantial reduction of
dissipation [19, 20]. Figure 6.3 demonstrates the improvement of pristine quality
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factor of 62,000 by an order of magnitude after 6 h annealing at temperatures below
at 500 °C. Further annealing improved the quality factor to 1,200,000 as measured
in T = 77K. The increase of sensitivity is mainly due to removal of weakly bounded
molecules from the cantilever surface or alternatively the amount of surface/bulk
defects is reduced. It is also known that long term annealing leads to negligible
amount of localized charges at the end of the probing tip.

6.3 Non-contact Friction Due to Tip-Sample Interaction

Approaching the cantilever close to a surface leads to distance d dependent dissipa-
tion I'rs(d). Experimentally there are three methods to determine the non-contact
friction: ring-down measurements, the measurement of the excitation voltage Aexc
which is needed to maintain constant amplitude of oscillation and the measurement
of the power spectral density S(w) of the cantilever fluctuations [6, 21].

In the first method the I" is determined from the decay time 7 of the cantilever
oscillations using the relations (6.1) and (6.2). In this method, the cantilever is oscil-
lating at its resonant frequency with a constant amplitude until the driving voltage
Aexc 1s suddenly switched off and the oscillations decay towards thermal equilibrium
with a characteristic time 7 (see Fig.6.3). This method apply to the sensors with
relatively large quality factors Q.

Usually the cantilever oscillations are controlled by means of phase-locked loop
(PLL) feedback system, where the phase between constant amplitude cantilever oscil-
lation signal and cantilever excitation Aey. is locked. This way the frequency shift Af
caused by the tip sample interaction is measured. The friction coefficient is calculated
according to a formula:

I =r (Aexc(d) _@) (6 3)
-0 Aexc,O fO ' ’

where [ is the internal cantilever dissipation, measured at large tip-sample separa-
tion, Aexc(d) and f (d) are the distance dependent excitation amplitude (as measured
by the excitation voltage needed to excite the cantilever at constant oscillation ampli-
tude A) and frequency of the cantilever and the suffix zero refers to the free cantilever.
Both methods are complementary as it is demonstrated in Fig. 6.4.

Quantities like the frequency noise dw of cantilever which oscillates with an
amplitude xy at its resonance frequency wo depend on the dissipation " [21]:

2kgTT" A
S = [ kBL 2@ (6.6)
xok 3

The oscillator frequency noise dw is influenced by I" and the temperature 7. It is
therefore possible to quantitatively measure the non-contact friction based on power
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Fig. 6.4 The non-contact friction coefficient I" and dissipated power P as a function of distance
from Cu(110) surface measured by means of ring down method (red squares) and by measurement of
the excitation voltage A, (gray line), (6.5). Cantilever and sample temperature was equal 7 = 77K

spectral density of the . The power spectral noise density S(w)>Aw = Sw? can be
estimated in a narrow bandwidth as follows:

2kp T3

2 _
YN = T

(6.7)

6.4 Origins of Non-contact Friction

When contact friction deals with two bodies being close enough to interact chemi-
cally, the non-contact energy dissipation appears at any distance larger than chemical
interaction range. The range of the interacting force determines the distance depen-
dency of the friction coefficient I'rs and thus it is possible to distinguish between
long-range and short-range friction forces. The non-contact friction mechanisms are
still the subject of ongoing discussion, since the theoretically predicted values [3, 4]
might be sometimes orders of magnitude smaller than experimentally observed ones
[5, 6, 14, 22]. An overview of main dissipation mechanisms is presented below.

6.4.1 Phononic Friction

The non-contact friction by phonon creation of two interacting surfaces is only
observed for realtively small tip sample separations, when the force acting on the
surface is large. It implies the existence of tiny deformation of the surfaces induced
by attractive van der Waals or electrostatic interaction. The oscillating cantilever tip
over the surface of an elastic body might create the the time dependent stress field
and thus excites acoustic waves parallel to the surface. In this case the energy is dis-
sipated into emission of acoustic phonons. The situation is schematically sketched
in Fig. 6.5a [23].



100 M. Kisiel et al.

(a) phononic friction
-

(b) Joute dissipation (€) van der waals friction
T r

mirror virtual
charge photon
creation cmission

Fig. 6.5 Phononic friction appears at small tip sample separation. A surface deformation occurs
and is dragged along with the tip movement. Upon the spatial variation of this deformation phonons
are created and energy loss occurs (a). Joule dissipation takes place if non compensated charges
situated on the surface or on the tip move through resistive media. The spatial variation creates a
displacement current in tip/sample and the energy is lost to Joule heating (b). The van der Waals
friction arises from the van der Waals force owing to dipole fluctuations or random currents. This is
equivalent to emission of real/virtual photon to the surface. The re-emitted photon is absorbed back
in the tip. The friction arises due to the fact, that the initial photon compared the the reabsorbed one
are Doppler shifted (c)

6.4.2 Joule Dissipation

The Joule dissipation is present due to electrostatic forces which arise from permanent
or fluctuating charges situated on the tip or/and the surface. The charge induced on the
other surface follows the tip motion and experiences a resistive loss [13]. The charge
interaction is strongly enhanced by biasing a tip. If a voltage U is applied between
tip and sample, the system acts as a distance dependent capacitance. Due to the
amplitude x( of the driven oscillator, the capacitance varies accordingly. The change
of capacitance generates an alternating displacement current in the tip or sample
upon the oscillation at the driving frequency wg. The dynamic distance is then given
by z(#) = zo + xo cos(wpt). Further, we can write the displacement current D as:

aC aC o
P =v=""%y (6.8)
ot dz adt
and the dissipated power:
2 aC g 2.2 2 -2
Pyoule = Ri—sD7 (1) = Ri— FA U~ xgay sin” (wot) (6.9)

where R,_; is the electrical resistance of the tip and sample. The average power
dissipated (Pjoule) in one single oscillation cycle is equal:



6 Non-contact Friction 101

aC g 2.2 2
(Proute) = TR, —s 8_2 U xjwyp (6.10)

6.4.3 van der Waals Friction

The van der Waals friction is a dissipative analogue of the conservative van der Waals
force. Both mechanisms rely on the same physics. The force arises from the quantum
fluctuation of the electron density, when a spontaneous dipole is created. The short
lived dipole interacts with a nearby surface via a photon exchange and induces a
dipole moment. The induced dipole re-emits a photon to the original one and a force
arises between the two dipoles. When two bodies are in relative motion with respect
to each other the friction force occurs owing to the Doppler shift of the exchanged
photon. The situation is shown in Fig.6.5c. The calculation of the van der Waals
friction is more complex than the force, since it originates from the electromagnetic
field fluctuations with moving boundary conditions. The literature approaches the
solution by regarding each surface in its reference frame. The relation between the
two electromagnetic fields of each reference frame is determined by the Lorentz
transformation [3, 4]. Since, I" originates from the stochastic electromagnetic field
fluctuations, the energy loss might be calculated by means of fluctuation-dissipation
theorem [24, 25]. For non-contact friction coefficient we obtain:

l o
I" o« kB_T/o ((t0)£(r1)) (6.11)

where f(¢) is random force which obeys (f(#)) = 0 and (f(#9)f(¢1)) is the autocor-
relation function of the random force. The theory of van der Waals friction is more
complex than conservative van der Waals force and up to now there is no unified
understanding of it. Many theories [3, 26-28] lead to different scaling laws and large
differences in the magnitude of the friction force. Experimentally, the problem is
challenging, as well. Stipe and co-workers probably came closest to measuring the
tiny vdW friction [5].

6.5 Dissipation at Large Separation

Dissipation due to electromagnetic interaction was first observed by Denk and Pohl
[13]. Subsequent measurements [5] showed substantial electrostatic dissipation at
separations of 1-200 nm measured by means of ultrasensitve force sensors oscillating
in pendulum geometry. Friction coefficients of the order of 10~!3 kg/s between gold
coated tip and metal substrate were reported. The distance dependence of the friction
coefficient scales with a power law I" o« d~" with an exponent n = 1.3. Volokitin
et al. [3, 4] have found those data consistent with dissipation between a spherical
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Fig. 6.6 Voltage-dependence of the normal force (F) and friction coefficient (I”) at tip distance
of d = 250nm from 20nm thick gold film. The quadratic behaviour of the normal force and the
friction coefficient with respect to bias voltage indicate that non-contact friction has electrostatic
origin. Data from [20]

tip and the clean metal surface. Their calculation showed that dissipation caused by
fluctuations of the contact potential scales with the exponent n = 1.5.

Rast and collaborators performed similar experiment under ultra high vacuum
conditions and at temperature 7 = 7K [20]. They used a magnetic Co-Sm tip
oscillating in proximity of y-irradiated quartz substrate coated subsequently with
20nm of gold. As it is shown in Fig.6.6 both conservative and dissipative forces
increase and obey the parabolic behaviour when the bias voltage is applied. The
quadratic behaviour of I" versus bias voltage is direct evidence of the electronic ori-
gin of friction [3-5]. In this particular case the time dependent electric field induces
local electric currents in the sample and/or the cantilever. Moreover, the authors
noticed strong dependence of contact potential on distance, presumably due to tip
averaging over areas with different work functions. Both non-contact friction and
force have a minimum exactly when the contact potential between tip and sample is
compensated i.e. V = +20mV, therefore it is important to compensate the contact
potential in order to establish the minimum friction coefficients.

Compensating the contact potential allows us to investigate the friction force
which is not dominated by Joule losses. Figure 6.7 shows the distance d dependence
of the friction coefficient as a function of distance with compensated contact potential.
Absolute values are between 1 x 10~!3 kg/s down to 5 x 10~'% kg/s at d > 30nm
where the dissipation is mainly governed by internal friction. At separations below
30 nm the friction coefficient is larger than the internal friction of the cantilever
and non-reversible energy flow between tip and sample is observed. Volokitin et al.
[3, 4] calculated the friction coefficient of a tip separated by a distance d generated
by a van der Waals friction force in dielectrics. For a cylindrical tip with radius R
and width w the calculated friction coefficient scales with d~/2, which is in good
agreement with the data. The friction might then occur due to fluctuating defects
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Fig.6.7 Distance dependence of the non-contact friction coefficient for compensated contact poten-
tial at separations between 1-100nm. At distance up to 30nm friction scales with inverse power
law I" oc d7". At a separation larger than 30 nm the friction is governed by the internal friction I
of the cantilever. Temperature of the measurement 7 = 7 K. Data from [20]

in the quartz crystal. The higher the defect concentration the higher the value of
distance dependent friction coefficient. However, the 20 nm thick gold film prevents
a penetrating of the electrical field into the nonconducting substrate, so that damping
effects by this mechanism are minimized. A metal film always consists of a number
of crystallites whose work function depend of the crystal orientation. The magnet
tip also consists of numerous of crystals. Electrical fields always exist between the
crystal boundaries with different work function. and the external bias voltage never
compensates globally the electrical field. The non compensated electrical fields are
decisive for the friction losses.

6.6 Suppression of Electronic Friction
in the Superconducting State

The pendulum AFM tip oscillating in close proximity to a substrate might induce
phononic excitations. An easy way to distinguish between electronic and phononic
contribution to non-contact friction is to work across the metal/superconductor tran-
sition. In order to estimate the phononic and electronic contributions, Kisiel et al.
[6] oscillate the pendulum cantilever over a 150 nm thick Nb film. The ultrasensitive
cantilever with spring constant k = 30 mN/m and resonance frequency f = 5.3kHz
was used. After long term annealing under UHV condition the internal dissipation
was improved and equal to I = 2.0 x 10~'%kg/s at temperature T = 6 K. The can-
tilever end was exposed to focus ion beam (FIB) to form a sharp tip with spherical
apex, approximately 50nm in diameter (inset in Fig. 6.8). The oscillation amplitude
A = 5nm was kept constant during the measurement.

The dependence of the friction coefficient on the temperature is shown in Fig. 6.8.
During the measurement the tip sample distance d = 0.5 nm was kept constant and
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Fig. 6.8 Temperature
variation of the non-contact
friction coefficient across
T, = 9.2K of Nb surface.
The green line is a fit of
(6.12) to the measured data.
Inset the focused ion beam
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experiment
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the contact potential between tip and sample was compensated. The non-contact
friction was measured by means of ring down method (see Fig. 6.3). The non-contact
friction coefficient rises by a factor of three when the critical temperature 7 is
approached from below and levels off in the normal state. It is equal to 25 peV/cycle
in superconducting phase and rises to 80 peV/cycle in a metallic phase. The character
of the friction coefficient in the vicinity of 7, = 9.2K is smooth as predicted by
BCS (Bardeen-Cooper-Schrieffer) theory of superconductivity [29]. Persson [30, 31]
realized that friction over superconducting phase transition is owing to the acoustic
attenuation of the longitudinal acoustic phonons known from BCS theory. The surface
contribution to the friction is given by temperature dependent formula:

Lurt (T 2
surf(T) ~ (6.12)
Fout(Te) — exp (A(T)/kpT) + 1
where A(T) is the temperature dependent energy band gap:
kT,
AT)=C ——B¢ (6.13)

JT=T/To

The data shown in Fig. 6.8 agree with (6.12) and the fit parameteris C = 3.8 = 0.7.
That is in relatively good agreement with BCS theory established value—C = 3.5.
Based on those data the simplified mechanism might be sketched. In the supercon-
ducting phase, the electrons lose their identity and form Cooper pairs. Therefore, the
energy is lost only to the emission of phonons. The acoustic wave created by oscillat-
ing tip interacts only with the normal electrons near the Fermi surface. Close to 7¢ the
normal electron population is gradually growing and the acoustic wave attenuation
rises due to electron-phonon scattering, which causes an onset of dissipation.

Further measurements of voltage V and distance d dependent friction support the
hypothesis of separation of phononic and electronic channels. In Fig. 6.9 the I"(V)
is shown in metallic state (T = 13K) and in superconducting state (7 = 5.8 K),
both acquired at the same tip sample distance d = 0.5 nm. In the normal state data
follow a quadratic dependence I" (V) o V2, as expected for dissipation due to ohmic
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Fig. 6.9 The non-contact friction as a function of the bias voltage. The data were acquired in
superconducting (red) and normal (green) state. The dissipation has a parabolic dependence in
metallic state, while I" oc V* for superconducting state of Nb. The tip sample distance is constant
and equal d = 0.5nm

looses [3, 4], In contrary to that in the superconducting state the friction depends on
the fourth power of voltage—I"' (V) « V4. Volokitin et al. [3, 4] calculated the
non-contact friction between spherical tip oscillating laterally above the elastic
surface. The friction is proportional to the second power of the static force—I" oc F2.
Since F oc V2, the friction coefficient has to vary as a fourth power of the voltage,
which is in very good agreement with the measurement.

Dependence of the friction coefficient I" on distance d for metallic and supercon-
ducting phase is shown in Fig. 6.10. The distance changes in between 0 < d < 3nm
and the contact potential is compensated. In normal state clear rise of dissipation is
visible few nanometers away from the surface, otherwise as in the case of supercon-
ducting Nb state. The fit of the inverse power low function I" o« d~" to the exper-
imental data gives n = 1.0+0.1 and n = 3.8 £0.3, respectively for normal and
superconducting state. In normal state the distance dependence is in good agreement
with the results obtained by Stipe et.al (n = 1.3) [5]. In the case of phononic friction,
Lifshitz theory of van der Waals interaction [32] predicts that elastic stress leads to
a vdW force F(d) « d—2. Thus the phononic friction should vary as I, o< d 4 and
the experimental value is in excellent agreement with this prediction.

6.7 The Non-contact Friction Due to Phase Slips
of the Charge Density Wave (CDW) in NbSe, Sample

So far we reported on dissipation due to linear response of the system under study. The
non-contact friction in that case has a form of viscous drag. It this section we report
on experiment when dissipation is produced by cycle of hysteretic processes induced
in the sample by oscillating cantilever tip [7]. The measured sample is NbSe,—an
intercalated dichalcogenide compound with bulk charge density wave (CDW) state
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Fig. 6.11 a STM image of NbSe, surface obtained at 7 = 6 K. b The energy dissipation as a func-
tion of tip NbSe; sample distance for compensated contact potential difference. Three dissipation
spikes positioned few nanometers above the surface are clearly visible

accompanied by periodic lattice distortion (PLD). Figure 6.11a shows the atomically
resolved surface topography with the additional CDW induced Moire pattern, which
is incommensurate with underlying lattice. Layered dichalchogenides have long been
known for their phase transitions leading to picometre-sized superstructure lattice
distortions and corresponding new electronic periodicities in their low-temperature
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ground state [33]. Lots of their properties, namely nonlinear conductivity, Shapiro
steps are related to the CDW motion under the external voltage.

The probe consisted of a soft cantilever (ATEC-CONT from Nanosensors) with
spring constant k = 120 mN/m, the resonance frequency f = 12kHz, quality factor
Q = 9 x 10’ and a friction coefficient Iy = 1.7 x 1012 kg/s (at 6 K). Due to the
asymmetric tip design the cantilever lateral oscillatory motion also implies a normal
action. The lateral oscillation and the corresponding normal oscillation amplitudes
were equal to A = 5nm and Aporm = 180 pm, respectively. The dissipated energy
was calculated according to (6.5), meaning the recorded signal was the excitation
voltage needed to maintain constant oscillation amplitude. The distance dependence
of friction coefficient I" (d) shows striking multiple of dissipation peaks arising at few
nanometer distance from the surface, as shown in Fig.6.11b. The data are contrary
to most non-contact friction experiments, where the energy dissipation increases
smoothly as the tip approaches the surface [5, 6]. Here however, the train of peaks
on NbSe; surface is perfectly reproducible over well ordered surfaces. Moreover,
the temperature evolution of the peaks suggests a strong connection with the CDW.

The dissipated power P(z, V) versus tip sample distance z and tip sample bias
voltage V is shown in Fig.6.12. The bright features correspond to high dissipation
maximaup to P = 2meV/cycle. Within each dissipation branch the amount of energy
loss stays constant, independently on bias voltage V. The giant non-contact friction
maxima remain even after careful compensation of the contact potential difference

Dissipation (eV/cycle)
0 1 7l 3 ax0”

Z - distance (nm)

0.0 1.0 2.0
Bias voltage (V)

Fig. 6.12 Energy dissipation between NbSe, surface and oscillating pendulum AFM cantilever tip
versus tip sample voltage and tip sample distance. Bright features correspond to high dissipation
peaks. The peaks always follow the tip-sample interaction force (constant frequency shift contours
Af = —22Hz, Af = —30Hz, Af = —120Hz are indicated with dashed lines)
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(CPD) between the tip and the sample. In other words no matter the character of the
interaction force is van der Waals (V = Vcpp) or electrostatic (V' # Vcepp). More-
over, z(V) dependence of the particular dissipation branch has a parabolic behaviour.
For capacitively coupled conical tip and sample the force varies as F o V2 /z, mean-
ing that the each dissipation peak always follow the same tip-sample interaction
force. Indeed, the three dominant frictional maxima might be nicely superimposed
with dashed lines which correspond to contours of constant cantilever frequency shift
(constant conservative force)—Af = —22Hz, Af = —30Hz and Af = —120Hz—
as tip approaches the sample’s surface. The above observations mean that the effect
is force controlled rather than voltage controlled.

In order to understand the origin of dissipation spikes a theoretical model was
proposed, where the CDW is considered to be an elastic medium, perturbed locally
by the attractive potential of the cantilever tip [34, 35]. The CDW is described
through phase ¢ (x) and amplitude p(x) order parameters and the latter is assumed
to be constant in case of small perturbations. Thus only phase degree of freedom is
considered. The total energy is estimated according to equation:

Elp(x)] = /[(V<I>(x))2 + Vx)p(x)]ldx. (6.14)

Where first term is an elastic energy and the second stands for perturbation. The
energy given by (6.14) is next minimized in order to find the preferential shape of
the phase. This is shown in Fig. 6.13. For a given perturbation the charge peak below
the tip displaces (red solid line) and the resulting CDW phase is getting distorted
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Fig. 6.13 The calculated energy E as a function of distance d for locally perturbed elastic charge
density wave. The tip oscillation around crossover point (marked by a circle) causes hysteresis in
tip dynamics. Inset shows the charge density (solid lines) and phase (dashed lines) of the CDW
under the tip perturbation respectively for two different energy-distance curves



6 Non-contact Friction 109

(red dashed line). As the force reaches critical value the central peak disappears and
an extra 2m phase is pumped locally below the cantilever tip (green dashed line).
The energies for the two discussed phase deformations are shown in Fig.6.13 and
a crossover energy is marked by a circle. Oscillations close to a crossover point will
cause pumping in and out an extra 2 phase and thus be accompanied by a hysteresis
cycle in the tip mechanics. The hysteresis explains the giant size of dissipation peaks
despite the extremely low tip oscillation frequency. Approaching the tip further down,
there can be another phase slip explaining multiple dissipation peaks.

More sophisticated theoretical model taking into account the other dimensions,
namely y-intersurfaceplane, and z-intounderlying is presented elsewhere [36].

6.8 Conclusion

The contribution of non-contact friction to the friction force of a typical sliding
contact is about one billionth. Very soft silicon sensors with high quality factors
operated in pendulum geometry let us to measure those elusive friction forces.
Cantilever annealing under ultra high vacuum conditions improves the force sen-
sitivity by at least an order of magnitude. The effect is mainly due to removal of
adsorbates from the cantilever surface. Cooling to cryogenic temperatures reduces
the thermal fluctuations and lowers the internal friction further down. Approaching
the cantilever to the surface opens new dissipation channels. At large tip-sample
separations the long range Joule dissipation is dominant frictional process. Compen-
sation of the contact potential minimizes the contribution of Joule dissipation into
non-contact friction. A direct way to distinguish between electronic and phononic
contribution to friction is to work across the superconducting phase transition. It was
demonstrated that the non-contact friction coefficient is reduced by a factor of three
when the sample enters the superconducting state. The temperature behaviour of I”
was found to be in good agreement with BCS theory of superconductivity. Thus fric-
tion has an electronic character in normal metal state, whereas the phononic friction
dominates in the superconducting phase. The experiment on NbSe; surface reports
on dissipation being a result of hysteresis switching induced in the sample. It was
demonstrated that noncontact AFM dissipation dramatically peaks when an extra 27
phase is locally “pumped” into the phase of a charge-density-wave material surface,
by the mechanical oscillation of a tip hovering above the surface at a large distance
of one nanometer or more. Because states with and without the local 27 shift behave
as different branches of the energy in a simple phase-only model, their crossing is
expected to give rise to mechanical hysteresis, explaining the large dissipation of the
peaks even at extremely low oscillation frequencies.
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