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Friction and Thermolubrication
fluctuations and ‘universal’ behavior

Joost Frenken & Sergey Krylov

Kamerlingh Onnes Laboratory, Leiden University, Netherlands

@ Friction force microscopy

@ Atomic stick-slip: superlubricity and thermolubricity
@ Role of contact flexibility: surprising!

@ ‘Zoo’ of friction regimes...
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Prandtl - Tomlinson model (1929/1928)





Prandtl - Tomlinson model (1929/1928)
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How to lower U,: ‘Superlubricity’

Hirano & Shinjo et al. (1990, 1993, 1997)




Special friction-sensor: Tribolever™

Friction Force Hicroscoop

sensor

Ky =k, = 6.5 N/m
k, = 30.1 N/m

Etched tungsten tip
length of ~ 50 um
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A scanning metal tip (e.g.
W or Au) is placed in the
central hole of the cantilever

T. Zijlstra et al., Sensors and Actuators A: Physical 84 (2000) 18
M. Dienwiebel et al., Rev. Sci. Instrum. 76 (2005) 043704

4-fiber
interferometer




Lateral forces and dissipation

Force [pN]
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W-tip on graphite (HOPG) surface; Fy=35.8 nN

| ateral force variations:

atomic stick-slip

- Energy dissipation:
friction
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Effect of rotation: superlubricity!
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Dienwiebel et al., PRL 92 (2004) 126101



Width of the peak: flake diameter

Friction (pN)
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Dienwiebel et al., PRL 92 (2004) 126101



‘Loose’ flake
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Effect of torque on freely rotating flake
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Fillipov et al., Phys.Rev.Lett. 100 (2008)



Thermal excitations!





Thermal noise in the experiment




Simple theory with temperature

o .
Vo= (0 ) PP P

P; - probability to find the tip in well i

V - scanning velocity

X - support position

;" and r; - rates of activated jumps to
the right and to the left, resp.

Potential barriers are
known functions of X

S.Yu. Krylov et al., Phys. Rev. E 71, 065101(R) (2005)



Thermolubricity: theory+experiment
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S.Yu. Krylov et al., Phys. Rev. E 71, 065101(R) (2005)



There’'s a second spring: the tip
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There’'s a second spring: the tip .... apex

98% of deformation within
the first 100 atomic layers

F
k
m e <10°atoms = @, = E>lGHZ

D. Abel et al., Phys. Rev. Lett. 99, 166102 (2007)
S.Yu. Krylov et al., Phys. Rev. Lett. 97, 166103 (2006)



Two—mass—two-spring model

Total potential:

u(x,x,t)=§(w_x)2+g(x Cx) +U, ()

?
I T tip position
cantilever position
support position

Problem: ultra-slow motion of M and ultra-fast motion of m
Trick: combine Langevin dynamics for M:

MX =—k| X =x (X)]-K(X =Vt)-MnX + ¢
with Monte Carlo dynamics for m:
ry = 1r,exp(-U; /keT)

D. Abel et al., Phys. Rev. Lett. 99, 166102 (2007)



“Stuck —Iin — slipperiness’ regime

cantilever

tip apex
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Krylov et al., New J. Phys. 9 (2007) 398



‘Z00’ of regimes in FFM experiments

SL= superlubricity
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Krylov et al., New J. Phys. 9 (2007) 398



Smoking gun

Lateral force [ nN |
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S. Maier, et al., Phys. Rev. B 72 , 245418 (2005)



Smoking gun
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Also dramatic for strong potentials

Apparent potential corrugation [eV]
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Krylov et al., to be published



‘Universal’ behavior: hard cantilever
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‘Universal’

behavior: soft cantilever

0_3 - 0.0 |"| . . Ha fl _
A AWATREN ’
E 0.2, | W "-lr-'l.’l - III.'L.] /
= EXPERIMENT ]
W oy Mo 1
@ N | r‘\wl. | I.M { un'uu M, | ] /
Q02" LI, Y /
0.2 <, "'u [w) I ”""] LN p
L THEORY \ s
0.5 1.0 15 4
%

Friction force, <F> [nN]
o

o
o

Support position [nm] , ’

.Ui-'nn JH"I"le’JtLM w'h”?'* |"|.|‘1 Y

0.2 E}(F‘E RI ME NT

v

urey

!
¥

w\l M Hly |1| K lmf

THEORY

10 15

Support position [nm]

1
0.0 0.1

data from M. Dienwiebel et al.,

1 |
0.2 0.3

0.4
Maximal lateral force, <F__> [nN]

PRL92 , 126101 (2004)

1 1
0.5 0.6

Krylov et al., to be published



Summary

@ Proper FFM description: two springs with
two very different masses and time scales
plus thermal excitations

@ ‘Zoo’ of friction regimes

@ Measuring ‘stick-slip’ doesn’t guarantee
that the contact performs stick-slip...

@ Many FFM measurements may be affected
@ Universal curve(s)

Collaborators: Sergey Krylov (Inst. Phys. Chem., Moscow), Daniel Abel,

Hugo Valk, Joshua Dijksman



	Play: Yes


