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Instability and dissipation dynamics in atomic scale friction
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Abstract: Using two different methods, Frenkel-Kontorova (FK) model and equivalent coupled-oscilla-
tor model based on two-mass-two-spring model, we solve the dynamics of energy dissipation for several
types of coupling between the tip and the substrate. We find the unstable energy dissipation phenome-
non on the nanoscale and present a microscopic analysis of properties of energy dissipation via average
power dissipated and displacement of the particles relative to the center of mass for sinusoidal potential
as well as multiple-well periodic substrate potentials. The results are compared with the observations in

recent experiments based on friction force microscope (FFM).
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sliding, superlubricity and friction control are

1 Intr tion
oductio now successfully attainable and decipherable

[5-7]

Understanding friction is among few priori- down to the atomic level”™"'. Several theoretical

ties in nanoscience, where friction has to be con-
trolled at a nanoscale. Due to the fast progress of
scanning probe microscopy and computational
techniques, experimental and theoretical investi-
gations of friction have experienced an extraordi-

nary development'™*. The concepts of wearless

K EHE: 2015-12-24

investigations based on simple models and atomic
simulations revealed various physical phenomena,
such as the stick-slip process, thermolubricity,
structural phase transitions, etc™®'*, Further-
more, a significant amount of research efforts

have been devoted to reveal the mechanism of
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nano-friction, which is the most important not
only to understand friction but also to develope
micro- and nanoelectromechanical devices™ %,
The core issue is to ascertain how the kinetic en-
ergy of sliding contacts converts into heat. The
difficulty results from the remarkable complexity
found at the sliding interface, making an identifi-
cation of the fundamental mechanisms involved in
friction elusive. Recently several fundamental
mechanisms of energy dissipation in friction, i.
e. » electronic contributions and phononic contri-
butions, have been presented, which deal with

07181 These researches

this challenge properly
have illustrated how friction changes upon an ex-
clusive variation of the electronic and vibrational
properties of a surface, respectively.

A quantitative analysis of the energy dissipa-
tion, however, has remained several major issues
to be resolved. For one thing, the onset of sliding
friction and resonant energy transfer in one-di-
mensional models, such as the Frenkel-Kontorova
(FK) chain" and the Fermi-Pasta-Ulam lat-
tice™, have also attracted much recent atten-

[2022] © Resonant coupling leading to wide in-

tion
stability windows is found to be responsible for
energy dissipation in systems with a quasi-contin-
uous excitation spectrum. Nevertheless, much
remains to be understood with regard to dynamic
energy transfer channels in the superlubric slid-
ing, such as the effect of interactions between
particles of one-dimensional chain on the energy
dissipation. To this end, we perform numerical
computation with FK model which is useful for
studying the relative motion of particles. An in-
teresting phenomenon, that the displacements of
the most neighbouring particles relative to the
mass center are approximately equal, is found.
The novel unstable phenomena and its underlying
mechanism report should stimulate further exper-
imental and theoretical interest in achieving per-
sistent superlubricity for further nanomechanical
devices. For another, the possible role of velocity
in friction appears experimentally and theoretical-

ly. As was shown in a study by Quanshui Zheng

and co-workers, velocity range can play an impor-
tant role in the motion of the tip along the sur-

facel?

One objective of our work is to develop
an equivalent coupled-oscillator model, by which
we can incorporate the average power dissipated
of sliding friction into the quantitative study, ba-
sing on the two-mass-two-spring model corre-
sponding to friction force microscope (FFM)
measuring system"'*l, We have observed a peak of
energy dissipation appearing at a well-defined tip
velocity of the order of approximately 0. 1-1 m/s
and interpreted Zheng’s experimental results ac-
cordingly.

The organization of the paper is as follows.
In Sec. 2 we briefly describe the theoretical model
and methods. Sec. 3 is devoted to the presenta-
tion of the simulation results concerning instabili-
ty and power dissipation. Conclusions are given in

the last section.

2 Theoretical approach

2.1 FK model

In its simplest form, the standard FK model
describes the interaction of a one-dimensional
chain of particles with a rigid, modulated sub-
strate potential. Particles within the chain inter-
act via a nearest-neighbor harmonic potential.
Some important generalizations of the FK model
have already been considered by studying more

12247, as well as

general types of substrate potentia
anharmonic interactions which may vary substan-
tially from the regular one assumed in the stand-
ard FK model™",

In this paper, we consider the FK model con-
sists of a harmonic linear chain of particles of
mass m, with period a,. The spring constant be-
tween the particles is k. The model can be en-
riched by considering the dynamics of the parti-
cles. We include the kinetic energy of the parti-

cles by defining z = /7, » where ¢ is the time and z,
= /my/k. We express all energies in units of E,
= ka{, times in units of r, and lengths in units of
a.

For an external sinusoidal periodic potential
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with period a, and amplitude U, /2 7, the resulting

equation of motion can be written as

dZ i

dz_lug = (pior T i —2p) +
A sin Zmpt *}7% @)
a, a, dr

where p; =u;/a, is the position of particle i of the
chain representing a sliding body. a, =a,/a, is the
ratio between the period of the external potential
and the unextended equilibrium length of the
chain. This ratio can be a rational number and the
situation is called commensurate, or the ratio is
an irrational number and the situation is called in-
commensurate, ¥ = ¥r, is the friction constant.
The depth of the external potential is depicted by
A = U,/E,, which gives an estimate of the domi-
nant term in the potential energy.

For a multiple-well periodic substrate, we

consider the following equations of motion

dZ i
T G T e
.2 .2 : ~ :
A(smﬁ% +sm%) *}/% (2)
a, ag dr

The two lengths a. and ¢ = &S/ﬁ of the substrate
potential are chosen to be mutually commensu-
rate, i. e. »a./c =M, /M, , with M, and M, as inte-
ger numbers. This means that the periodicity of
the substrate turns out to be T = M,a. = M,c.
To study the dynamics of the system, we
solve the equations of motion numerically by u-
sing the Verlet velocity algorithm with a step of
7,/10° and calculate the positions of the particles,

N
the position Q = (1/N)Z;1; and velocity P =

y i=1
(1/N) Z % of the centre of mass (CM).
i—1
2.2 Equivalent coupled-oscillator model
In general, the two-mass-two-spring model
describing FFM measuring system is demonstra-
ted using two coupled Langevin-type equations of

26273 one for the cantilever and tip combi-

motion
nation with coordinate X as well as mass M, and
the other for the tip apex with coordinate x and

effective mass m moving with respect to X. For a

one-dimensional geometry and a sinusoidal apex-
surface interaction, U, = (U,/2)[1 — cos (2nz/
a)], with the amplitude of the potential corruga-
tion U, and the substrate lattice period a. To in-
vestigate the power dissipation of the system, an
equivalent coupled-oscillator model is developed,
as shown in Fig. 1. Action that the substrate sur-
face imposes on the tip apex can be substituted by
a periodical driving force. The dynamical behavior
of the system is governed by the equivalent cou-

pled Langevin equations:

2
M%X:—KXva(x—X)—

d
M}/M (EX +R;\/1(t) (3)
d* B . d
mﬁxf k(x—X) my,”dter
R, () +F() 4

Here, Eq. (3) describes the motion of the cantile-
ver, and Eq. (4) describes the motion of the tip
apex; K and % denote the stiffness of the cantile-
ver and of the tip apex, respectively; F(z) is peri-
odic driving force. Ry (t)and R,,(¢) are white noi-
ses satisfying the fluctuation-dissipation relations
<Ry (t))Ry(t,) > =2Myyk ;TS (t, —t,) and <R,
(t))R,, (1) >=2my kTSt —1,).

In order to study the response of the coupled-
oscillator to the Fourier component of driving
force, the noise has been artificially switched off
completely. Let’s drive the syetem with a force
F(t) = F, exp(— iwt) of specific frequency w =
27V/a, whereV is the velocity of the support cor-
responding to the two-mass-two-spring model.
The solutions of Fourier component of displace-
ments can be written as X = X, exp(—iwt) and x
= x, exp(— iwt). We plug them into Eqs. (3)
and (4) to get

—Mw’ X, + KX, +2X, —kxy —iwMyuX, =0

(5

—mw x, thr, — kX, —iwmy,r, =F, (6)

We can obtain the frequency-dependent re-

sponse function
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- tor model. Action that substrate surface imposes on the
The power dissipated is tip apex is substituted by a periodical driving force
AW F(1), whose frequency is w = 2xV/a.
P =CE = F(z)[—m)}
J 3 Numerical results and discussion
FKt)ng X(t‘*t YR dr' 1o

Let’s drive the system with a force of a spe-

cific frequency w, so that
F, )
F(t) =F,cos(wt) ==-(e" +ie ™) (1D

We can calculate the average power dissipa-

ted over a cycle

o F,\* (BC — AD)
P—TJodz‘P(Z)— () 42

mw’, C +D’
(12)
where
U 2
F, =" A= —(;+p,B="21u
a W [
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Wom W W
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—u,
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~af-
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(a)

3.1 Instability leading to dissipation

It is attractive to explore in what final state
the system will be, after the evolution from a sit-
uation where all the particles start with the same
velocity, N = 31 particles are distributed along
the one—dimensional chain. All the particles at a
time r, = 0 take a random displacement and get an
initial kinetic energy of 0. 6E,. For the coupling
between periodic potential and the chain of parti-
cles, we choose A = 1.0. For each initial state of
the system we store data points each 0. 0lz,.

We are interested in the dynamic characteris-
tics of the systems. The most important part of
results of these simulations for the displacement
of particles relative to CM is shown in Fig. 2. On-
ly partial particles are presented for clarity. One
can see that, the displacements are almost
changeless until particles No6 and No7 adjoin to-
gether, which indicates that the system step into
an unstable state because of the interaction of the
chain of particles with the external periodic poten-
tial. At this time, all particles oscillate abruptly
and the nearest neighbor particles approach. This
sliding back and forth has amplitude of at most

half a,. The kinetic energy decays and the poten-
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tial energy increases with time until they approach to-
gether, when they also fluctuate strongly, as shown
in Fig. 3. These sharp variations in time means that
the thermal motions intensify, thus thermal dissipa-
tions intensify accordingly. The forward motion of
the sliding body as a whole is transformed into inter-
nal vibrational motion. We consider that the coupling
between the chain and the substrate is the strongest,
so the resonance appears, which is a primary source
that drains the translational energy and responsible

for the sudden drops.

A _dA

—— No1
—— No2 4
—— No3
—— No4
— Noj| 7]
—— No6 /|
1 —— No7 1
J —— No8
—— No9 A

Displacement u/a,

O =~ N W » OO N 00 ©

0 100 200 300 400 500
Time ¢z,

Fig. 2 Displacement of the particles relative to CM

as a function of time for a sinusoidal sub-

strate potential. Only a limited portion of

the particles is displayed for clarity.
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Fig. 3 Energy as a function of time for a sinusoidal
substrate potential. Ey;, is the kinetic energy,
E . is the potential energy, E,, is the total en-

ergy. The maximum of time corresponds with
that of Fig. 2.

To model real physical systems, we also
study the dynamics of a FK chain subject to a
substrate potential defined by the sum of two si-

nusoidal functions with different periodicities.

Fig. 4 shows, for the 8 = 24/30 and the initial ki-
netic energy 1.0E,, the time evolution of dis-
placement of the partial particles relative to CM
for multiple-well periodic substrate potential. We
see an oscillatory phase, where the relative dis-
placement aperiodically goes back to the initial
value, which is very different from that of a sinu-
soidal substrate potential. However, after some
time the same phenomenon occur, particles No4
and Nob adjoin together. It indicates that the sys-
tem step into an unstable state because of the in-
teraction of the chain of atoms with the external
multiple-well periodic potential. From Fig. 5 we
see that the CM kinetic energy has been trans-
formed into the thermal energy and potential en-

ergy of the particles of the body.
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Fig. 4 Displacement of the partial particles relative
to CM as a function of time for a multiple-

well periodic substrate potential.
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Fig.5 Energy as a function of time for a multiple-
well periodic substrate potential. The maxi-

mum of time corresponds with that of Fig. 4.
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3.2 Power dissipation

In this section, we apply the equivalent cou-
pled-oscillator model based on the two-mass-two-
spring model to analyze the dependence of the en-
ergy dissipation on the velocity of support. Calcu-
lations have been performed for the system pa-
rameters involved: tip stiffness # =3 N/m, sub-
strate lattice spacing a =0. 25 nm, the cantilever
mass M =1xX10"° kg, and the effective mass of
the contact m =1xX10"* kg, as used in Ref. 27.
Average power dissipated calculated according to
Eq. (12) is shown in Fig. 6 for the cases of rela-
tively hard ( K =60 N/m) and soft ( K =6 N/m)
external springs, which is typical for FFM exper-
iments. The results indicate that a high energy
loss is met in a velocity range of approximately
0.1 to 1 m/s, which plays an important role in

the motion of the tip along the surface.

-
o
£

N
T T T

—— K=60 N/m E
—-—-K=6 N/m

- - -
S : o o
£ N o

Average power dissipated (eV/s)
3 3

-
o
&

10° 10?2 10" 10°
Velocity (m/s)

Fig. 6 Average power dissipated as a function of ve-

locity.

Recently nanoscale superlubricity has been
studied using FFM and microtip manipulation at
sliding speeds below 10 pm/s™**) Further-
more, microscale superlubricity was first ob-
served in the self-retracting motion (SRM) of mi-
croscopic graphite flake that retracts spontane-
ously back onto the mesa after being sheared from
micron sized mesas fabricated on highly oriented
pyrolytic graphite to minimize interfacial ener-

[30,31]

Zheng et al. reported first measure-

gy
ments of the highly reproducible SRM speeds
from 10" m/s to 24 m/s over a wide range of

temperatures. Especially the SRM speeds range

approximately from 107" m/s to 1 m/s around
room temperatures (see Fig. 2 and Fig. 3 in Ref.
23). It is of importance to understand the reason
that the retracting flake accelerates to the order of
magnitude. For £ =3 N/m, the frequency of the
apex bending vibrations w,, =1.732X10"s ', Ac-
cording to w/w, =2=xV/aw,=1.45 V, we find V
= 0. 698w/w,. When the frequency of driving
force is equal to the eigen frequency of the cou-
pled—oscillator, the sliding speed is 0. 698 m/s.
As a result, a resonance coupling of a slider to a
collective phase occurs. The energy dissipation
approaches the maximum. Our calculations pres-
ent a good accordance with the experiments’ re-
sults of Zheng et al.

Furthermore, the width of the peak for the
cases of relatively hard external spring has little
increase relative to that of soft external spring. It
should be noted that there is no selective absorp-
tion relating to the frequency for the white noises

because its Fourier component is constant.

4 Conclusions

In summary, we analyze the fundamental
processes in friction and energy dissipation using
two different methods of both technological rele-
vance and physical fascination from a nanostruc-
ture coupled to a substrate. Here, emphasis is
placed on energy dissipation between the particles
of the chain, and the energy transfer through in-
terface between the nanoparticles and the sub-
strate. We also develop a model based on the two-
mass-two-spring model to study the dissipation of
energy adsorbates into a substrate. The results fit
well to the experiments, and the theory shows a
clear picture of energy dissipation through aver-
age power, and allows quantitative analysis on
the atomic scale. Studies of the energy dissipation
will contribute to understanding general friction
phenomena and to the development of nanotri-

bology.
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