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We propose a theoretical model of friction under electrochemical conditions focusing on the interaction
of a force microscope tip with adsorbed polar molecules whose orientation depends on the applied electric
field. We demonstrate that the dependence of friction force on the electric field is determined by the
interplay of two channels of energy dissipation: (i) the rotation of dipoles and (ii) slips of the tip over
potential barriers. We suggest a promising strategy to achieve a strong dependence of nanoscopic friction
on the external field based on the competition between long-range electrostatic interactions and short-range
chemical interactions between tip and adsorbed polar molecules.
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Control of friction during sliding is extremely important
for a large variety of applications [1,2]. A unique path to
control and ultimately manipulate the forces between
material surfaces is through an applied electric field. By
varying the applied potential, the electrode surface can
quickly and reversibly be modified either with adsorbed
(sub)monolayer or multilayers, or via the oxidation and
reduction of surfaces, or deposition of ultrathin films [3.,4].
Thus, friction force microscopy (FFM) measurements under
electrochemical conditions [5-10] may offer significant
advantages in comparison to those between dry surfaces.

Several experimental and theoretical studies of electro-
chemical interfaces demonstrated that the orientation of
polar molecules adsorbed at electrode surfaces is potential
dependent. Water molecules at electrode-electrolyte inter-
faces reorient from “oxygen up” to “oxygen down” as the
potential on the electrode changes from negative to positive
[11-14]. Another extensively studied system is pyridine
adsorbed on gold electrodes [15,16]. Recent FFM mea-
surements combined with cyclic voltammetry [17] have
shown that friction depends strongly on the orientation of
the molecules and shows an intense peak around values of
the external field where the change of orientation takes
place. Recent FFM measurements in UHV have also shown
strong sensitivity of nanoscopic friction to the orientation
of surface molecules [18]. Investigating the impact of
potential-dependent orientation of adsorbed molecules on
friction offers a new perspective on active control of friction
forces through reversible molecular reorientation.

In spite of the first successful experimental studies of
nanoscopic friction under potential control [5—10], so far
there have been no theoretical or numerical studies of the
effect of electric fields on friction. We do not know what the
mechanism is behind the observed variation of friction with
electrostatic potential, nor in which systems significant
reversible variation of the friction can be achieved.
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In this Letter we propose a minimal model for the
description of the effect of potential-dependent reorienta-
tion of adsorbed polar molecules on nanoscopic friction.
We investigate the effect of an applied potential and of tip-
molecule interactions on energy dissipation and discuss
conditions for controlled variation of the friction.

Our model is illustrated in Fig. 1. To mimic a FFM
experiment, we consider a tip with mass M and center-of-
mass coordinate X, coupled by a spring of spring constant
K to a support that moves at constant velocity v,. Polar
molecules adsorbed at the electrode are represented by rigid
interacting dipoles with fixed centers of mass which, in the
absence of external interactions, lie horizontally, head to
tail on the surface at fixed positions. The external electric
field E,, is directed perpendicular to the surface in the z
direction. Both electrostatic and short-range chemical
interactions between the dipoles and the tip are considered.
The tip is dragged along the surface at a height 4 from the
centers of the dipoles and the time average of the lateral
force Fy,, i.e., the tension in the spring, gives the
friction force.

The simulations are performed with parameters describ-
ing water molecules at the Pt surface, which is a commonly
used prototype system in simulations [12], but the same
approach also applies to other, larger, adsorbed polar
molecules.

Each dipole consists of two charges +¢ and —¢g and
masses m separated by a fixed distance d. The N dipoles are
arranged in a chain with spacing a with periodic boundary
conditions and can only rotate around their center of mass.
We choose ¢ =6.44 x 10720 C, m = 6.42 x 1072 kg,
and d = 0.958 A to have the dipole moment and moment
of inertia of water molecules, a = 2.77 A as the lattice
spacing of Pt, and & = d. While rotation around the center
of mass is justified for water molecules adsorbed on metal
electrodes [11-14], it is also possible to anchor the dipoles
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FIG. 1. Sketch of the model. A tip is dragged over a surface
covered by a monolayer of polar molecules, in the presence of an
external electric field E.y;.

at one end. This may be more realistic for some adsorbates.
Unless otherwise stated, N = 128. The tip is modeled as an
array of n atoms (n =1, 2, 4, 8, 16) with interatomic
distance b. The support velocity is v, = 10 m/s, which is
sufficiently low for the system to exhibit stick-slip behavior
(see Supplemental Material [19]).

The dipoles interact with the charge of the tip and with
their nearest neighbors through electrostatic interactions
V.(r) = q192/(4meger), where r is the distance between
the two charges ¢; and ¢, and ¢ is the relative electric
permittivity of the aqueous solution at the surface. We use
€ =5, as estimated by measurements of the double layer
capacitance at metal-electrolyte interfaces [3,20]. The
interaction between the tip and dipole charges is cut off
at Na/2. We neglect interactions between dipoles beyond
nearest neighbors by assuming screening due to the ions
located in the diffuse part of the double layer.

There may also be a short-range chemical interaction
between the atoms of the tip and one or both ends of the

dipoles. This chemical interaction is modeled by the
repulsive potential
Vc(r) - VCO exp(—rz/o%), (1)

where the energy and length scales, V., and oy, are taken as
0.5 eV and %a, respectively.
The temperature 7 is controlled by a Langevin thermo-
stat with damping constant # = 1/ps on the tip and dipoles.
The equations of motion thus take the form
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where ¢; is the angle of the ith dipole with respect to the z
axis, I is the moment of inertia of a dipole, and the
potentials V=4 and V¢~ describe the tip-dipole and dipole-
dipole interactions (see Supplemental Material [19]), while
&ip(t) and &;(z) are the random forces of the thermostat.
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FIG. 2. Dependence of the average z component of the unit
vector along the dipole direction, d, = cos ¢, on the electric field
for a system of 512 dipoles equilibrated at 7 = 2.93 K without
the tip.

In Fig. 2 we show how the equilibrium configuration of
the dipoles depends on the field E,,;, in the absence of the
tip. A similar dipole model has been shown to provide a
good description of potential-dependent reorientation of
adsorbed molecules studied by spectroscopic and capaci-
tance measurements [3,13,14,21,22]. There is an abrupt
change in the equilibrium dipole orientation as a function of
the field. The molecules lay flat ((d,) = 0, with d, = cos ¢
the z component of the dipole unit vector) for E.,; = 0 and
stand vertically ((d.) = £1) for strong fields. The tran-
sition occurs at field strength E,, = Ef3 ~ +£2.4 V/nmin
our case, corresponding to the maxima in the variance of ¢;.

We consider two limiting cases for the tip-dipole
interaction: an electrostatic interaction between the charged
tip and dipoles and a short-range chemical interaction
between the tip and one side of the dipole molecule.

We now consider the channels through which energy is
dissipated. Energy is pumped into the system through the
support, with average power v,(Fj,) and through thermal
noise at a rate of nkT per degree of freedom. Energy is
removed from the system through the viscous damping of
the dipoles and tip. The power dissipated by the ith dipole
can be written as ¢;l¢; = 2nK?, where K¢ is the kinetic
energy of the dipole. The contribution to the average lateral
force due to dipole rotations away from equilibrium is thus

n
Frot = U—SZ(zK? —kT). (4)

In Fig. 3 we show the dependence of the friction on the
external field and the average dipole orientation as a
function of the distance to the tip for purely electrostatic
tip-dipole interactions. Here we consider a pointlike tip
with a charge Q = —2e¢ that mimics a uniformly charged
spherical tip. We see that the friction force has a very weak
dependence on FE,,. For strong electrostatic tip-dipole
interaction [Qqd/(4rmeyeh?) > E.qqd], which is the case
for the entire range of fields shown in Fig. 3, the dipole
orientation near the tip is dominated by the tip charge (see
inset in Fig. 3), and it is independent of the applied field.
For negative fields the slip of the tip is accompanied by the
reorientation of dipoles located below the tip that can be
considered as a molecular ball bearing effect [23,24]. In our
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FIG. 3 (color online). Friction characteristics for a system
with purely electrostatic interactions: the friction force as
a function of the field strength for two different temperatures,
and (inset) the average dipole orientation as a function of the
distance of the dipoles from the tip for three different
fields strengths at 7 = 2.93 K.

simulations the tip-induced rotation of dipoles leads to a
30%-40% reduction of friction compared to the case of
“frozen” dipoles.

We are forced to conclude that, in the presence of strong
electrostatic interactions, an external field cannot be used to
affect the friction strongly. The potential barrier that the tip
must overcome to slip dominates the friction. The con-
tribution to the friction from the dipole rotations in Fig. 3 is
only about 1%, 0.1 nN. The height of the barrier is
determined by the local configuration of dipoles in the
vicinity of the tip. Thus, the field has little effect on the
friction force. We note that, even if the dipoles near the tip
could be reoriented, the long-range nature of electrostatic
interactions implies that the coupling to the tip would not
change drastically.

In the case of weak electrostatic tip-dipole interactions
[Qqd/(4regeh?) < E.qd], the energy dissipation through
the dipole rotations can be a dominant contribution to the
friction, and as a result the friction can strongly depend on
the electric field. However, weak electrostatic interactions
produce much less friction than is typically measured in
experiments. We have confirmed this in simulations
with & = 7d.

The scenario changes drastically if we add short-range
chemical interactions. We first consider a pointlike tip with
only chemical interactions with one (negative) side of the
dipole molecule, i.e., n = 1, Q = 0. In Fig. 4 we show the
friction force, which displays a strong peak around
E..~—5 V/nm. A temperature increase only reduces
this effect without qualitative changes. By comparing the
calculated friction force with the dissipation by the dipoles
[see Eq. (4)], we see that the peak is largely due to the
dipole rotations.

This behavior is qualitatively similar to that observed for
pyridine on gold in Ref. [17], where a peak of the friction
force appears to be related to the reorientation of the

Egyt (V/inm)

FIG. 4 (color online). Friction for a system with a pointlike tip
n =1, with charge Q =0, but with chemical interactions
between the tip and the negative end of the dipoles, plotted as
a function of the field for two temperatures. The contributions to
the total dissipation from viscous friction and dipole rotation at
T = 2.93 K is represented by the dashed line. The peak of the
friction force at —5 V/nm is due to dissipation from dipole
rotation. The inset shows the average dipole orientation as a
function of the distance to the tip for three different fields
strengths at 7 = 2.93 K. Additional material, including a movie,
can be found in the Supplemental Material [19].

molecules. The position of the peak and whether the
friction is lower or higher for positive or negative values
of the field depend on the details of the tip-molecule
interaction and location of the site of strong chemical
interaction. Our model shows higher friction when the
dipoles are oriented with their chemically strongly inter-
acting site pointed upwards (to the tip). We have also
performed simulations for the case where both ends of the
dipole interact chemically with the tip, and found two
peaks, at positive and negative fields.

The mechanism of dissipation is very different than in
the case of purely electrostatic interactions. In the inset of
Fig. 4 we show the orientation of the dipoles as a function
of the distance to the tip. Contrary to the inset in Fig. 3, the
orientation close to the tip depends on the field, so that
the tip-dipole interaction does not wash out the effect of the
field. In the case of relatively weak chemical interactions,
the tip induces the reorientation of dipoles only in a limited
range of fields [V exp(—h?/6?) < E.qqd < 0] that, for
our choice of parameters, corresponds to —6 V/nm <
E. <0. In this interval of fields the dynamics in the
dipole chain become the dominant mode of dissipation,
and orientation waves can be created. Outside the above
interval of fields, the friction force is determined by the
energy dissipated by the tip during its slip over the
barriers corresponding to a frozen (tip-independent) dipole
configuration. These barriers are very low for positive
fields, where the negative (interacting) side of the dipole
is far from the tip, and they are relatively high for
E < —6 V/nm, where the negative side of the dipole
faces the tip.
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FIG. 5. The friction force as a function of the external field
for extended commensurate tips of different sizes and with
lattice spacing commensurate b = a (a) and incommensurate
b=2a (b) with the dipole array. The insets show the
contributions from dipole rotation for the case of n = 8. For
larger commensurate tips the high barrier dominates the
friction force, while for incommensurate tips the dipole
rotation dominates the friction force.

Although the friction of the pointlike tip with chemical
interactions is strongly affected by the field, it is an order of
magnitude smaller than what is typically measured in
experiments. In reality, a tip-surface contact is not point-
like, but it has a size of the order of few nm?2, and it interacts
simultaneously with a number of dipoles. This leads to a
corresponding increase of friction force. We, therefore, now
consider the effect of an extended tip.

In Fig. 5 we show the friction force as a function of the
external field for several tip sizes, for both commensurate
(b = a) and incommensurate (b = Aa, with 1~ 1.618 the
golden ratio) contacts between the tip and the dipole array.
In Fig. 5(a), we see that, for a commensurate tip, the
dependence of the friction on the electric field changes with
tip size and extends over a wider range of fields, while the
typical value of the friction scales roughly linearly with the
tip size. For larger commensurate tips, the energy barrier
that the tip must overcome to slip becomes larger and this
starts to dominate the friction force. Figure 5(b) shows
results for a tip with a lattice parameter incommensurate
with respect to the dipole array. In this case the effective
potential corrugation does not grow with the tip size and the
dissipation remains dominated by dipole rotation. The
friction increases with the tip size.

Very close to the transition at EfS, there is a strong
reduction in the friction. This dip can be understood by
considering that the coupling between deviations of ori-
entations of neighboring dipoles from the equilibrium ones

changes sign near the transition, going through 0. As a
result, to leading order, energy cannot be transferred
between dipoles, and can only be dissipated locally.
Movies of this effect can be found in the Supplemental
Material [19]. At higher temperatures, this effect is washed
out, with the dip eventually disappearing, as can also be
seen from the high-temperature simulations shown in
Fig. 5(b). Such a dip is also not observed in the experiments
of Ref. [17].

To summarize, a minimal model for the description of
nanoscopic friction under electrochemical control has been
proposed and investigated. We have considered two limiting
types of interaction between the tip and molecules adsorbed
at electrodes: (i) an electrostatic interaction between the
charged tip and dipoles and (ii) a short-range chemical
interaction between the tip surface and one side of the dipole
molecule. We have demonstrated that the dependence of
friction force on the electric field is determined by the
interplay of two channels of energy dissipation: the rotation
of dipoles and slips of the tip over potential barriers.
Enhancement of friction with accessibility of rotation
degrees of freedom has been found previously in simula-
tions of friction of single pyrrole molecules during diffusion
on Cu(111) [25]. Here, we have found that friction can be
efficiently tuned by an external electric field when the
strength of the tip-dipole interaction is comparable with the
dipole-electric field interactions.
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