PHYSICAL REVIEW LETTERS 131, 148001 (2023)

Dynamic Friction Unraveled by Observing an Unexpected Intermediate State
in Controlled Molecular Manipulation
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The pervasive phenomenon of friction has been studied at the nanoscale via a controlled manipulation of
single atoms and molecules with a metallic tip, which enabled a precise determination of the static friction
force necessary to initiate motion. However, little is known about the atomic dynamics during
manipulation. Here, we reveal the complete manipulation process of a CO molecule on a Cu(110)
surface at low temperatures using a combination of noncontact atomic force microscopy and density
functional theory simulations. We found that an intermediate state, inaccessible for the far-tip position, is
enabled in the reaction pathway for the close-tip position, which is crucial to understanding the
manipulation process, including dynamic friction. Our results show how friction forces can be controlled

and optimized, facilitating new fundamental insights for tribology.
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The atomic origin of friction is complex because it arises
from the interplay of several physical mechanisms typically
spanning diverse length scales [ 1-4]. Seeking to isolate these
mechanisms, research on friction has reached the atomic
level in the past decades owing to the advancements in
experimental techniques, such as scanning tunneling micros-
copy (STM) and atomic force microscopy (AFM) [5,6],
and computer simulation capabilities. Indeed, the empirical
laws observed at the macroscopic scale have been linked to
the processes at nanoscale [7-14]. The most elementary
approach to study friction would be to observe a single
atom moving over a surface using STM and AFM [15-23].
These techniques are primarily used to visualize single
atoms and molecules on surfaces, and even allow their
manipulation through the interaction force from the tip,
enabling the fabrication of fascinating structures, such as
quantum corrals [24], computing devices [25], and molecular
graphene [26]. A remarkable outcome of the manipulation
research is the measurement of the lateral force needed to
initiate sliding of single atoms [19,21,22], i.e., the determi-
nation of the static friction force. However, obtaining insights
into dynamic friction (force needed to continue sliding) at the
atomic scale requires a complete picture of the dynamics,
including the intermediate states and energy dissipation,
which is missing so far. Here, we address this challenge by
revealing the dynamics during manipulation on a Cu(110)
surface of a CO molecule, which is probably the most widely
studied molecule in the field of surface science [27].

All measurements were performed at 4.4 K under
ultrahigh vacuum conditions using a combined STM and
AFM system. A Cu(110) crystal was cleaned by repeated
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sputtering and annealing, on which CO molecules were
adsorbed. The force field was measured using a qPlus
sensor [28] with the eigenfrequency f, = 52 194 Hz, stift-
ness k = 1800 N/m, and quality factor Q = 595000, in
which a metallic tip was attached to the cantilever end. The
frequency shift A f of the vertically oscillating sensor due to
the interaction force was measured at a constant amplitude
A =20 pm and zero bias, which was then converted into a
potential energy [29]. During the Af measurement, the
excitation voltage V,. to mechanically oscillate the can-
tilever at a constant amplitude was simultaneously mea-
sured, which was used to estimate the dissipation energy
Eg per oscillation cycle, using the following equation:
Egis = 27kA?/(2Q) X Viege/Vexeo 28], where Vi, is the
excitation voltage when the tip is far away. We also
computed the potential energy landscape and forces using
periodic, plane-wave density functional theory as imple-
mented in VASP [30] using the vdW-DF2 functional [31].
Calculations were performed with the plane-wave
energy cutoff set to 600 eV, a 4 x4 Monkhorst-
Pack k-point mesh, and first-order Methfessel-Paxton
occupations with 0.1 eV smearing. The CO-Cu(110)
system was represented in a 2 x 3 surface unit cell slab
with 8 atomic layers and ~2 nm vacuum region between
periodic images. A Cuy; cluster was explored as a model tip
apex geometry. For each fixed tip position, geometry
relaxation of CO and topmost 12 Cu surface atoms was
performed with a force tolerance of 10~*eV/pm. Back-
ground subtraction of the interaction energy was performed
by evaluating also the total energy for supercells without
CO. The nudged elastic band method [32] was used to
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FIG. 1. (a) Schematic of CO manipulation on Cu(110) between
indicate the reaction processes of CO for tip approach and retract.

z (pm) z (pm)

top and bridge sites by a metallic tip over the top site. The thin arrows
(b) Same as (a), but for CO manipulation from top to neighboring top

site when the tip approach and retract occurs for a tip position laterally closer to the neighboring top site. (c) Definition of lateral tip
positions along Cu [110} (d = 255 pm): x/d = 0 (top site) and x/d = 0.63 (outside of bridge). (d) Measured frequency shift (Af) as a
function of vertical tip position (z;) for the tip-on-top-site case (x/d = 0). The Af curves for tip approach and retraction are depicted by
red solid and dotted lines, respectively. The A f curve for the tip on Cu is also depicted by a gray line. (e) Same as (d), but for the lateral

tip position x/d = 0.63 (outside of bridge). In the inset, typica

I STM images of CO before and after the manipulation are shown.

(f) Measured potential energy between the tip and CO up to the point of manipulation. (g) Energy dissipation per cycle of the vertically

oscillating tip, where both cases of tip approach and retract are

compute reaction pathways. Additional experimental and
theoretical details are described in [33,34].

CO manipulation by vertical tip motion.—Figures 1(a)
and 1(b) summarize two manipulation scenarios, deduced
from our density functional theory calculations detailed
below, using selected geometries here for visualization
purposes. When the tip is located far from the substrate,
CO adsorbs on a top site in an upright configuration with its
C atom bound to the Cu atom [Fig. 1(a), top]. When the tip
apex is centered over the top site and brought sufficiently
close to the substrate, CO moves along the [110] direction
to a bridge site [Fig. 1(a), bottom]. Consequently, bringing
a vertically oscillating tip close to the surface directly over
the CO molecule, correlated lateral jumps of CO between
the top and bridge sites are induced. When a tip approaches
on a laterally shifted location closer to one of the neighbor-
ing top sites, CO is first manipulated to jump from the top
to neighboring top via bridge site [Fig. 1(b)]. If the tip
retracts from this height, CO irreversibly ends up in this
neighboring top site.

To investigate these two manipulation processes, i.e.,
reversible top <> bridge and irreversible top — bridge —
neighboring-top CO motion, we measured the frequency
shift (Af) of the vertically oscillating force sensor, with a
metallic tip, as a function of its height (z;) at various lateral
tip positions [34]. Two exemplary cases [Fig. 1(c)] of the
lateral tip positions (x) are shown in Figs. 1(d) and 1(e): tip
on top site (x/d = 0) and tip closer to the neighboring
top site (x/d = 0.63), where d is the distance between
the nearest neighboring Cu atoms (255 pm). As shown in

depicted.

Fig. 1(d), when the tip over the top site approaches CO, A f
first decreases until z; = 160 pm and then increases. When
the tip approaches beyond z; = 93 pm (black arrow), Af
decreases abruptly, indicating that the CO molecule has
moved away from the top site.

Similar abrupt decreases in A f are also observed for the
lateral tip positions inside the bridge side [34]. For these
cases, the Af curves for tip retraction and approach are
identical as shown in Fig. 1(d); the CO molecule is
adsorbed on the initial top site after the retraction.
However, with the tip positioned beyond the bridge site
[Fig. 1(e)], a discontinuous change in Af at z; = 131 pm
(gray arrow) is observed for the tip-approach case. In
addition, the Af curve for tip retraction is different from
that for tip approach when z; > 131 pm. After the tip
retraction, we confirmed that the CO had moved to the
neighboring top site that corresponds to x/d = 1, as shown
in the inset. These observations indicate that the discon-
tinuous change in the Af curve in the approaching
direction is caused by a lateral movement of CO to the
neighboring top site, whereas a reverse manipulation does
not occur during the retraction [Fig. 1(b)]. Note that once
the manipulation to the neighboring top site occurs, the
situation becomes similar to the case of Fig. 1(a) and 1(d).
Indeed, for approaching the tip further to z; = 105 pm, Af
decreases abruptly as shown by the black arrow.

Figure 1(f) shows the potential energy between tip and
CO until the manipulation between top and bridge occurs
for x/d =0 (red) and until the manipulation to the
neighboring top site occurs for x/d = 0.63 (blue). For
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both cases, the manipulation occurs at a tip height that is
lower than the value for the potential minimum, indicating
that the manipulation takes place in the repulsive force
regime. Moreover, when an abrupt decrease in Af is
observed (z; =93 pm for x/d =0 and z = 105 pm for
x/d = 0.63), a noticeable energy dissipation occurs as
shown by the black arrows in Fig. 1(g). In contrast, no
increase in energy dissipation is observed when the CO
molecule is manipulated to the neighboring top site for
x/d =0.63 at z; = 131 pm (gray arrow).

Energy dissipation during vertical tip oscillation.—To
understand the energy dissipation that occurs during these
manipulation processes, we calculated the potential energy
between model tip structures and a CO molecule on
Cu(110) as a function of lateral and vertical tip position
(x and z.y) [34]. Two exemplary cases of the lateral tip
position for a relatively inert tip structure comprising
11 Cu atoms are shown in Figs. 2(a) and 2(b), where
x/d = 0.3 (inside of bridge) and 0.8 (outside of bridge).
When the tip is positioned laterally near the top site where
the CO is initially adsorbed [Fig. 2(a)], the crossover to
molecular adsorption in the bridge configuration is ener-
getically preferred in the repulsive force regime, consistent
with the experimental observations [Fig. 1(f)]. This
scenario was further confirmed using inelastic electron
tunneling spectroscopy [34].

To reveal the origin of the energy dissipation, we analyzed
the potential energy along the reaction path for selected tip
heights. Figure 2(c) shows the case when the tip is positioned
close to the top site, where the CO molecule is initially
adsorbed (x/d = 0.3). As discussed above, CO adsorption in
the bridge configuration is energetically preferred for
small tip-sample distances. However, the reaction pathway
calculations [Fig. 2(c)] show that at the vertical tip position
where the energies of the two states become comparable
(zcat = 125 pm), a spontaneous transition of the CO mol-
ecule on the top site to the bridge site is prevented owing to
the existence of an energy barrier between the states. Notably,
in our experiment, the sensor oscillated with a
peak-to-peak amplitude of 2A = 40 pm between its lower
and upper turnaround points. If the tip oscillates around
Zea = 125 pm, then the barrier disappears when the tip is
close to the lower turnaround point (z.,y = 110 pm), pro-
moting the transition of CO to the bridge site. Conversely,
when the tip retracts from the sample toward its upper
turnaround point (e.g., Z.q = 140 pm), CO adsorption in the
top site configuration becomes energetically most favorable.
If, as in this case, a small energy barrier remains between the
two configurations, the transition back to the top site does not
necessarily coincide with the oscillation cycle. Assuming
that the barrier height is ~10 meV from z = 135 to 145 pm,
the period of an oscillation is 19 ps, the attempt rate of a
laterally vibrated CO molecule is 1 THz (~4 meV) and the
temperature is 4.4 K, the transition probability is estimated
by the Arrhenius equation to be ~2 x 107> for one oscillation
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FIG. 2. (a) Theoretical potential energy between the Cuy; tip
[inset of (a)] on x/d = 0.3 and CO on Cu(110) [inset of (b)] as a
function of the vertical tip position (z.,). The cases for CO on
top (T), bridge (B), and neighboring top (NT) sites are depicted
by black, red, and blue lines, respectively. (b) Same as (a) but for
the tip over x/d = 0.8. (¢c) Calculated reaction pathways for
CO from one top site (0.0) to the next top site (1.0) via bridge
configuration (0.5) for a fixed Cuy; tip over x/d = 0.3. The cross
marks correspond to CO in top (T), bridge (B), and neighboring
top (NT) configurations, respectively. (d) Same as (c) but for the
tip over x/d = 0.8.

cycle. Although this estimate is very sensitive to the actual tip
height, it is reasonable to expect that the CO molecule will
eventually return to the top site around the upper turnaround
point of the tip. The above discussion implies that the top-to-
bridge and the bridge-to-top manipulations occur at different
tip heights, which is the origin of a hysteresis essential for the
observation of energy dissipation.

Manipulation to neighboring top site—The situation
changes drastically when the tip is laterally positioned
beyond the bridge site (x/d > 0.5). In this case, CO
adsorption on the neighboring top site needs to be con-
sidered, because this conformation becomes more stable
than the initial top site [Fig. 2(b)]. However, with the tip far
away from the surface, manipulation between the two top
sites is prevented owing to the larger energy barrier along
the reaction path. The barrier height is approximately
determined by the potential energy of the CO molecule
adsorbed on the bridge site [z, = 200 pm in Fig. 2(d)].
When the tip approaches sufficiently close to CO,
the manipulation from top to bridge is induced
(zew = 125 pm), similarly to the case for x/d < 0.5.
However, when the tip retracts from the molecule, the
barrier from the bridge to neighboring top decreases
(zeq = 160 pm), which eventually results in the manipu-
lation to the neighboring top site. This transition occurs
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FIG. 3. (a) Calculated potential energy between the Cuy; tip and

CO as a function of lateral tip position (at a constant tip height of
170 pm) for CO in top (T), bridge (B), and neighboring top (NT)
configurations. The thick path represents the CO configuration
during the lateral tip scan. (b)—(d) Same as (a) but for tip heights:
(b) 145 pm, (c) 125 pm, and (d) 105 pm. (e) Calculated CO
configuration as a function of tip height and lateral position during
the forward tip scan. The gray, light red, and light blue regions
represent CO in top (T), bridge (B), and neighboring top (NT)
sites, respectively. The thick lines indicate the transition points.
(f) Energy dissipation per cycle of the vertically oscillating tip,
experimentally measured during the lateral CO dragging. In (e)
and (f), the onset of dragging is indicated by the dashed green line.

only once for repeated approach and retraction of the tip,
because CO on the neighboring top site is always more
stable than that on the initial top site at this lateral tip
position in the attractive force regime. As the CO molecule
is manipulated only once, no energy dissipation can be
observed in a time-averaged experiment [gray arrow for
x/d = 0.63 in Fig. 1(g)].

CO manipulation by lateral tip motion.—The above
scenario also explains the lateral manipulation process.
Figures 3(a)-3(d) show the theoretical potential energies
between tip and CO adsorbed on three different sites (top,
bridge, and neighboring top) for four selected tip heights,
where the tip (initially located over the top site at x/d = 0) is
swept toward the neighboring top site at x/d = 1. Moreover,
CO is initially adsorbed also on the top site at x/d = 0. For
simplicity, we may consider that the transition of the CO
molecule between top and bridge configurations occurs

spontaneously when their energies become equal (vanishing
barrier). For large tip-sample distances [Fig. 3(a)], when the
tip moves beyond the bridge site (x/d > 0.5), the energy of
CO on the neighboring top site (blue) becomes lower than
that on the top site (black). However, this manipulation is
prevented owing to the presence of an energy barrier (E}) as
described for Fig. 2(d). This situation is changed by lowering
the tip height, as shown in Fig. 3(b), where the black and red
curves intersect around x/d ~ 0.7; CO can now be manip-
ulated to the bridge site, resulting in a further manipulation to
the neighboring top site [see Fig. 2(d)]. When the tip-sample
distance decreases further [Fig. 3(c)], the black and red
curves already intersect before the tip laterally approaches
the bridge site. In this case, the CO molecule is first
manipulated to the bridge site, where it stays until the red
curve intersects with the blue curve, and the molecule is
manipulated to the neighboring top site. Furthermore, if the
tip height becomes very small [Fig. 3(d)], then only the
bridge site is available for CO, indicating that no manipu-
lation can take place.

The aforementioned processes are summarized in
Fig. 3(e) for the forward scan. The regions depicted by
gray, light blue, and light red areas correspond to CO
adsorbed on the top, neighboring top, and bridge site,
respectively. During the initial manipulation, involving the
transition across the blue line in Fig. 3(e), we do not expect
any energy dissipation as the CO molecule is manipulated
only once from one top site to the next. When moving
deeper into the contact regime, a considerable energy
dissipation is expected for the manipulation across the
red line, where transitions occur between the top and
bridge sites correlated with the vertical tip oscillations.
The transitions across the red line initially appear over the
bridge site, and then split into two lateral positions when
the tip height decreases. As evident from Fig. 3(f), these
qualitative features of the dissipation were experimentally
resolved during CO dragging (see Ref. [34] for details),
thereby substantiating the microscopic picture of the
manipulation steps.

Static and dynamic friction.—Our theoretical investiga-
tions provide further insights into both static and dynamic
friction for the manipulation. In Fig. 3(b), the slope of the
black line at the green cross corresponds to a static friction
force (F) [33]. On the other hand, a dynamic friction force
(F4) can be considered as a force to keep an object in
motion. Considering that its origin is the sequential energy
dissipation process that occurs during the motion, F4 can be
estimated by dividing the energy dissipation by the periodic
distance of the manipulation. In the case of Fig. 3(b), the
former corresponds to the energy difference between
the black and blue lines at x/d ~ 0.7, marked as Eg4, and
the latter corresponds to the distance between the nearest
neighboring Cu atoms (d). Using these estimates as a
function of the tip height we find that the dynamic friction
force is 10%-44% of the static friction force [34],
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consistent with the empirical law for macroscopic sys-
tems [1,2].

Conclusions.—We have revealed the role of an inter-
mediate state in the dynamics and energy dissipation
during CO manipulation on a Cu(110) surface—the CO
bridge site adsorption is enabled when the tip is brought
close to the surface. Similar results are obtained using a
different substrate (Cu(111)) [34], indicating the generality
of intermediate states in manipulation pathways. The
proposed mechanism may therefore also explain related
manipulation studies with energy dissipation [19], includ-
ing those for larger molecules such as perylenetetracar-
boxylic dianhydride [21]. In the future, the temperature
dependence of dissipation processes could be analyzed,
because at elevated temperatures the thermal energy helps
the adsorbate to overcome barriers, thereby reducing
energy dissipation. However, the controlled manipulation
process with a tip may be challenging to separate from
thermal diffusion processes at elevated temperatures. The
balance between hysteretic effects in the energy landscape
and thermal energy should be the key to control friction at
the atomic scale at sufficiently low temperatures.
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