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Although graphene is well known for super-lubricity of its basal plane, friction at its step edge is not well
understood. In this study, friction of a single-layer graphene step edge was studied using atomic force
microscopy (AFM) in vacuum and humid air conditions. At a 0.34 nm thick graphene step edge, friction
varies drastically depending on whether it is exposed at the topmost surface or covered under other
graphene layers. The friction response of the step edge buried under one layer of graphene can be fully
explained with the topographic effect only; in contrast, the exposed step edge exhibits both topographic
and chemical contributions to friction. Chemical characterizations suggest that the exposed graphene
step edge is terminated with C—OH groups, which can interact with the AFM tip surface through
hydrogen bonding interactions and thus increase friction. The chemical interactions at the exposed step
edge significantly amplify the topographic effect. When the step edge is covered by more than one layer
of graphene, friction is not sensitive to the 0.34 nm height change. This must be due to the stiffness of
multilayer graphene and the height changes gradually at the step edge. These findings will advance

fundamental knowledge of the frictional behaviors of graphene.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene is well known for superior strength, which makes it
an ideal material for ultra-thin protective coatings from nanoscale
to macroscale [1—6]. Due to the ultra-low topographic corrugation
of the graphene (and graphite) basal plane as well as incommen-
surate contact with other materials, extremely low coefficient of
friction (COF) or super-lubricity can be achieved [7—9]. Because the
single layer graphene is only 0.34 nm thick, friction response on the
graphene basal plane can be altered by the low bending modulus as
the graphene thickness decreases to a few layers [10]; friction can
also be affected by the substrate roughness [11] and the intercala-
tion of molecules between the graphene layer and the substrate
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[12,13]. Moreover, the friction properties of graphene depend on
the environmental conditions [14] and chemical modification
[15,16]. In practical applications of graphene as solid lubricant
coatings, another complexity is encountered. Unless the entire
substrate surface is covered conformally with only one piece of
defect-free graphene, corrugated features can always be found at
graphene-covered surfaces. Such corrugated features include folds,
wrinkles, blisters, step edges, and so on. Among these features,
graphene step edges can cause extremely high friction compared to
the basal plane and significantly deteriorate the overall lubricity of
the graphene coating [17—30]. Thus, it is important to understand
the origin of the high friction at the graphene step edge.

Since the step edge of a single graphene layer is so sharp
laterally (widthwise, less than one covalent bond length) and only
0.34 nm tall vertically, only nanoscale measurements with atomic
force microscope (AFM) can properly assess the friction behavior at
single layer graphene step edges [31—33]. Previous studies agreed
that when the AFM tip moves up from the lower terrace of the step
edge to the upper terrace, friction is significantly larger than that on
the basal plane [17—30]. However, in the case of the tip sliding
down the step edge from the upper terrace to the lower terrace, two
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opposite trends have been reported. While most papers reported
an increase in friction during the step-down [17—27], a few papers
reported a negative friction which means the tip is pushed forward
along the sliding direction [28,29]. The latter case could be
explained with the topographic effect; in other words, the forward-
direction force is produced due to the height difference (geometry).
In order to explain the former case (resistive force during the step-
down process), a concept of a high potential barrier at the step
edge, which is often called Ehrlich-Schwoebel barrier [34], was
introduced [21,24,28]. Although this model could reproduce the
general trend of the resistive force for the step-down process, the
origin of the large additional barrier is not well documented or
explained. Others attempted to explain this resistive force by
arguing the presence of dangling bonds at the graphene step edge,
because they are expected to have strong chemical interactions
with the tip surface [18,30]. Without proper characterization of
functional groups at the graphene step edge, the presence of
undercoordinated carbon atoms was often assumed in comple-
mentary molecular dynamics simulations [19,28,29,35]. In some
reports, friction measurements were performed with a scan size of
hundreds of nanometers [18,22,24,25,27,28,30] or a poor signal-to-
noise ratio [19,29]; thus, detailed information could have been
missed due to the low resolution of analysis. This led to some
discrepancy in experimental data and incomplete understanding of
frictional behaviors originating from chemical interactions be-
tween the graphene step edge and the counter surface.

In this study, we report clear distinction between the purely
topographic effect and the convoluted effect of chemical and
topographic contributions. This distinction was possible by iden-
tifying the functional groups at the graphene step edge exposed to
air and comparing frictions at the exposed step edges and the step
edges buried under graphene layers. The freshly-cleaved graphite
surface exposing graphene basal planes and step edges was char-
acterized with x-ray photoelectron spectroscopy (XPS) and
polarization-modulation reflection-absorption infrared spectros-
copy (PM-RAIRS). Then, nanoscale friction behaviors of the gra-
phene step edge were measured using AFM with a clean and sharp
Si3Ng4 tip (Fig. S1). The data presented here provide an insight into
fundamental processes governing friction at the graphene step
edge, proving that the friction is influenced by both chemical and
topographic effects and these two effects can be well differentiated.
These findings enrich the understanding of the friction behavior of
graphene surfaces.

2. Experimental
2.1. Graphite surface preparation and characterization

A freshly-cleaved graphite surface was produced on a highly-
oriented pyrolytic graphite (HOPG) crystal by tape-exfoliation in
ambient air. Immediately after exfoliation, the sample was trans-
ferred into the vacuum chamber of the XPS system. The XPS anal-
ysis was performed using a PHI VersaProbe system equipped with a
monochromatic Al-Ka x-ray source. The HOPG crystal was mounted
on the sample stage with a metal clip and no sputter cleaning was
performed on the graphite surface. The freshly-cleaved graphite
surface was also analyzed with PM-RAIRS in a humidity controlled
chamber. PM-RAIRS measurements were carried out using a
Thermo-Nicolet Nexus 670 spectrometer with a liquid nitrogen
cooled MCT-A detector, a photoelastic modulator (HINDS In-
struments PEM-90), and a demodulator (GWC Instruments) [36].
The p- and s-polarized infrared beam was generated with a ZnSe
crystal driven with the photoelastic modulator at 50 kHz. The
(p + s) and (p — s) signals of the reflected beam were recorded
simultaneously with the demodulator. The reported spectrum in

this paper is the (p — s)/(p + s) ratio under various humid condi-
tions and all spectra were normalized with the spectrum obtained
in dry nitrogen condition. Moreover, graphite and gold surfaces
coated with the same amount of a Langmuir—Blodgett film of
dimethyldioctadecylammonium bromide were also analyzed with
PM-RAIRS to determine the relative sensitivity of PM-RAIRS for
detection of adsorbates on these surfaces (see Supplementary
Materials for details); this allowed to estimate the amount of water
molecules adsorbed on the graphite surface.

2.2. Nanoscale friction measurement

The topographic scanning and friction measurements were
performed at room temperature with AFM (SPI3800N, Seiko,
Japan) equipped with an environment control chamber. A Si3Ny tip
(MLCT, Veeco, USA) with nominal radius less than 20 nm attached
to an AFM cantilever was used in the friction and topography
characterizations. The normal spring constant of the cantilever was
calibrated as ~0.1 N/m by thermal noise method using an MFP-3D™
AFM (Asylum Research, CA, USA). Friction tests were carried out in
two environmental conditions: (i) in vacuum condition with a
pressure less than 1074 Pa and (ii) in humid air condition with a
relative humidity (RH) of 50 + 2%. The applied normal load ranged
from OnN to 25nN, and the tip sliding speed was 50 nm/s. The
friction forces measured by the AFM tips were calibrated by using a
silicon grating with a wedge angle of 54°44’ (TGF11, MikroMasch,
Germany) [37].

3. Results and discussion
3.1. Chemical characterization of freshly-cleaved graphite surface

The freshly-cleaved graphite surface was analyzed with XPS
without any sputter cleaning in vacuum. The survey spectrum in
Fig. 1a shows a tiny signal of O 1s (532.7 eV), indicating the pres-
ence of a trace amount of oxygenated species at the surface. The C1s
high-resolution spectrum (inset in Fig. 1a) can be fitted with one
single peak centered at 284.5 eV with the Doniach—Sunjic line
shape and the m-m* shake-up component at 291 eV [38]. No other
component is necessary to improve the fit result. This implies that
the freshly cleaved graphite surface contains intact graphene basal
planes with very little defects (less than the detection limit of XPS).
The small amount of oxygen detected in the survey spectrum
should be due to oxygenated groups formed at the step edges via
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Fig. 1. Chemical characterization of newly-generated HOPG surfaces. (a) Survey XPS
spectrum of the freshly-cleaved graphite surface exposed by tape-exfoliation of HOPG
in ambient air. The inset is the Cls high-resolution XPS spectrum. (b) PM-RAIRS
spectra of the freshly-cleaved graphite surface in various humid conditions. The
spectra taken in humid conditions were normalized with the spectrum collected in dry
condition for baseline correction. (A colour version of this figure can be viewed online.)
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reactions of dangling bonds produced upon mechanical exfoliation
with oxygen and water molecules impinging from the gas phase.

To determine the chemical nature of the oxygenated species on
the freshly-cleaved graphite surface, PM-RAIRS analysis was carried
out. Fig. 1b displays the PM-RAIRS spectra of the graphite surface
collected in various RH conditions. There is no discernible peak in
the 2850-2950 cm™~! region, indicating the surface is free of any
organic contaminants. The small peak at 3640-3650 cm~! matches
well with the stretching vibration position of the free alkoxide
(C—OH) group without hydrogen bonding interactions with sur-
rounding molecules [39,40]. As RH increases, this peak grows only
marginally. Since PM-RAIRS detects only the surface normal com-
ponents of dipoles [41], the growth of the 3640-3650 cm™! peak
with increasing RH could mean that more C—OH groups are
pointing off the surface plane upon interactions with water mole-
cules impinging from the gas phase or that some water molecules
adsorbed with a single hydrogen bond. But, such water molecules
do not readily stay at the surface until the humidity approaches
near saturation condition (RH 90%) [12]. The hydrogen-bonded OH
groups of physisorbed or condensed water exhibit broad peak
spanning over the 2800—3600 cm™! region [42,43]; however, this
peak is negligible at RH below 90%. When the graphite surface
is exposed to RH 90% of D,0, the free C—OH group is exchanged
to the C-OD group whose stretch peak (~2720 cm™!) is somewhat
overlapping with the broad peak of physisorbed D20
(2300—2700 cm™1). This confirms that the graphene step edge is
terminated with C—OH groups. By comparing the PM-RAIRS spectra
of graphite surface and Au surface (Fig. S2) [44], the average
amount of water molecules adsorbed on the freshly-cleaved
graphite surface at 70% RH is estimated to be less than 0.1% of the
water molecules adsorbed on the gold surface at the same RH. Such
extremely low value implies that C—OH groups are only at the
graphene step edges. Because these hydroxyl (alkoxide) groups are
formed by reactions of the dangling bonds at the step edge with
water molecules from the gas phase, it is likely that there would be
a stoichiometrically equal amount of C—H groups at the step edge. If
oxygen molecules are involved in passivation of the dangling bonds
at the step edge, then the concentration of the C—H terminated
sites would be even lower.

3.2. Nanoscale friction behaviors of single-layer thick graphene step
edges

Fig. 2a and Fig. 2b show the topography and friction image of a
1.5 um x 1.5 pm area of the freshly cleaved graphite surface. Fig. 2¢
sketches all step edges identified with a height difference of about
0.34 nm. The step edge marked with the red solid line in Fig. 2c
gives extremely high friction compared to the basal plan friction.
The trace (stepping-upward) and retrace (stepping-downward)
scans of this step show quite different lateral force profiles (AA’ in
Fig. 2d). The step edge marked with the blue dashed line in Fig. 2c
gives a small change in the lateral force signal with the same sign in
both trace and retrace scans (BB’ in Fig. 2d). Other three step edges
marked with green dotted lines exhibit lateral forces almost iden-
tical to the basal plane friction (CC' in Fig. 2d). The pull-off force of
the AFM tip measured on the basal plane before and after the
scanning is not changed (Fig. S3). Considering that the pull-off force
is closely related to the tip radius and surface contamination [45], it
is believed that little wear was caused due to the sliding.

Fig. 3a, Fig. 3b and 3c present the high-resolution topography
images of the AA/, BB/, and CC' regions of Fig. 2c, respectively. The
same tip was used and scanned in the same direction to collect
these images. The height profile perpendicular to the step edge of
each image is shown in Fig. 3d. It can be clearly seen that the height
of these three steps is about 0.34 nm, which is in accordance with
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Fig. 2. Topography and friction on graphite surface measured by AFM with a Si3Ny tip.
(a) Topography in a scan area of 1.5 pum x 1.5 pm. (b) Friction image measured in humid
air under an applied load of 15 nN. (c) Schematic diagram showing all step edges. The
red, blue, and green lines are the topographic steps identified with large, small, and
negligible differences, respectively, from the basal plane friction. (d) Lateral forces
measured along the lines marked as AA’, BB, and CC'. (A colour version of this figure
can be viewed online.)
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Fig. 3. (a, b, c) Topographies and (d) cross-section profiles at an exposed graphene step
edge (AA’), a buried graphene step edge covered with one layer of graphene (BB'), and
a buried graphene step edge covered with multi layers of graphene (CC'), respectively.
(e) Mlustration of such three different kinds of graphene step edges. (A colour version
of this figure can be viewed online.)

the thickness of a single layer graphene. However, the slope (f) of
the recorded topography is the smallest for the CC’' edge (~30°),
medium for the BB’ edge (~50°), and the largest for the AA’ edge
(~60°). Probably, the largest angle is mostly governed by the cur-
vature of the AFM tip in contact with the step edge [46]. Since the
AA’ step has the largest friction signal among all the step edges
probed, we believe this is an exposed step edge without any other
graphene layer covering it. This must be the place where the C—OH
groups, which is detected with PM-RAIRS, are present along with
C—H groups.

Because the friction signal of the BB’ step edge is much weaker,
but the step height is the same as the AA’ step edge, the BB’ step is
believed to be a buried step edge, instead of being exposed to the
gas phase. Considering the slight decrease in # of the BB’ step
compared to the AA’ step, it is believed that BB’ step is covered
probably with a single layer of graphene. The single graphene layer
covering the step edge would be compliant due to the low bending
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modulus, but still prevents the AFM tip from probing the deepest
corner of the step edge [11]. Then, the CC’ step with even smaller
angle could be attributed to a step covered with multiple graphene
layers. If multi-layer graphene is stiff enough, then the AFM tip will
follow the topography of the topmost surface [37,47,48]. This is
schematically illustrated in Fig. 3e.

Being able to distinguish the exposed and buried step edges
with the same topographic height (around 0.34 nm) provides a
good opportunity to investigate the effects of chemical functional
groups present at the exposed step edge and topography change on
lateral friction signal. The graphene edge buried under more than
one layer of graphene (CC’ in Fig. 3d) does not seem to add any
additional resistance to the lateral sliding of the AFM tip (CC’ in
Fig. 2d). This might be because the slope or height derivative of the
0.34 nm thick topographic step covered with a stiff overlayer is not
big enough to influence friction.

At the step edge buried under one layer of graphene (BB’ in
Fig. 3d), the lateral signal is shifted to the same direction during the
step-up and step-down scans and the hysteresis between these two
is almost the same as that observed on the basal plane (BB’ in
Fig. 2d). Such a behavior can be explained with the topographic
artifact (geometry effect) in the lateral force measurement (Fig. 4a)
[37,48]. The tip moving upward along the topographically-slanted
surface experiences additional resistance than the tip moving on
the flat surface (Fig. 5a, upper panel). For the same reason, the tip
moving downward the slanted surface experiences less resistance
(Fig. 5a, lower panel). Note that the sign of resistive and assistive
force in Fig. 5a changes when the scan direction is reversed in AFM
friction measurements. Such additional resistive (during step-up)
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Fig. 4. Schematics of (a) topographic effect, (b) chemical effect and (c) the combination
of topographic and chemical effects on the lateral signal when an AFM tip stepping
upward and downward an exposed graphene step edge. Blue lines indicate
topography-induced friction, red lines indicate chemistry-induced friction and green
lines indicate the combined friction signal. (A colour version of this figure can be
viewed online.)

and assistive (during step-down) forces due to topography
change is a function of the slope angle, the COF, and the applied
load [37,48]. Fig. 5b and c report the applied load dependence of the
amount of shift in the lateral force signal (see Fig. S4 for the lateral
force profiles). Both upward and downward scan directions show
the same dependence on the applied load, and the environment
(vacuum versus humid air) does not have any significant impact.
The insensitivity of friction to the humidity change from 0% (vac-
uum) to ~50% (humid air) can be attributed to the lack of water
adsorption on the graphite surface at RH below 90% (Fig. 1b).

In contrast to the friction response of the buried edge (BB’ in
Fig. 2d), the exposed edge (AA’ in Fig. 2d) exhibits large hysteresis
between the trace (step-up) and retrace (step-down). Such large
differences in the lateral friction signal are quite remarkable when
considering both AA’ and BB’ steps have the same height difference
(0.34 nm) and similar slope angle. As shown in Fig. 6a, the lateral
force signals of the AA’ step edge could be fitted with two com-
ponents — a narrow and large component (peak 1) and a broad and
weak component (peak 2). It is noted that the peak 1 component is
in the same direction in sign, i.e. resistive during the step-up and
assistive during the step-down (similar to Fig. 5a). In contrast, the
peak 2 component changes the sign when the scan direction is
reversed, meaning it is resistive in both step-up and step-down
scans.

Based on the similarity of the peak 1 component to the trend
seen in Fig. 5a, it could be attributed to the topography-dominant
effect. For the peak 2 component, the opposite sign in the lateral
signal upon reversal of the scan direction (i.e., resistive force in both
trace and retrace directions) can be explained by the chemistry
effect. If the substrate chemistry changes such that the adhesion or
attractive interactions between the tip and surface increases, then
the friction at that location will increase (Fig. 4b) [49,50]. Because
there are C—OH groups at the step edge exposed to the gas phase
(Fig. 1b), the Si3N4 tip surface will have stronger adhesive in-
teractions with the substrate surface when it slides over the
exposed step edge. Therefore, as shown in Fig. 4c, the lateral force
of the AFM tip sliding across an exposed graphene step edge is
affected by both topographic and chemical effects.

Fig. 6b plots the magnitude of the peak 1 component decon-
voluted from the lateral signals measured for the exposed step edge
at different applied loads in vacuum and humid air. Similar to the
buried step edge case (Fig. 5b and c), the peak 1 component shows a
linear dependence on the applied load and negligible dependence
on the environment. This similarity supports that the peak 1
component must be dominantly due to the topographic effect.
However, it is noted that its magnitude (Fig. 6b) is about one order
of magnitude larger than the friction at buried step edge (Fig. 5b
and c), although their topographic heights are the same and the
slope angles are similar. The fact that it is exposed and chemically-
derivatized with highly polar groups appears to amplify the topo-
graphic effect in the lateral friction signal. One possible amplifica-
tion mechanism might be the out-of-plane deformation of the
C—OH groups at the step edge due to hydrogen bonding in-
teractions with the tip surface during the step-up motion of the tip
from the lower terrace to the upper terrace [51].

Fig. 6¢ plots the magnitude of the peak 2 component versus the
applied load measured in vacuum and humid air environments. The
load dependence of the step-up and step-down signals appears to
be almost identical except the sign is opposite (so, both are resis-
tive). Unlike the topography-dominant component (peak 1), the
chemistry-dominant component (peak 2) shows small but notice-
able dependence on the test environment. The resistive force due to
the C—OH group at the exposed surface is slightly larger in humid
air than that in vacuum. This could be associated with the slight
increase in the free OH signal in the 3640-3650 cm™! region in the
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PM-RAIRS as RH increases to 50% (Fig. 1b). It could also be due to
the adsorption of water molecules at the native oxide surface of the
AFM tip surface. In any case, the small difference in friction be-
tween the vacuum and ambient air conditions supports that the
peak 2 component originates from hydrogen bonding interactions
of the C—OH groups at the exposed step edge with the counter-
surface [51].

One could define the COF as p=AFy [AFy, where Fy is the
measured friction force and Fy is the applied normal force. In other
words, the slope of the least-square fit of the data shown in Fig. 5
for the buried step edge and Fig. 6 for the exposed step edge can
be considered as the COF. Fig. 7 compares the COF values calculated
from the linear fit of the data. The COF of the step edge covered
with more than two layers of graphene is too small to be

(a) Topographical effect

determined (CC’ in Fig. 2c). The step edge buried under one layer of
graphene gives a COF of ~0.04. These results imply that the friction
purely due to the 0.34 nm thick topographic corrugation is quite
small. In contrast, the topographic effect of the exposed step edge of
the same thickness is more than 5—6 times larger than that of the
buried step edge. The chemistry effect due to the OH groups at the
step edge gives a COF of 0.02—0.03 only (even smaller than the
purely topographic effect of the 0.34 nm corrugation). The strong
chemical interactions between the substrate surface and the sliding
tip appear to significantly amplify the topographic effect.

Another set of friction test of buried and exposed graphene step
edges was carried out with a different SizNy tip (Fig. S6). Although
the magnitude of the lateral force is not exactly the same as the data
presented in Figs. 5 and 6 due to the difference in tip radius, the
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grows, and the negative values imply the assistive force increases as the normal load grows. (A colour version of this figure can be viewed online.)
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trends observed in the two sets of data are in good agreement to
each other, confirming the reproducibility of the observed behavior.

In Fig. 6a, it is noted that the maximum position of the peak 2
component exists always in the lower terrace side of the maximum
position of the peak 1 component (more data in Fig. S4 and Fig. S5).
Considering the sp? hybridization of the carbon atoms to which the
OH groups are attached, it is expected that the C—OH groups at the
exposed edge point toward the lower terrace of the step (Fig. 4c).
Thus, the chemical (hydrogen bonding) interactions between the
tip and the C—OH groups would be the largest when the tip ap-
proaches the edge from the lower terrace in the step-up scan and
departs from the edge onto the lower terrace in the step-down
scan. This supports the hypothesis that the barrier resisting the
tip sliding motion from the upper terrace of the exposed step edge
of graphene to the lower terrace must be due to the C—OH groups
formed when the new step edge is exposed to air during the me-
chanical exfoliation (Fig. 1b). This might be the origin of the Ehrlich-
Schwoebel barrier in the case of graphene step edges. Note that,
unlike the conventional concept of the Ehrlich-Schwoebel barrier
which conjectures that the barrier exists at the upper terrace side of
the step edge [34], the maximum resistance exists at the lower
terrace side of the step edge.

When the lateral resolution scan is high enough (as in our
experiment, 512 points of data were collected along the distance of
50 nm), then the topography-dominant (peak 1) and chemistry-
dominant (peak 2) effects can be resolved easily [52]. When the
lateral resolution scan is not high enough, one may see only
resistive effect (when peak 2 > peak 1) [17—27] or assistive effect
(when peak 1 > peak 2) [28,29]. Whether the topography effect or
the chemical effect is dominant will depend on the system — sur-
face chemistry of the tip as well as the applied normal load.

4. Conclusion

This study elucidated the friction behaviors of the 0.34 nm thick
step edge of a single layer graphene. The graphene step edge
exposed to air is terminated with the C—OH groups and probably
equal amounts of C—H groups. Water molecules impinging from
humid air does not physisorb readily to the step edge OH groups
until the RH approaches the saturation point. The friction at this
step edge can be deconvoluted to two components — one is the
physical response due to the topographic height change and the
other is the chemical response due to the presence of OH groups at
the step edge. The step buried under graphene layers has very small
topographic effect only. The exposed step edge of the same height
has chemical effect due to the presence of OH groups, which sub-
stantially amplify the topographic effect. The synergistic effects of
these chemical and topographic effects lead to a large COF. The
maximum of the resistive force due to chemical effects, which can
be attributed to the Ehrlich-Schwoebel barrier, is located at the
lower terrace side of the step edge, not at the end of the upper
terrace.
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