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Abstract: The interplay of conductivity and friction in layered materials such as graphite is an
open area of investigation. Here, we measure local conductivity and friction on terraces of freshly
cleaved highly oriented pyrolytic graphite via atomic force microscopy under ambient conditions.
The graphite surface is found to exhibit a rich electrical landscape, with different terraces exhibiting
different levels of conductivity. A peculiar dependency of conductivity on scan direction is observed
on some terraces. The terraces that exhibit this dependency are also found to show enhanced friction
values. A hypothesis based on tip asymmetry and the puckering effect is proposed to explain
the findings. Our results highlight the non-triviality of the electrical and tribological properties of
graphite on the nanoscale, as well as their interplay.
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1. Introduction

Energy is an essential concept for humanity, closely intertwined with technological
advancements. Even though our demand for energy is expected to accelerate in the future,
conventional energy sources become increasingly unattractive due to environmental is-
sues including climate change [1]. As the push for alternative, renewable energy sources
continues [2], research efforts are also aimed at minimizing the “loss” of useful energy in
mechanical systems. As such, tribology—the study of friction, wear, and lubrication—has
become a vibrant field of research since the second half of the 20th century [3]. The accel-
erating progress in tribology research was spurred by the development of computational
and experimental methods that have enabled the comprehension and harnessing of the
complex physical phenomena that occur at the contact formed between sliding bodies [4].

The most conventional way to limit friction in mechanical systems is to use liquid
lubricants [5]. Liquid lubricants are straightforward and convenient for use in numerous
industrial and daily-life applications, playing a crucial role in enhancing the efficiency,
durability, and performance of mechanical systems. On the other hand, there are specific
conditions and applications for which the use of solid lubricants is required [6]. Solid
lubricants are particularly important for (aero)space applications, where factors such as
low temperatures and pressures render liquid lubricants ineffective [7,8]. Highly oriented
pyrolytic graphite (HOPG) is one of the most well-known examples of solid lubricants [4].
The solid lubricating properties of HOPG are typically attributed to its layered (i.e., lamel-
lar) structure, whereby individual sheets of carbon atoms held together by strong covalent
bonds are stacked on top of each other, with sheets interacting with each other through
weak van der Waals forces only. This anisotropic structure allows for easy sliding be-
tween the sheets, imparting to graphite its solid lubricating attributes. This scenario is
specifically valid under humid conditions, where water and oxygen molecules passivate
dangling bonds at the edges of individual sheets, which would otherwise lead to enhanced
interactions between sheets and, thus, increase resistance to shear [9]. The high thermal
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resistance of graphite also makes it valuable for certain high-temperature, tribological
applications [10].

Recent advances in experimental methods have allowed the formation of a nanoscale
understanding of tribological properties associated with solid lubricants. Within this
context, the most prominent role belongs to the atomic force microscope (AFM) [11,12],
which enables the recording of topographical maps as well as friction forces with sub-
nanometer and sub-nanonewton resolution on material surfaces, effectively starting the
field of “nanotribology” [13-15]. AFM can also be used to record the current flowing
between the sharp AFM probe and a sample of interest under the application of a bias
voltage with nanoscale spatial resolution; this mode of operation is commonly referred to
as conductive atomic force microscopy (C-AFM) [16]. Recent work has revealed that the
spatial resolution of C-AFM can reach the level of individual atoms, pushing the limits of
this ever-developing method even further [17].

Understanding the nanoscale electronic properties of carbon-based materials such as
HOPG [18] are important from a fundamental science point of view (especially considering
the rise of two-dimensional materials in the last two decades, spurred on by the discovery
of the extraordinary electronic properties of individual graphene sheets [19]). On the other
hand, nanoscale conductivity, in general, is vital for developing technologies such nano-
electromechanical systems (NEMs) [20], as well as microscale devices based on graphite [21].
For applications where tribological and electronic properties are central to functionality,
such as triboelectric nanogenerators (TENGs) [22], AFM arises as a particularly useful tool
with its capability of measuring both friction forces and currents with nanoscale spatial
resolution. Despite this fact, studies focusing on combined /comparative experiments of
nanoscale friction and conductivity performed via AFM are rather rare [23-25].

Motivated as above, we present here a combined study of nanoscale friction and con-
ductivity on HOPG terraces, performed via AFM. Compared with previous C-AFM work
performed on HOPG in the literature [18], our study stands out due to the simultaneous
measurement of currents and friction at the tip—sample junction. Specifically, our findings
reveal significant differences in conductivity and friction recorded on different terraces, and
distinct differences in conductivity between forward (trace) and backward (retrace) scans,
as well as changes in conductivity with normal load. Focusing on correlations between
conductivity and friction, we propose potential physical mechanisms responsible for the
observation of this rich landscape of nanoscale currents and friction forces encountered on
the HOPG surface during AFM measurements.

2. Materials and Methods

The experiments were conducted under uncontrolled ambient conditions (temper-
atures of 30-35 °C and relative humidity levels of 30-40%) using a commercial AFM
instrument (Asylum Research, Santa Barbara, CA, USA; Cypher VRS). It is important to
note that fluctuations in temperature and humidity within these ranges were not found
to affect the trends in conductivity and friction reported in Section 3. Mechanical exfolia-
tion (i.e., cleaving via adhesive tape) was utilized to expose fresh surfaces of bulk HOPG
crystals (Ted Pella, Redding, CA, USA; ZYB-quality) on which AFM experiments were
performed. Two types of commercial, conductive cantilevers were utilized for the measure-
ments: doped diamond-coated and Ti/Ir-coated (NanoSensors, Neuchatel, Switzerland;
CDT-CONTR and Asylum Research, Santa Barbara, CA, USA; ASYELEC.01-R2, respec-
tively), with normal spring constants of 0.6 == 0.1 N/m and 2.5 £ 0.1 N/m, respectively. The
normal calibration of the cantilevers was performed using the Sader method [26]. During
the experiments, normal loads ranging from 0 nN to 20 nN were applied to the cantilevers.
Mean adhesion forces were 16.4 nN and 6.1 nN, for doped diamond-coated and Ti/Ir-
coated probes, respectively. The AFM measurements were carried out in contact mode,
collecting lateral force signals along with topography and current maps. Bias voltages (V)
ranging from 0 mV to 35 mV were applied between the sample and the AFM cantilever.
The sizes of areas focused on during the measurements varied from 0.4 x 0.4 pm? to
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2.65 x 2.65 um?. The scanning frequency was kept constant at 1 Hz. Friction force maps
for each measurement were constructed from friction loops derived from the forward and
backward lateral force signals [27]. This approach eliminates the influence of topography
on measured lateral forces and provides absolute friction force values inherent to different
regions of the sample surface.

Figure 1 provides a schematic of the combined AFM measurement approach, together
with illustrative results. In particular, the AFM probe scans in forward and backward
directions on areas of graphite that comprise terraces separated by step edges of various
height, under the application of V. Results are collected simultaneously in the form of
three maps (topography, current (I), and friction), allowing direct comparisons to be made
between structural, electrical, and frictional characteristics.
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Figure 1. Schematic illustration of the AFM setup indicating the directions of forward and backward
scans on the HOPG surface. The recorded outputs during AFM experiments include topography,
current, and friction maps, representative examples of which are provided here. Please note that
negative current values are reported due to a negative bias voltage being applied.

3. Results and Discussion

Figure 2 displays the results of two separate conductive AFM experiments performed
on two different regions of graphite containing multiple terraces. In particular, Figure 2a,b
depict current maps acquired during forward and backward scans, respectively, with clear
differences in the conductivity landscape. Specifically, while some terraces exhibit similar
conductivity values for both scan directions, the current values acquired on certain terraces
are drastically different for forward and backward scans, with the most striking examples
highlighted by black (forward) and red (backward) arrows in the current profiles depicted
in Figure 2c. Current data acquired on another region of graphite, as depicted in Figure 2d,e,
also result in the same conclusion, proving that the observed phenomenon (significant
changes in conductivity on certain terraces as a result of scan direction) is not confined to a
particular region on the sample surface.
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Figure 2. Quantitative analysis of conductivity differences on graphite terraces as a result of scan
direction. (a,b) Current maps for forward and backward scans, respectively, illustrating variations
in conductivity on graphite terraces. (c) Current profiles acquired along the white lines in (a,b),
quantitatively confirming conductivity differences between forward (black) and backward (red) scans.
(d,e) Current maps for forward and backward scans, respectively, acquired on another region of the
graphite sample. (f) Current profiles acquired along the white lines in (d,e), quantitatively confirming
conductivity differences between forward (black) and backward (red) scans. Arrows in (c,f) indicate
representative regions on which stark conductivity differences are recorded as a function of scan
direction. The bias voltage is 25 mV, while the applied normal load is zero. Data acquired with a
doped diamond-coated probe.

In order to see if the prevalent conductivity differences on graphite terraces as a func-
tion of scan direction are accompanied by variations in frictional behavior, we performed
combined experiments whereby current maps were recorded simultaneously with friction
maps. Figure 3 presents representative results from such an experiment. Conductivity
differences on certain graphite terraces in forward and backward scans are also observed
in this experiment, as highlighted by the current maps shown in Figure 3a,b and the line
profiles in Figure 3d. In particular, while the left- and right-most terraces (highlighted as I
and IV in Figure 3a,b, respectively) exhibit similar conductivity values for both forward
and backward scans, the two terraces in the middle (highlighted as II and III in Figure 3a,b)
exhibit significant differences. The friction map recorded simultaneously with the current
maps is depicted in Figure 3c. Interestingly, the two terraces that do show strong variations
in conductivity as a function of scan direction (II and III) exhibit significantly enhanced
(~3 times as much) friction when compared with terraces that do not exhibit strong direction
dependence of conductivity (I and IV).

Complementing the comparative current and friction data presented in Figure 3,
another data set of topography, current, and friction maps is presented in Figure 4. As
observed in Figure 3, the two terraces that display the most drastic change in recorded
current between forward (Figure 4b) and backward (Figure 4c) scans also exhibit enhanced
friction values (Figure 4d) compared to the two other terraces where direction-dependent
changes in current are much less significant.

To determine if the observed trends in conductivity are potentially affected by the
pressure at the probe—sample contact, we repeated our experiments at different values
of normal load. In particular, Figure 5 illustrates two sets of current maps and profiles
recorded in forward and backward scanning directions, under applied normal load values
of 0 nN (corresponding to adhesive contact, Figure 5a—c) and 20 nN (Figure 5d—f). While
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the results shown in Figure 5a—c again demonstrate a strong direction dependency of
conductivity (specifically for the middle terrace, highlighted as II), the application of a
normal load of 20 nN results in an enhancement of current values on terraces I and 1I
(Figure 5f). While this may initially appear as a suppression of the direction dependency
effect when compared with the 0 nN normal load scenario, it needs to be taken into account
that 20 nA represent the upper limit of current detectable with our AFM setup, thus leaving
it an open question whether the recorded current values on terrace III would also have
increased significantly with increasing normal load. Regardless, the effect of normal load
on current values recorded on terraces I and Il is clear.
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Figure 3. Comparative analysis of current and friction on graphite terraces I to IV. (a) Current map
recorded during forward scan. (b) Current map on the same area, recorded during backward scan.
(c) Simultaneously recorded friction map on the same area. (d) Current profiles acquired along the
black lines in (a,b). (e) Friction profile acquired along the white line in (c), highlighting the enhanced
friction encountered on terraces II and III. The bias voltage is 0 mV, while the applied normal load is
zero. Data acquired with a doped diamond-coated probe.

It is important to note that the conductivity variations on different graphite terraces
exemplified by the representative results in Figures 2-5 as a function of scan direction were
universally observed during our measurements, after multiple (3) cleaves of the graphite
sample, tested with multiple (two Ti/Ir-coated and four doped diamond-coated) AFM
probes. As such, it is not possible to assign the physical mechanism behind the observations
to specific properties of the investigated sample regions or specific tip asymmetry effects
alone. Additionally, the fact that only certain terraces exhibit a strong direction dependency
of conductivity on scanning direction, while others appear similar or exhibit comparatively
minor differences indicates that certain regions/terraces on the cleaved graphite surface are
inherently different compared to the other ones. In order to hypothesize about the physical
reasons behind our observations, we turn to previous C-AFM work performed on HOPG.
In particular, Banerjee et al. observed distinct differences in conductivity on different
graphite terraces on HOPG in their C-AFM measurements, where the direction dependence
of conductivity measurements was not studied [18]. The reason behind the observed
differences in conductivity between different terraces (or alternatively, “ribbons/strips” of
graphite) was attributed to the mechanical cleaving process; specifically, it was argued that
exfoliation via adhesive tape led to vertical and/or lateral displacement (i.e., dislodgement)
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of certain regions in the upper layers of the graphite substrate, which in turn led to
variations in electrical conductivity due to altered interactions with the bulk [18]. As
already illustrated in detail, in our measurements, we additionally observed that certain
terraces exhibited differences in electrical conductivity as a function of scanning direction.
The availability of friction force as an additional data channel provides clues with regard
to the physical origins of this behavior. Specifically, as illustrated in Figures 3 and 4, we
repeatedly observed that terraces exhibiting strong direction dependence of conductivity
also exhibited enhanced friction forces. The variation in friction on layered materials such
as graphite as a function of number of layers has been studied extensively via AFM and
attributed to the “puckering” phenomenon [28]. Puckering involves the idea that individual
layers of a material such as graphite exhibit increased friction during AFM measurements
when compared with multiple layers, due to vertical deformations around the sharp AFM
probe that effectively wrap the material around it, thus increasing friction values. This
effect diminishes for the bulk versions of the material as the increasing bending stiffness
suppresses the vertical deformations. Based on this information, one can argue that those
regions of the graphite surface that exhibit strong direction dependence of current are those
terraces/ribbons that have been dislodged sufficiently from the bulk, thus exhibiting the
puckering effect, which manifests as enhanced friction.
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Figure 4. Comparative analysis of current and friction on four graphite terraces. (a) Topography map
recorded during forward scan. (b) Current map recorded during forward scan. (c) Current map on
the same area, recorded during backward scan. (d) Simultaneously recorded friction map on the
same area, highlighting enhanced friction on the two terraces on the left. The bias voltage is 10 mV,
while the applied normal load is zero. Data acquired with a doped diamond-coated probe.

The remaining question is then why different values of conductivity are measured
on these dislodged regions when they are scanned in opposite directions (forward vs.
backward). In order to answer this question, it is important to realize that AFM probe
apexes are almost always structurally asymmetric, and the degree to which this asymmetry
affects measurements depends on how much of the vertical extent of the probe is involved
in the measured interactions [29]. As such, it is conceivable that the degree of puckering
on dislodged terraces/regions (and consequently, the effective contact area) could be
significantly different for AFM probes scanning in one direction vs. the other, depending
on the structural asymmetry of the probe apex. Therefore, scans in one direction could
result in larger contact areas (and therefore, higher currents) while the inverse would be
true for the other direction. On terraces/ribbons that are not dislodged from the bulk, the
effect of tip asymmetry on the direction dependence of current would be minimal (but
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potentially still observable, as is the case for the right-most two terraces in Figure 4), as
puckering does not take place, and only a limited region of the tip apex interacts with the
substrate. Having said this, it needs to be acknowledged that the experimental verification
of this scenario remains difficult. The main reason for this is that while scanning electron
microscopy (SEM) can be used to observe tip apexes on the scale of several nanometers [30],
and transmission electron microscopy (TEM) can provide atomic-resolution spatial detail
on tip apex structures [31], (i) these characteristics change as soon as the tip makes contact
with the sample, and (ii) only a very small, specific portion of the tip apex interacts with
the sample surface. Therefore, evaluation of tip asymmetry for individual experiments
remains challenging.
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Figure 5. Quantitative analysis of conductivity differences on graphite terraces I to III as a function of
scan direction and normal load. (a,b) Current maps for forward and backward scans, respectively,
recorded under a normal load of 0 nN. (c¢) Current profiles acquired along the white lines in (a,b).
Current maps for forward and backward scans, respectively, recorded under a normal load of
20 nN. (f) Current profiles acquired along the white lines in (d,e), showing an increase in current
values recorded in the backward scan direction. The bias voltage is 1 mV. Data acquired with a
Ti/Ir-coated probe.

Despite the apparent self-consistency of the hypotheses above, certain open questions
remain from the presentation of our results. In particular, while Figure 5 demonstrates that
current values recorded on terraces indeed increased with the application of normal load
(which may simply have occurred due to the increase in contact area) [32], the question of
whether normal loads can suppress the direction dependency of current remains. Addi-
tionally, as one can see in Figure 5b, only a certain region on terrace II exhibited direction
dependency of current while the rest did not. The observation that the boundaries of this
region aligned perfectly with the horizontal scanning direction of the AFM probe could lead
to the impression that temporary tip changes are the reason behind the diminished current.
On the other hand, the confinement of the effect to a single terrace disproves this notion.
An alternative explanation could involve a scenario where the probe damages/exfoliates
the terrace in question [33]. Such alternative scenarios, however, need validation through
complementary computational work.
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4. Conclusions

In conclusion, we presented results of combined conductivity and friction measure-
ments on graphite, performed via AFM. A strong dependence of conductivity on scanning
direction was observed on certain terraces, which were also found to exhibit enhanced
friction forces. A physical picture involving the dislodgement of such terraces from the
bulk substrate during the mechanical exfoliation process potentially explains the observed
trends, whereby the combination of puckering and tip asymmetry could lead to the di-
rection dependence of measured current values. On the other hand, the experimental
verification of this hypothesis remains difficult due to limitations associated with the struc-
tural characterization of tip apexes on the nanometer scale and the inability to observe
the tip-sample contact region in situ during sliding. As such, future work involving
computational approaches would certainly be needed to verify and/or revise the hypothe-
ses. Regardless of the hypotheses presented here, the experimental results unequivocally
demonstrate the non-triviality of nanoscale conductivity and friction on graphite, with
implications for device designs where the interplay of electrical and tribological phenomena
are central to functionality.
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