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Multibond Dynamics of Nanoscale Friction: The Role of Temperature
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The main challenge in predicting sliding friction is related to the complexity of highly nonequilibrium
processes, the kinetics of which are controlled by the interface temperature. Our experiments reveal a
nonmonotonic enhancement of dry nanoscale friction at cryogenic temperatures for different material
classes. Concerted simulations show that it emerges from two competing processes acting at the interface:
the thermally activated formation as well as rupturing of an ensemble of atomic contacts. These results
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provide a new conceptual framework to describe the dynamics of dry friction.
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Despite the practical and fundamental importance of
friction in completely different fields from the nanometer
contacts inherent in micro- and nanomachines [1] and
biological molecular motors [2] to the geophysical scales
characteristic for earthquakes [3], many key aspects of the
dynamics of friction are still not well understood. One of
the main difficulties in understanding and predicting fric-
tional response is the complexity of highly nonequilibrium
processes going on in any tribological contact which in-
clude detachment and reattachment of multiple micro-
scopic junctions (bonds) between the surfaces in relative
motion [1-7]. If these detachment and reattachment pro-
cesses are thermally activated, temperature must play an
important role for the kinetics of friction. But what is the
resulting temperature dependence of friction? The energy
landscape of two surfaces in contact exhibits a lot of meta-
stable states, and thermal excitations can provide sufficient
energy to overcome local barriers and enable slip. Thus, a
general prediction is that interfacial friction should de-
crease with temperature provided no other surface or ma-
terial parameters are altered by the temperature changes
[8—13]. Here we demonstrate the breakdown of this simple
prediction in nanoscale friction experiments and report that
the friction force exhibits a peak at cryogenic temperatures
for different classes of materials, including amorphous,
crystalline, and layered surfaces. We propose a model
that reproduces the experimental observations by explicitly
considering the influence of temperature on the formation
and rupturing of microscopic contacts.

Experiments of nanoscopic friction under controlled
vacuum conditions over a wide temperature range have
reported a strong increase of friction on graphite and MoS,
below 300 K [14,15], crossing over to temperature inde-
pendent friction below a threshold of 220 K. This finding
was linked to the onset of wear processes [15]. Measure-
ments of point contact friction in the wearless regime from
room temperature down to 50 K were reported for a nano-
scopic silicon contact [16]. In this case, evidence for
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strongly nonlinear friction-temperature behavior was pro-
vided, including a strong enhancement of friction around
100 K. Recent simulations performed within the Prandtl-
Tomlinson model have revealed that the temperature can
affect the slip length resulting in a rich temperature depen-
dence of friction [17], but some model assumptions were
strongly idealized not representing the experimental con-
ditions in [14-16].

Here, we performed nanoscale friction experiments
under clean ultrahigh vacuum conditions with an atomic
force microscope as a function of sample temperature at
cryogenic temperatures from 30 K to room temperature. In
order to avoid ambiguities, the same type of cantilever was
used in all experiments. The cantilever is fabricated from
Si(111); however, the sliding tip apex is covered with an
amorphous silicon oxide layer. We used cantilevers with a
low normal force spring constants of 0.05 N/m and apply-
ing tip loads below 50 nN, which yielded no measurable
surface wear during scanning. Furthermore, we measured
the pull-off force at all temperatures, allowing us to moni-
tor strong changes of the tip-sample adhesion, which
would indicate significant alterations of the tip geometry.

Sample materials were chosen to represent a wide range
of different material properties, including amorphous and
crystalline surfaces. First, a Si(111) wafer with an amor-
phous silicon oxide surface was chosen, thus consistent
with the tip apex material. The second sample was a SiC
wafer, heated in vacuum to remove contaminations from
air. As examples for crystalline surfaces, we investigated
an air cleaved and annealed ionic crystal [NaCI(001)] and a
vacuum cleaved layered semimetal (highly oriented pyro-
lytic graphite—HOPG). On those two samples, friction
was measured on atomically flat terraces [18].

The results of the average friction force as a function of
sample temperature ranging from 30 to 300 K are shown in
Figure. 1 for the four samples. Despite the wide range of
sample properties, all friction curves show similar charac-
teristic temperature dependencies. Initially we find a dis-
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tinct friction enhancement when decreasing the tempera-
ture from ambient to low temperatures. Most prominently,
a further reduction of temperature leads to decrease of
friction again resulting in a friction peak at different tem-
peratures ranging from 55 = 10 K for Si, 120 £ 15 K for
SiC, 110 = 20 K for NaCl, and 100 = 25 K for HOPG. In
contrast to the friction data, the simultaneously measured
adhesion temperature curves show no strong features or
systematic behavior.

In order to mimic the AFM measurements in our simu-
lations, we consider a rigid tip with mass M and center-of-
mass coordinate X that interacts with the underlying sur-
face through an array of contacts representing the molecu-
lar bonds, as depicted in Fig. 2 [18]. Recent simulations
have revealed that even for an apparently smooth but
amorphous carbon tip apex sliding on a crystalline dia-
mond surface [19], the interface consists of an ensemble of
individual atomic contacts. Thus we envision the amor-
phous silicon oxide tip sliding on the various hard surfaces
to also consist of randomly distributed molecular bonds
which, in first approximation, behave as independent indi-
vidual contacts. Although the exact nature of the bonds is
unknown at this point, we expect weak bond energies due
to the inertness of silicon oxide, with only little depen-
dence on the chemical nature of the surface.

The tip is pulled along the surface with a constant
velocity V through a linear spring of spring constant K.
We model the contacts (N of them) by elastic springs, each
with a force constant « and a rest length /¥, As long as a
contact is unbroken, it is stretched in the lateral direction
while a ruptured contact relaxes rapidly to its equilibrium
state. We consider rupture of contacts as a thermally as-

a 1o——T1——71 74 b 15— 50
= Si(111) wafer I SiC wafer |
- [ /u 18 = PN I
=z Y S Z 104 Y =
< LI g = |° ) 1.8
§ 05 k‘ ,—2 S 5 ‘.*_‘,9.,-— 253
o = o T =
£ X L1 2 £ 5F |l 2
ik, et e
E;i’;-l"? },E”f“},%»‘i ]
ool 1+ 1 1 i oL EH Y 1 1y
0 100 200 300 0 100 200 300

temperature (K) temperature (K)

C VT 71T 7150 dé—T 71714
NaCl(001) - HOPG
r Y“. i © . 2 1 o
= RN S A S =
< . 9 Bl o] £ ! \ ]
= ' . 2} ’ . 7}
g10—'. s 125 g S r # \ I —120g
= = . Iy
° . . b = 1% ol e 4 k3 =)
2 s 2 Ry
TSN N z ! 2
L }'{»r%‘f". ~ - ‘e
L, FEEd] ! | ey
Py . . 0 ol . . o
0 100 200 300 0 100 200 300

temperature (K) temperature (K)

FIG. 1. Friction (solid black markers, left-hand scale) and
corresponding adhesion values (grey crosses, right-hand scale)
measured in ultrahigh vacuum with a silicon cantilever as a
function of temperature for four different sample surfaces.
(a) Si(111) wafer, (b) SiC wafer, (c) atomically flat terraces on
a cleaved NaCl(001) crystal, and (d) a HOPG surface. The
externally applied normal loads were Fj,,q = 1.6, 15, 53, and
1.7 nN for the Si, SiC, NaCl, and HOPG samples, respectively.

sisted escape from a bound state over an activation barrier
AE (f;), which is force dependent and diminishes as the
applied elastic force, f;, increases [6,20]. Precisely this
mechanism characterizes the Prandtl-Tomlinson type mod-
els, which have been surprisingly successful in describing
atomic scale friction phenomena until now [8,9,13,21].

What has rarely been rationalized so far is that a second
process must be considered as well [6]: the formation of
individual contacts, characterized by a further energy bar-
rier AE,, which is needed to initiate the contact. Contact
formation as well as contact rupturing processes are ther-
mally activated, and we expect a complex interdependence
of bonding and rupturing with tip velocity and temperature.
In the Prandtl-Tomlinson model the distance traversed by
the tip during sliding is determined by periodicity of the
surface potential. Here it is defined by the interplay be-
tween the rupture and reattachment rates.

For moderate or high potential barriers (the barrier
height AE s > kpT), the rupture occurs preferentially
when the contact is close to its slippage condition, and
the rate, ko (f;), can be approximated by [6,20]:

kot (fi) = @O expl—AEu (1 — fi/f)¥?/kgT]. (1)

Here a)gff and AE; are the characteristic attempt fre-
quency and the height of potential barrier for unbinding
in the absence of the external force, respectively, and f. is
the critical force at which the potential barrier, AE g (f;),
vanishes. The formation of contacts is described by the rate

kon = wgn exp[_AEon/kBTl

where @0, and AE,, are the attempting frequency and the
barrier height for the reattachment. The stochastic nature
of both rupture and reattachment processes is included in
our simulations.
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FIG. 2 (color online). (a) Sketch of a typical geometry for an
amorphous tip sliding on a flat crystalline surface. (b) Model to
simulate multiple contacts at the tip-sample interface. Rates of
contact formation and rupturing processes are determined by the
heights of the corresponding energy barriers, AE,, and AE .
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In our model, the dynamics of friction is determined by
four characteristic frequencies (rates): the rate of sponta-
neous detachment of contacts, kgff = ko (f; = 0), the rate
of contact formation, k,,, the rate of forced unbinding,
KV/f,, and a characteristic rate of the pulling force re-
laxation, w,, = max(K/mn, /K/M), where 7 is a damping
coefficient responsible for the dissipation of the tip kinetic
energy. The rates, kgff and k,,, are defined by inherent
microscopic properties of the system, and they depend on
temperature, while the rates KV/f, and w,, are tempera-
ture independent and influenced by the pulling velocity V
and mechanical parameters of the experimental setup, M
and K.

Figure 3(a) shows the temperature dependence of the
time-averaged spring force, (F), calculated for a number of
pulling velocities. We find the same characteristic friction
enhancement peak at low temperatures as observed in the
experiments. For the tip velocities considered here, the
temperature of the peak is changing systematically, shift-
ing to higher values for increasing tip velocity. The simu-
lation parameters were adjusted to fit the friction-
temperature curves for the silicon sample, since those
experiments were performed with the highest density of
data points on the temperature axis. However, the overall
behavior is found for a large variety of simulation parame-
ters, as long as the activation energies for rupture and
reattachment lie in the range of AE s = 0.10-0.25 eV,
AE,, = 0.05-0.15 eV and the number of contacts is not
less than 20, which are realistic assumptions for the experi-
ments (see, e.g., Ref. [19]). It should be noted that the
characteristic features of our experimental results (the peak
in friction at cryogenic temperatures, the magnitude of
friction force at the maximum that is of the order of
I nN, and the steep decrease of friction above the peak
temperature) cannot be reproduced by a model that in-
cludes only one or few contacts, which is the central
assumption of Tomlinson-like models.

Figure 3(b) shows the experimental friction-temperature
curves from the silicon sample for direct comparison. For
this sample, we measured friction also as a function of scan
speed, ranging from 250 nm/s to 16100 nm/s. The fric-
tion peak shifts by roughly A7 = 20 K to higher values
with increasing scan speed. A direct fingerprint of the peak
shift with velocity is found in Fig. 3(d), which shows the
experimental velocity dependence of friction at constant
temperatures, 7 =35 K, T =75 K, and T = 135 K. At
temperatures above the peak temperature, friction in-
creases with scan speed, whereas at a temperature below
the peak temperature, friction decreases with velocity. A
decrease of friction with velocity has been also observed in
recent AFM experiments [22] correlated to rupture and
reformation of molecular bonds. Our simulations provide
a direct link between the temperature and velocity depen-
dencies of friction, and they show the experimentally
observed fingerprint in the friction-velocity curves in
Fig. 3(c). Apparently, the model captures the essential
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FIG. 3 (color online). Comparison of friction simulations and
experiments. (a) Simulated time-averaged friction as a function
of temperature for different sliding speeds. (b) Experimental
friction-temperature curves on the silicon sample for the same
scan velocities. (c) Simulated friction-velocity curves for the
different temperatures showing characteristic negative and
positive slopes. (d) Experimental friction as a function of scan
velocity for the same temperatures. Parameter values used in
simulations: @%; = w3, = 10! s71, AE+ = 0.15 eV, AE,, =
0.05eV, k=1N/m, f.,=016nN, N=20, n=
5% 107%kg/s, K =6 N/m,and M = 5 X 10~ !! kg.

elements necessary to describe the friction-temperature
and friction-velocity behavior of nanoscale contacts.

In order to elucidate the origin of the observed tempera-
ture behavior we present in Fig. 4 time series of the spring
force which were calculated for five characteristic tem-
peratures. At low temperatures when the rate of contact
formation is smaller than a characteristic rate of forced
unbinding, k., < KV/f,, only few contacts can be formed
simultaneously during sliding. Then the mean friction
force can be estimated as [18]

(F) = (f2w3,/2KV) exp[—AEo, /kpT] 3)
With increase of temperature, the rate of reattachment, &,,,
rises that leads to an increase of a number of simulta-
neously attached contacts and to an enhancement of the
mean friction force. Accordingly, the force traces, F(z),
start to exhibit a typical stick-slip behavior that keeps
on up to the temperatures for which k., = w,, [Figs. 4(b)
and 4(c)]. In this regime, the stick-slip motion is charac-
terized by a cooperative behavior of contacts. As the
reattachment rate, k,,, approaches the rate of force relaxa-
tion, w,,, the stick-slip motion becomes more and more
irregular, and for k., > w,, the force traces become com-
pletely erratic [see Fig. 4(d)]. The mean friction force (F)
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FIG. 4 (color online). Representative parts of time series of the
simulated friction forces at different temperatures. The friction
versus time curves show a transition from periodic sequential
stick-slip behavior at low temperatures to the stochastic behavior
of simultaneous multiple bonds formation and breaking pro-
cesses at higher temperatures (tip velocity V = 2000 nm/s,
other parameter, as in Fig. 3).

as a function of T peaks at the temperature 7,,,,, for which
kon = @,,.

Immediately above the maximum at 7" = T, the de-
crease of friction with 7 is determined by the effect of
thermally induced reduction of the contact rupture forces.
In this case, the mean force can be written as [6]:

N (kT N3 3AE, KV \T/3
()= Nfc{l <AE0ff) I:ln(szngffch2>] }
“4)

At higher temperatures (i.e., where kgff > KV/f,), the
rupture of contacts is determined by the rate of spontane-
ous unbinding k%;. Then the kinetic frictional force can be
estimated taking into account that a contact elongates on
average by a length = V/k% when in the intact state, and

(F) = kKVN(viy) exp(AE 5/ kpT)/ @, (5)

where (v, is a time-averaged fraction of the intact con-
tacts that is close to its equilibrium value, ko, / (ko + ko).

Equations (3) and (5) predict an exponential dependence
of friction on 1/T in both low and high temperature limits,
(F) o exp(—AEq, /ksT) and (F) o exp(AEyy/ksT), te-
spectively. Thus, a treatment of experimental data obtained
for low and high temperatures may allow extracting the
activation energies for formation and rupture of atomic
contacts, which are the key microscopic parameters of
the system. For our experiments on the Si(111) wafer, we
find that the activation energies for the contact rupture and
reattachment equal to AE; =~ 0.15-0.18 eV and AE, =
0.05-0.08 eV. Exponential reduction of friction with 7 for

high temperatures has been observed in recent experiments
[14,15]. Please note that Egs. (3) and (4) predict inverse
dependencies of the friction force on the pulling velocity in
low and high temperature regimes: a reduction of friction
with velocity for low temperatures following (F) o 1/V
and an increase of friction with velocity for high tempera-
tures of the form (F) o In(V)%3. Again, this is observed in
both of our experiments and simulations [see Figs. 3(c) and
3(d)], thus solidifying the link between the observed com-
plex temperature dependence of nanoscale friction with the
dynamic behavior of an ensemble of microscopic contacts.
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