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Frictional duality of metallic nanoparticles:
Influence of particle morphology, orientation, and air exposure
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The contact area dependence of the interfacial friction experienced during the translation of antimony
nanoparticles deposited on a graphite substrate is studied under different conditions using the tip of an atomic
force microscope as a manipulation tool. In vacuum a dual behavior of the friction-area curves is found,
characterized by the observation that some particles exhibit friction below the detection limit while other
similarly sized particles showed constant shear stress values. Detailed investigations prove the reproducibility
of this effect, revealing that neither the particle’s morphology nor their alignment relative to the substrate
lattice influence the findings. In contrast, we observe that a temporary exposure to ambient air can lead to a

drastic increase in the particle’s friction.
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I. INTRODUCTION

Nanotribology has become a field of fast growing interest
in the recent years.! Research has been spurred not only by a
fundamental interest in understanding the basic physical laws
of friction on the nanoscale, but increasingly also by pressing
technological challenges related to the accelerated pace of
miniaturization in MEMS and NEMS technology. In fact, the
functionality of nanodevices with moving parts is largely
limited by friction-related wear effects, as classical lubrica-
tion methods fail on the nanometer scale. The development
of new strategies, on the other hand, requires a thorough
understanding of nanoscale friction.

A particularly useful tool for studying nanoscale friction
is the friction force microscope,2 a variant of the atomic
force microscope? that allows the simultaneous measurement
of topographical data and lateral forces. Friction force mi-
croscopy (FFM) has been employed in numerous studies
since its invention in 1987, including work aimed at mapping
nanoscale friction,*> analyzing the atomic-scale origin of
friction,>%~? or even controlling friction.!%!!

Despite its success, there are inherent limitations to fric-
tion force microscopy. For example, analysis of the contact
area dependence of nanoscale friction by FFM has been
problematic, as the contact area between tip and sample can-
not be varied easily. One solution has been the controlled
preparation of FFM tips with different apex radii,'>!® a te-
dious and rarely used procedure. Commonly, the contact area
has been changed by simply varying the cantilever load and
thus inducing contact area changes by surface deformations.
Although different contact models'*~!7 have been applied to
describe the experimentally observed relation between load,
contact area, and friction,'>!31819 this approach suffers typi-
cally from the limited knowledge about the exact geometry
of the tip. Moreover, inducing stress at the interface might
affect the system’s frictional properties, making it difficult to
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distinguish between stress-related and contact area-related
effects. Finally, FFM is also limited regarding the possible
choice of material combinations. Probe tips usually consist
of silicon or related materials such as silicon nitride and sili-
con oxide, which defines already one component of the in-
terface. An additional impediment in this regard is that the
atomic structure of the probe tips is generally ill defined,
which complicates systematic measurements.

To overcome the above-listed limitations, combinations of
FFM with nanoparticle manipulation have recently been de-
veloped. Traditionally, atomic force microscopy (AFM)
based manipulation of nano-objects focused on the exact po-
sitioning of particles’®23 as well as the characterization of
the factors that govern the tip-imposed particle
movement.’*>° A new route toward understanding nanoscale
friction® has then been opened by quantifying the interfacial
friction between the nanoparticle and the substrate during the
manipulation process, which enables the study of the fric-
tional behavior for a wide variety of material combinations
with well-defined interface conditions.>'® Under ultrahigh
vacuum (UHV) conditions nanoparticles can be manipulated
on clean, atomically flat substrates, allowing the investiga-
tion of the atomic origins of friction for extended contacts.
By using appropriate substrates and particles, it is even pos-
sible to study the influence of crystallographic structure and
orientation.

A further advantage of such manipulation studies is that a
large number of similar particles can be examined easily,
which is difficult to achieve in conventional FFM experi-
ments. While this strengthens conclusions by large statistics,
values reported in such studies might still depend on the
specific interface conditions including the level of contami-
nation, the presence of surface defects, or nonuniform struc-
tural or morphological properties of the particles.

The present work aims at providing such additional infor-
mation for the model system of metallic antimony nanopar-
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FIG. 1. (Color online) Evolution of particle morphology with
size. The contact areas of the particles shown in (a)-(d) are (i)
60000 nm?, (i) 66000 nm?, (iii)) 135000 nm?, (iv)
360 000 nm?, (v) 60000 nm? (vi) 1180000 nm? and (vii)
240 000 nm2. While smaller particles are usually round and com-
pact (e.g., particles (i), (ii), larger particles perform a transition to
more complex branched structures (e.g., particle (vi). The color
scale ranges from 0 nm (dark blue) to =60 nm (bright yellow).

ticles evaporated on highly oriented pyrolytic graphite
(HOPG) substrates under UHV conditions. This model sys-
tem has previously been studied,?%32343637 revealing a “fric-
tional duality” where some particles show finite friction
while for others, friction appears to vanish. Investigating the
physical origin of this duality in more detail, it has been
found that neither the particle morphology nor the sliding
direction affect friction significantly, while oxidation can
cause dramatic changes.

II. EXPERIMENTAL
A. Nanoparticle preparation and sample characterization

The samples under investigation consisted of antimony
nanoparticles prepared by thermal evaporation on HOPG
substrates. Unless otherwise noted, the HOPG was cleaved
under UHV conditions directly before thermal evaporation,
which was carried out by heating the crucible to 370 °C for
20 min while leaving the substrate at room temperature. Us-
ing these parameters, nanoparticles with a wide range of sur-
face area sizes could be prepared. Typically, antimony nano-
particles show different types of structures depending on
their surface area.®® This is illustrated in Fig. 1, where AFM
images show the three basic categories of nanoparticles that
are encountered: A) Small nanoparticles, which are mostly
round and compact [Figs. 1(a), 1(b), and 1(d), particles 1i, ii,
and v]; B) larger nanoparticles starting to show the onset of
branching [Figs. 1(b)-1(d), particles iii, iv, and vii]; and C)
very large nanoparticles with complex branched morpholo-
gies [Fig. 1(d), particle vi]. In general, for nanoparticles pro-
duced by the evaporation conditions described above, the
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compact structure was found to be predominant for nanopar-
ticles of up to 100 000 nm? with only larger nanoparticles
showing branched structures. Interestingly, large fluctuations
of contact area dimensions can be found already on small
sections of the substrate [cf. Figure 1(d)]. Experiments pre-
sented in this work, however, were limited to nanoparticles
belonging to categories A or B with surface areas smaller
than 200 000 nm?.

The morphological transition from round to branched was
already observed in earlier work®®*3? and reported to coincide
with structural changes in the particle’s crystalline structure:
While the small, compact particles are amorphous, it was
found that the larger, branched nanoparticles are crystalline.
The crystalline structure of large particles is confirmed by
our high-resolution in situ FFM measurements shown in
Fig. 2. The measurements, which have been performed on
top of a particle with a particle-substrate contact area of
Aconaer=120 000 nm?, yielded stick-slip behavior [Figs. 2(a)
and 2(c)] with a periodicity of (0.41 +0.04) nm that matches
well with the lattice constant of hexagonal antimony (0.43
nm).*>*! In contrast, no regular stick-slip pattern was found
for any of the smaller round islands, which are expected to
be amorphous.?® In order to determine the lattice orientation
of the substrate we also carried out similar high-resolution
FFM imaging directly on the graphite surface, where regular
stick-slip behavior was found as well [Figs. 2(b) and 2(d)].

In Fig. 3, we show transmission electron microscopy
(TEM) measurements of the Sb particles to further investi-
gate the amorphous-crystalline transition in relation to the
observed morphology changes from small and compact to
large and branched. For small and round nanoparticles
[Fig. 3(a)], selected area electron diffraction (SAED) shows
no diffraction pattern, but rather a homogenous, diffuse sig-
nal [Fig. 3(b)], which indicates that the particles are indeed
amorphous. For the larger and branched nanoparticles
[Fig. 3(c)], however, a distinct diffraction pattern can be ob-
served [Fig. 3(d)], confirming their crystalline structure.

B. Particle manipulation and friction calibration

All experiments have been performed at room tempera-
ture under UHV conditions using a commercial Omicron
AFM/STM combination. The base pressure during both
evaporation and manipulation was approximately 5
X 107'% mbar and the samples were transferred from the
preparation chamber to the analysis chamber without break-
ing the vacuum.

To assess the interfacial friction between the nanoparticles
and the HOPG substrate, we employed an AFM-based par-
ticle manipulation scheme that has been described in detail
elsewhere.’” In short, the friction measurements have been
performed by pushing the nanoparticles from the side as il-
lustrated in Fig. 4 while operating the instrument as a con-
ventional friction force microscope using soft Si or SiN can-
tilevers with normal force constants of up to k=0.3 N/m.
During the nanoparticle movement, an increased torsional
signal is measured that can be identified as the additional
interfacial friction between nanoparticle and substrate.’!*” In
order to obtain quantitative results, all measurements have
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FIG. 2. (Color online) Conventional friction force microscopy performed on top of a large Sb nanoparticle with A o e =120 000 nm? (a;
image size: 5X 5 nm?) and the adjacent HOPG substrate (b); 2.5 X 2.5 nm?). Additionally, friction loops measured along the fast scan axis
are shown for both the antimony nanoparticle (c) and the HOPG substrate (d). In both cases, the lateral force signals show regular stick-slip

behavior.

FIG. 3. Structural analysis of antimony nanoparticles. (a) TEM
measurements performed on small and round nanoparticles. (b) Se-
lected area electron diffraction of the nanoparticles shown in (a). (c)
and (d) TEM (c) and SAED (d) measurements of larger, branched
nanoparticles.

been calibrated using the wedge calibration method de-
scribed by Varenberg et al.*?

The manipulation process is controlled by adjusting the
normal force exerted by the cantilever during scanning;
while low-normal forces of =1 nN enable regular imaging,
forces of above 20 nN typically induce nanoparticle
movement.>” By adjusting the normal force close to the
threshold of manipulation, particles of a certain size are
likely to be moved during the scan process while larger par-
ticles remain stationary.

An example of a manipulation event based on this ap-
proach is presented in Fig. 5. Figure 5(a) shows a topo-
graphic image of a nanoparticle with A =48 000 nm?
directly before the manipulation. In the subsequently re-
corded image displayed in Fig. 5(b), the nanoparticle seems
to be “cut” after some part has been imaged. In fact, the
particle was pushed by the AFM tip out of the view of sight
along the line indicated by the white dashed arrow. Figure

Tip approaching Tip pushing
particle particle
Nl -
_Sb partc -

FIG. 4. (Color online) Schematic of the manipulation process.
Left: The AFM tip, which profiles the substrate in contact mode,
approaches the nanoparticle. Right: The probe tip reaches the nano-
particle and pushes it along its scan path. An increased cantilever
torsion is observed due to the additional lateral force acting on the
tip during the nanoparticle translation.
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FIG. 5. (Color online) Example of a particle manipulation event.
(a) A small nanoparticle with Ao, =48 000 nm? is imaged using
a low cantilever load. (b) Exerting a higher load causes manipula-
tion of the nanoparticle. After the nanoparticle has been profiled by
the AFM tip for a few lines in this bottom-to-top scan, it is pushed
along the line indicated by the white dashed arrow and ultimately
removed from the field of view. (c) Lateral force signal acquired
simultaneously with the topographical data shown in (b). The in-
creased lateral force due to the nanoparticle manipulation is clearly
visible. (d) A quantitative interfacial friction value can be extracted
by analyzing the scanline at which manipulation occurred. The in-
terfacial friction is calculated from the difference between the av-
erage lateral force signal before and during manipulation. The same
nanoparticle was manipulated two more times (e) and (f) with very
similar results.

5(c) shows the corresponding friction force image simulta-
neously acquired with the topographic image of Fig. 5(b),
which features a pronounced straight line along the path of
the particle translation.

This “friction trace,” which can be identified as the lateral
force signal during the particle movement, is depicted in de-
tail in Fig. 5(d). At the position x=0, the tip hits the nano-
particle and a sudden increase of the friction signal is ob-
served compared to the reference level defined by the friction
between the AFM tip and the HOPG substrate, which was set
to zero. The lateral force signal then remains constant at a
level of about 15 nN throughout the recorded manipulation
path. In Figs. 5(e) and 5(f) the friction signals of two further
manipulations of the same particle are shown. For all three
successive manipulations, no significant variations of the
measured interfacial friction force could be observed during
the effective translation length of approximately 1.5 um,
demonstrating the reproducibility of the approach.
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C. Contact area determination

One of our main motivations for performing the present
friction measurements by particle manipulation techniques is
to analyze the contact area dependence of nanoscale friction.
For this it is important to precisely determine the true inter-
face area of the sliding contact A ... Based on energy
minimization arguments, it is reasonable to assume that an
atomically flat contact between the antimony nanoparticles
and the HOPG substrate is established during growth. This
assumption is corroborated by cross-sectional TEM images
to be presented in a forthcoming publication,* which show
that thermally evaporated antimony nanoparticles form a flat
interface with the HOPG substrate. Therefore, it can be ex-
pected that the apparent nanoparticle-substrate contact area
from AFM topography scans correctly represents the true
contact area. For the analysis of the present experiments, this
area has been approximated by drawing polygons around the
nanoparticle circumferences that closely follow the particle
edges when depicted as two-dimensional top views. The area
of the polygon is then a measure of the nanoparticle’s contact
area.

II1. RESULTS
A. Contact area dependence of friction

In our previous study,** we found two coexisting fric-
tional states for Sb nanoparticles: While some particles
showed finite friction that increased linearly with the inter-
face area and allowed to deduce an area-independent shear
stress of (1.04+0.06) nN/nm?, other particles assumed a
state of frictionless (“superlubric”) sliding.** This “frictional
duality” is illustrated in Fig. 6, which shows the topographi-
cal (top row) and frictional (bottom row) signals of three
consecutive scans. The topographical image Fig. 6(a) was
used to determine the contact area of the two particles with
the substrate (note that both particles appear to consist of
smaller particles that coalesced during growth). The corre-
sponding friction map [Fig. 6(d)] was acquired simulta-
neously with the topographical data of Fig. 6(a) and features
strong contrast at the edges of the particles, a commonly
known artifact of FFM.

Directly after completing the scan of Fig. 6(a), the topo-
graphical image displayed in Fig. 6(b) has been recorded
with a normal force set slightly above the threshold force
expected to initiate particle dislocation. As a result, the upper
particle is moved out of the field of view after being profiled
for only a few scan lines, while the lower particle remains in
its original position. For the upper particle, lateral forces dur-
ing dislocation [Fig. 6(e)] are only visible before it is moved
(note the small bump close to the upper end of the image,
which correspond to the topographic edge visible in Fig.
6(b); no lateral force signal can be detected during the actual
particle sliding [“vanishing friction event,” see Fig. 6(g)].

Figure 6(c) presents the image subsequent to Fig. 6(b),
with Fig. 6(f) showing the accompanying lateral force signal.
This time, the lower particle is pushed out of the field of
view after it has been mapped for a couple of scan lines.
Since the dislocation of the lower particle involves continu-
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FIG. 6. (Color online) Topography signals (top row) and lateral
force signals (bottom row): (a) and (d) measured before particle
dislocation, (b), (c), (e), (f) measured during the dislocation of two
nanoparticles. (b), (e): dislocation of upper particle with Agonact
=(60 000 +5000) nm?; (c), (f): dislocation of lower particle with
Agontac=(84 000 + 5000) nm?. (g) Direct comparison of the respec-
tive lateral force signals during particle dislocation. While the red
curve, corresponding to the event depicted in (c) and (f), shows
considerable finite friction (labeled in the figure as “regular trans-
lation event”), no apparent friction other than a small initial sticking
is visible for the blue curve representing the translation of the par-
ticle pushed in (b) and (e).

ously applied lateral forces, an apparent “tail” manifests in
Fig. 6(f). The analysis of the lateral forces recorded during
each particle translation [Fig. 6(g)] allows us to quantify the
occurring frictional forces. The distinct frictional signature of
the lower particle is in striking contrast to the virtually fric-
tionless sliding of the upper particle, representing a good
example for “frictional duality” observed within one scan
frame.

A summary of our complete friction vs contact area data
is presented in Fig. 7, where results of manipulation experi-
ments with nanoparticles sized from 7000 nm?> to
200 000 nm? are shown. First we discuss the filled symbols,
which represent measurements carried out on particles that
were prepared and analyzed under clean UHV conditions and
never left the vacuum chamber. For these particles, the fric-
tional duality manifests between the filled black and red
symbols: The black symbols reflect interfacial friction values
that can be approximated by the area-independent shear
stress of =~1.04 nN/nm? found earlier,>* while the red sym-
bols characterize superlubric events.

As a possible explanation for this duality, it has been pro-
posed that interface contamination due to mobile spacer mol-
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FIG. 7. (Color online) Interfacial friction force vs. contact area
measured for Sb nanoparticles manipulated on an HOPG substrate.
All measurements have been performed under UHV conditions. The
full markers (squares) represent unoxidized nanoparticles kept per-
manently under UHV conditions. These particle show either a con-
stant, finite shear stress (black), or vanishing friction (red). The
open symbols (triangles and circles) represent Sb nanoparticles that
had been exposed to ambient conditions prior to the friction mea-
surements. Note that the triangles (gray) are located on the branch
of finite shear stress, while the circles (blue) form a second branch
of high shear stress.

ecules might mediate friction between incommensurate (and
thus superlubric) interfaces.*>-*® This line of argument is mo-
tivated by the fact that even under UHV conditions some
interface contamination occurs over time, in particular for
samples that are stored for an extended period of time after
preparation. Therefore, two series of measurements have
been performed. In a first series, all manipulations were con-
ducted within approximately two months, whereas a second
series was performed within a minimum time span after
sample preparation (<2 days). Additionally, the HOPG sub-
strate was cleaved under UHV conditions for the second se-
ries, while in the first case the HOPG was cleaved in air
(both samples were heated in situ after cleavage). By imple-
menting these changes, which are expected to improve
sample cleanliness, the ratio of superlubric to nonsuperlubric
particles was indeed found to increase.’*

Even though these findings seem to support the above
arguments, caution is still advised. In general, the actual ratio
of the number of particles showing vanishing friction to the
ones featuring nonvanishing friction is difficult to determine
and might be higher than concluded from the present experi-
mental results (=1:4). This is because the measurement pro-
cedure relied on contact mode operation for initial imaging,
which inherently favors the detection of nonvanishing fric-
tion particles. In this regard, using the dynamic imaging
mode instead would assist the establishment of a more accu-
rate ratio.

In our previous study,** vanishing friction events were
only observed up to a maximum size of 90 000 nm?, raising
the issue whether an upper limit for superlubric sliding ex-
ists. Our newer measurements revealed the existence of van-
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ishing friction particles for the entire range of contact areas
investigated, with superlubric events recorded for particle
sizes of up to 180 000 nm? (Fig. 7). One can therefore
speculate that there might be no upper limit for superlubric
sliding as long as atomically flat, clean, and sufficiently rigid
interfaces can be created.

B. Effect of particle oxidation

In a next set of experiments, we have analyzed antimony
particles exposed to air, which is known to cause surface
oxidation.* Specifically, Sb nanoparticles prepared in UHV
(HOPG cleaved in air and heated in situ after cleavage) were
removed from the vacuum chamber and kept under ambient
conditions for approximately two weeks. The sample was
then reinserted into the vacuum chamber, heated to 150 °C
for about 1 h in order to remove adsorbed water, and subse-
quently transferred to the UHV AFM where the particles
were manipulated as before. Interestingly, the friction values
observed for these particles (open symbols in Fig. 7) can
again be divided into two levels: The “lower level” (open
gray triangles) is in good agreement with the nonvanishing
friction branch measured for non-air-exposed particles, while
the “upper level” shows a roughly ten times higher interfa-
cial friction, resulting in an effective shear stress of
(10=3) pN/nm?. In these experiments, no particles were
found to fall onto the vanishing friction branch after air
exposure.*

A shear stress of air-exposed Sb nanoparticles on HOPG
that is much higher than for clean particles under UHV con-
ditions has been reported before.>* The difference between
the value found in these earlier experiments (40 pN/nm?)
and the present value may stem from additional surface con-
tamination such as adsorbed water, as the earlier experiments
were performed under ambient conditions. Systematic errors
in the absolute friction calibration may also play a role, since
different AFM systems were used.

Numerous scenarios may be envisioned to explain the ob-
served change of friction as a result of the air exposure. For
example, all vanishing friction particles might switch to the
very high friction branch while particles initially exhibiting
nonvanishing friction might be unaffected by air exposure.
Another possibility is that all particles from the nonvanishing
friction branch oxidize yielding a ten times higher frictional
resistance while all particles showing vanishing friction un-
dergo an air-induced transformation that coincidentally re-
sults in frictional values coinciding with the nonvanishing
friction branch found in UHV.

Most of the theoretically possible scenarios, however, ap-
pear to be improbable for one or the other reason. Based on
the currently available information, we favor a scenario
where at least some of the nonvanishing friction particles
change their frictional properties from the 1 pN/nm? to the
10 pN/nm? branch due to air exposure while others remain
unaffected. Further, we found no vanishing friction particles
on the oxidized sample suggesting that the vanishing friction
branch is completely lost by the long-term air exposure. De-
spite the low statistics, this seems reasonable in light of our
previous observation that the ratio of vanishing to nonvan-
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FIG. 8. (Color online) Perimeter (a) and form factor vy, (b)
plotted vs nanoparticle contact area with round red markers for
particles featuring low friction and square black markers for high
friction particles. The solid blue curve in (a) indicates the theoreti-
cal lower limit of perimeter for perfectly round particles. The two
AFM images used as inset in (b) illustrate the particle shapes for
different form factors (left particle: Agopae=25 000 Mm% ¥iorm
=0.88; right particle: A opac=178 000 nm?, ¥4om=0.59).

ishing friction particles increases with the level of clean
UHYV sample preparation.

To explain the appearance of the “very high friction”
branch, we argue that oxidation proceeds in these cases into
the Sb-HOPG interface although it is not directly exposed to
air. The fact that some air-exposed particles seem to remain
on the high friction branch of the unexposed particles indi-
cates on the other hand that not all interfaces are affected by
the assumed oxidation process. Rather, oxidation may need a
seed defect to proceed all the way into the Sb-HOPG inter-
face, which may not be present in all cases. Independent of
the exact scenario, we emphasize that air exposure of Sb
nanoparticles on HOPG can lead to an increase of the inter-
facial friction by one order of magnitude, an unexpectedly
strong influence.

3

C. Effect of particle morphology

The discussion in Sec. II A showed that the growth of Sb
nanoparticles is a complex process where particle shapes
varying from almost round to very branched can be obtained.
It is therefore obvious to suspect an influence of the particle
morphology on its frictional properties. In order to quantify
morphological differences we have analyzed the relation be-
tween particle perimeter and contact area.® Furthermore we
calculated a “form factor” 7y, defined as

4.m-A
'}/form — L2 contact . ( 1 )
perimeter
Equation (1) yields vygm=1 for perfectly round particles
whereas any deviation from circular shape results in form
factors smaller than one.

Figure 8 shows both the perimeter and the form factor as
function of the contact area for particles showing high and
low friction (black squares and red circles, respectively). Par-
ticles exposed to air were not included in this analysis. The
blue curve in Fig. 8(a) represents the theoretical perimeter
for perfectly round samples, which represents the lower limit
for all data points at a given contact area, while in Fig. 8(b)

035401-6



FRICTIONAL DUALITY OF METALLIC NANOPARTICLES:...

FIG. 9. (Color online) Examples of particle rotations occurring
during the manipulation of antimony nanoparticles. In (a) and (b),
the same nanoparticle as featured earlier in Fig. 5 is displayed be-
fore the first (a) and before the third (b) manipulation with an ef-
fective rotation of =15°, whereas the nanoparticle imaged in (c)
and (d) is shown at the start (c) and after completion (d) of a series
of multiple manipulations (n>10) that resulted in an accumulated
rotation of ~135°.

a range of typical form factors distribution is indicated by
straight lines to guide the eye.

From Fig. 8(a), we see that the measured particle param-
eters stay close to the theoretical curve for small contact
areas, whereas large contact areas result in a growing dis-
crepancy from the theoretical curve. This is consistent with
the decreasing form factors for larger contact areas in Fig.
8(b), where nanoparticles appear to be randomly distributed
within a range of approximately *0.15 around the center,
and simply reflects our earlier finding of increased branching
for larger particles. However, as particles showing either
high or low (vanishing) friction are dispersed in the same
way, a direct correlation between particle morphology and
frictional properties, i.e., superlubric or not, can be excluded.

D. Effect of particle rotation

As an alternative to the “dirt particle” theory,¥*¢ it has
been suspected that a relative rotation of the atomic lattices
of surface and particle may be responsible for the frictional
duality. This mechanism was proposed by Dienwiebel et
al.,’! where the registry between a small graphite flake slid-
ing on a single-crystalline graphite substrate was found to
strongly influence friction. In their experiments, Dienwiebel
et al. found high values for graphite-graphite friction always
when the relative orientation between HOPG substrate and
graphite flake yielded commensurate interface conditions,
while friction vanished otherwise. To evaluate a possible in-
fluence of the relative lattice orientations for the present sys-
tem, we have manipulated selected nanoparticles multiple
times and analyzed the results with respect to the particle-
substrate alignment.

Figure 9 features two examples of particle rotation. In
Figs. 9(a) and 9(b) we show the same antimony nanoparticle
with A pue=48 000 nm? that has been discussed earlier in
Fig. 5 (referred to as the “small particle” in the following),
which is rotated modestly by about 15° during manipula-
tions. In contrast, Figs. 9(c) and 9(d) illustrate that rotations
can also accumulate to larger values: We performed multiple
successive manipulations (n>10) with this “large particle”
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(Aconaer=178 000 nm?), which actually resulted in a relative
rotation of av=135°.

In the case of rotation dependent commensurability, this
“large particle” should lock at least at some point during
these rotations into commensurate conditions that cause
much higher friction (note that the particle is expected to be
crystalline due to its large size). However, during all manipu-
lations performed, the large particle’s friction level remained
on the vanishing friction branch, strongly disfavoring the hy-
pothesis that lattice structure matching causes the observed
frictional duality. This is further corroborated by multiple
manipulations of the “small particle” shown in Figs. 9(a) and
9(b), which features non-vanishing friction. Again, no varia-
tions in interfacial friction have been observed (cf. Figures
5(d)-5(f)) for different rotation angles despite the fact that
even moderate rotations should be sufficient to alter the par-
ticle’s frictional properties if the structure-matching hypoth-
esis would apply.

While studying rotational effects we also revisited the
question whether friction depends on the contamination level
of the nanoparticle/substrate system by modestly increasing
the pressure inside the UHV chamber after a first run of
rotation experiments had been completed. This was achieved
by switching off the vacuum pumps and shortly opening a
fine dosing valve to contaminate the UHV with ambient air,
which resulted in a pressure increase from p,=5Xx 1071 to
p1=5%1072. The chamber containing the AFM and the
sample was then kept at p; for 30 min before starting the
pumps again and reducing the pressure almost back to p.
During the pressure increase, the AFM tip was secured by
retracting it about 500 nm. After reapproaching, it was pos-
sible to relocate and manipulate the same nanoparticle,
which yielded a friction force identical to the one measured
before the pressure increase within typical error margins.
Since we found dramatic effects on friction by exposure to
air for two weeks, the threshold for contamination induced
friction changes must lie within the two investigated limits.

IV. CONCLUSION AND OUTLOOK

In this paper, we presented experiments that address sev-
eral of the open issues with respect to the contact area de-
pendence of interfacial friction using the model system of
antimony nanoparticles sliding on HOPG. One of the most
surprising and intriguing results of our previous
experiments®* was the observation of a “frictional duality”
with particles showing either high (i.e., easily detectable) or
very low (i.e., below our detection limit) friction.** Several
additional experimental runs have now solidified the exis-
tence of a duality between a low friction and a high friction
state for this system. To understand its physical origin, we
have systematically analyzed different aspects that poten-
tially might impact the interfacial friction. In particular, the
following six findings were presented:

(i) In our earlier experiments,* the largest particles that
showed low friction were of the order of A nuct
=90 000 nm?. The experiments now revealed the existence
of the low friction state for particles considerably larger than
that.
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(ii) The structure of the particles was re-examined, cor-
roborating earlier reports**3%3% of an amorphous-crystalline
transition. However, the particle’s frictional behavior was
found to be unaffected by this transition.

(iii) As the growth process induces large variations in the
individual particle shapes (round vs. branched), a possible
influence of the morphology on friction was examined, yield-
ing a negative result.

(iv) No dependence of friction on the relative angular ori-
entation between particle and substrate was observed, dis-
counting a mechanism similar to the one observed by Dien-
wiebel et al.’! that is based on establishing either registry or
incommensurability of the sliding lattices by rotation.

(v) Another hypothesis that may explain the duality is
based on the existence of mobile molecules in the interface
acting as mediators for interface friction.** Nevertheless,
moderate contamination of the interface by short-term expo-
sure to air with pressures up to 107> mbar did not result in
apparent changes of the observed friction.

(vi) To further investigate the effects of contamination and
structure, we studied the frictional behavior of oxidized
nanoparticles that had previously been kept under ambient
conditions for several days. This lead to the disappearance of
“vanishing friction” nanoparticles, but particles showing a
friction comparable to the preoxidation nonvanishing friction
level were still found, which suggests that the particle-
substrate interface of these particles was unaffected by the
oxidization. Other nanoparticles, however, exhibited a ten-
fold increase in friction, which points toward a full oxidiza-
tion of the interface.

Despite the above new findings, we are still not yet in a
position to unambiguously determine which effects are ulti-
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mately responsible for the occurrence of the frictional dual-
ity, establishing the need for continuous examination of the
subject. Examples of promising future directions are, e.g., (i)
experiments where contamination is added on an ongoing
basis and over a long period of time while the friction is
continuously recorded. This could yield insight into the na-
ture of the transition from low-friction to high-friction states.
(ii) Temperature-dependent measurements similar to the ones
performed in Refs. 52-54 might also help to identify the role
of the hypothetical mobile dirt particles, since low tempera-
tures should freeze such particles, causing changes in fric-
tion. (iii) The low-friction state itself deserves more atten-
tion, and respective experiments clearly require an increase
in measuring sensitivity. If in fact a quantification of the
actual friction experienced by a “superlubric” particle could
be achieved, its contact area dependence would further shed
light on the underlying atomic origins that cause the mani-
festation of this remarkable low-friction state. (iv) Finally,
the analysis of other material combinations might clarify
whether the duality observed for antimony on HOPG is a
general effect or if it appears to be particular to the Sb/
HOPG system.
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