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Integration of point-contact microscopy and atomic-force microscopy: Application to
characterization of graphite/Pt(111)
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The electrical current through the point-contact junction of an AFM tip is used to image the surfaces of bulk
graphite (HOPG and the surface of a graphitized carbon monolayer dalRt under ultra-high-vacuum
(UHV) conditions. Lattice-resolved images are obtained simultaneously in topography, lateral friction, and
contact current channels. Lattice resolution in current maps persisted up to 0.9 mA and pressures of up to 5
GPa. In both bulk graphite and the case of graphitized carbon monolayefldrii)Pthe current images show
only one maximum per unit cell. In addition, the contact current images of the graphite monolayer reveal local
conductivity variations. We observed local conductivity variations in the form of msniperstructures result-
ing from high order commensurability with the Pt latti¢§0163-18299)03248-§

[. INTRODUCTION true tunneling through a vacuum gap might not occur in the
case of graphite in normal circumstances, and that the tip is
Since the invention of the scanning tunneling microscopdn contact with the surfact’

(STM),} graphite, specifically highly-oriented pyrolytic In AFM contact mode, lattice resolution can be obtained
graphite(HOPG), has become a popular substrate due to it90th in topography and friction channels. This is usually ex-
flat cleavage surface and its inert nature, which makes iplained as the result of stick-slip phenoméh@FM mea-
possible to obtain images in air with “atomic resolutiors:® Suremengszp_volvmg a conductive lever have been recently
However, the literature reports a number of well-known puz-eported” ™" in conjunction with tip-sample contact area
zling features, such as uncharacteristically large corrugatiofivaluation. To date, there have been no reports of AFM con-
amplitudes—° enhanced lateral resolutidni®a weak depen- L@Ct experiments on graphite deposited on metals.
dence of the tunneling current on the position of the tip in the. Here we present results on the SImuItar_leous |mpleme_nta-
direction perpendicular to the surfateand anomalously tion of AFM and PCM techniques by using a conductive

large superperiodicitie These features generated a debatetAFM lever. We demonstrate the possibility of obtaining lat-
about the imaging mechanisthin most STM images, one ice resolution concurrently in three channels: topography,

. . e friction, and contact current. This is achieved by using both
observes only one maximum per.un!t _ceII, |nd!cat|ng that theHOPG and 1 ML of graphite deposited on a1t single-
carbon a.toms are npt |mag_ed.a.s |nd|V|duaI un|ts.. Ip a fa_V‘Jregrystal. We show that PCM is as capable of similar lateral
e.xplanatlon, the lattice periodicity |s.due to the tlp'lmaglng esolution as contact AFM imaging. We also found that
single electron state of the graphite lajeSTM images pcm is sensitive to local conductivity variations due to
taken on one monolayer of graphite deposited on metals als@oire superstructures resulting from the high order commen-
show only the lattice periodicity, and not single atomic syrability of the graphite and Pt lattices at different relative
positions:**° rotations. Moreover, we show that lattice resolution in PCM
In the debate concerning the imaging mechanism omode is achievable for currents of up to 0.9 mA and contact
HOPG in STM, it was suggested that the STM tip could bepressures estimated at 5 GPa.
in contact with the HOPG. In order to clarify this issue,
Smith et al1® performed an experiment imaging tlhe HOPG Il EXPERIMENT
surface by purposely placing the tip in contact with the sur-
face. In contact, the situation is similar to that in point- All experiments were performed in a UHV chamlibase
contact spectroscopy.This mode of microscopy was called pressure X 10~ ! Torr) equipped with AFM, Auger electron
point-contact microscopygPCM),® which differs from STM  spectroscopy(AES) and low-energy electron diffraction
in that the tip is much closer to the sample in the region(LEED).?? Two different samples, HOPG and(Pt1), were
where the potential barrier is significantly reduced and tip-used. The HOPG sample was cleaved along @1 plane
sample forces are repulsive. In this mode, Sneitlal. suc- in air and then immediately placed in the vacuum chamber.
ceeded in imaging the HOPG lattice by measuring the cur- The samples could be heated by means of electron bom-
rent flowing through the contact. However, they were able tdardment from a hot dispenser cathode. The Pt sample was
report lattice resolution only at low temperatures, i.e., wherprepared using standard procedures of Argon-ion bombard-
the microscope was immersed in liquid helium. Since theirment, oxygen treatment, and annealing until a clean and or-
contact area involved a large number of atoms, they exdered surface was produced, as verified by AES and LEED.
plained the “atomic” resolution by considering the conduc- The clean surface was then exposed to ethylene at room tem-
tion to be due to a single atom on the tip, which we nowperature by backfilling the chamber with ethylene. Exposures
consider unlikely. Other experimental evidence indicates thatvere typically greater than 10 Langmuir to ensure saturation
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of the P{111) surface. After exposure, the sample was
heated to about 1250 K, resulting in the decomposition of
ethylene and formation of a single monolayer of graphite on
the P{111) surface. When observed with LEED, we found
that the graphite layer produced characteristic fragmented
rings?*2* with several dominant bright segments. Some of
the ring segments were in-line with the Pt spots, indicating
alignment or near-alignment of the graphite and Pt lattices.
Others were at an angle relative to the Pt spots, indicating
that the graphite lattice was rotated with respect to the Pt
lattice.

We measured derivative Auger spectra of the surface with
an RFA-type electron analyzer, using a normally incident
electron beam with an energy of 2500 eV and retarding field
oscillation amplitude of 7 eV peak-to-peak. The ratio of the
peak-to-peak heights of the carb¢272 e\) and platinum
(237 eV) AES transitions in the derivative spectrum was
found to be about 3.8, independent of the amount and
method of ethylene exposure. We attribute this to saturation
of the surface once a graphite monolayer is formed, such that
no further decomposition of ethylene can take place. Because
of this, we concluded that there was 1 ML of graphite on the
Pt(111) surface. This conclusion is supported by Land
et al,**® who determined by STM, under similar prepara-
tion conditions, that the deposited graphite layer was 1-ML
thick.

All experiments were performed with a silicon cantilever
with a spring constant of 3.5 N/m, and coated witk 20 nm
thick conductive tungsten-carbide lay@ulk resistivity ~30
1Q cm).?® The tips were characterized by Scanning Electron
Microscopy(SEM) and AES. Previous UHV-AFM measure-
ments on a RL11) sample showed that similar tungsten-
carbide coated tips are wear resistant and conduttitfe.
The tips were treated in UHV immediately prior to the mea-
surements by applying short voltage pulses while in contact
and/or by rubbing them at high loads on the surface. We
designed and built a flexible V converter that allowed us to
measure high contact currents by taking measurements span-
ning the range from pA to mA.

I1l. RESULTS AND DISCUSSION
A. Topography, friction, and current imaging

Figure 1 shows three 2.5mR2.5nm images of the
HOPG surface, which were acquired simultaneously. The
feedback control was turned off in order to avoid the convo-
lution of topography and friction, and to minimize noise. The
images correspond t@a) normal lever deflection(b) lateral
force or friction, and(c) contact current. A positive bias of
1.0 V was applied to the sample, and the external load during
imaging was 100 nN. The average current(in was 0.94
#A, with a modulation of about 17%. In all three images, the
0.246 nm graphite lattice periodicity is clearly observed. Us-
ing the DMT contact mechanics modef® with a measured FIG. 1. Simultaneously acquired lattice resolution images of
pull-off force of 115 nN, we estimate that our contact radiusHopG under UHV conditions(a) normal lever deflectior{with
is 4.1 nm, and therefore contains about 2000 at6h®e  topographical and buckling effegtswith a corrugation of 117 pN,
contact radius calculated here is only approximate, since theorresponding to a height of 33.6 prh) lateral friction image,
Tabor parametéf* for this system is 0.67, which indicates average force of 0.5 nN and corrugation of 20 1i®J;PCM image,
that the DMT model is not entirely appropriate. Moreover, average current of 945 nA and peak-to-peak corrugation of 160 nA.
none of the analytical contact mechanics models are directlymage was taken with an applied load of 100 nN without feedback.
applicable to a non-isotropic material such as grapfite. Image size is 2.5nx2.5 nm.
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Similar lattice-resolved images were obtained on 1 ML of
graphite on Rfl11) [Gr/P{111)]. An example of this is
shown in Fig. 2. As in the previous case, the 2.5nm
X 2.5nm images correspond t@) normal lever deflection
(under feedback-off conditions(b) lateral force, and(c)
contact current. The external load in this case was 300 nN,
and the sample bias was 0.5 V. The average current was 52.7
pA, with a current modulation of about 2%. In this case, the
diameter of the area of contact was similarly estimated to be
5.78 nm, which contains approximately 4000 atoms. Here
the 0.246 nm graphite lattice periodicity is also clearly re-
vealed. We were able to obtain lattice resolution at currents
up to 0.9 mA and high load. The average pressure at high
load was approximately 5 GPa, which is less than the theo-
retical yield stress of Rt~17 GPa. At pressures higher than
5 GPa and/or currents higher than 0.9 mA, the images were
unstable, although the graphite lattice was still visible.

As a side note, we found that we were able to obtain
lattice resolution almost all the time and immediately in cur-
rent mode, while lattice resolution was not as readily visible
in the topography and/or friction channels. In many cases,
the friction was so low that there was no stick-slip present,
i.e., the tip moved continuously over the graphite layer. Be-
cause of these reasons, we can rule out the atomic stick-slip
mechanism as a reason for the lattice resolution observed in
PCM mode.

B. Moiré structures

It is known that, for similar preparation conditiots?>24
graphite forms several orientational domains on @LPl)
sample. Depending on the preparation conditions and anneal-
ing temperature, different sizes and orientations of domains
can be prepared. In Fig. 3, we show a 6060 nm image
of two graphite domains on @tl1). The hexagonal period-
icity observed in the upper left domain in this image is about
2.0 nm. The large unit cell arises from the superposition of
the incommensurate lattices of graphite and P1) at a par-
ticular angle. In higher resolution images of this domain,
such as the one shown in Fig. 4, the graphite lattice of 0.246
nm, together with the larger 2.0 nm cell, is revealed. Using
the real space image and its two-dimensiof2id) Fourier
transform, we find that the structure in Fig. 4 corresponds to
a superstructure with ay3x \63)R19 unit cell with re-
spect to the graphite lattice. Contrary to standard usage, we
report on the moirestructures with respect to the overlayer
instead of the substrate, since we can directly count the num-
ber of graphite unit cells in the moiguperstructure. Using
the known lattice constants of graphite and Pt and the mea-
sured angles, we can calculate that the mpieeodicity is
almost exactly 7 Pt lattice spacings, and the maiedl is
rotated by 22° with respect to the Pt lattice. Indeed, one can
create the 2.0 nm periodic superstructure by rotating the
P{110] direction with the graphitg1010] direction by
2.68°, as shown in Fig. 5. There is a small lattice misfit of 5 5 Simultaneously acquired lattice resolution images of 1
0.60% associated with the coincidence of the graphite latticg_ of graphite deposited on BtL1) in UHV: (a) normal lever,
at 1.954 nm and the Pt lattice at 1.942 nm, which can b@orrygation of 164 pN(b) lateral friction image, average force of
accounted for by a corresponding relaxation of the graphit 4 nN and corrugation of 17 nNg) PCM image, average current
layer or the platinum substrate. of 53 uA and peak-to-peak corrugation of 1.4A at a bias of 0.53

Other graphite domains having different orientations andy. image was taken with an applied load of 300 nN without feed-
moire superstructures have been observed, frequently adjaack. Image size is 2.5 ne2.5 nm.




16 916 ENACHESCU, SCHLEEF, OGLETREE, AND SALMERON PRB 60

X

FIG. 3. PCM image showing two moimsuperstructure domain FIG. 5. Schematic of the \(63x v63)R19 (with respect to
on graphite/RtL11). The upper left has a periodicity 6£2.0 nm,  graphit§ moire domain superstructure. With respect to thélP1)
and the superstructure lattice was determined to h&3( substrate, the moirdomain is (7< 7)R22. The Pt atoms are shown
% \63)R19 with respect to the graphite lattice. Image size isas circles with a scaled diameter equal to the lattice constant of Pt
60 nmx 60 nm. The other domain in this image isX%) with re- (0.278 nm. The graphite lattice is shown as hexagons in which
spect to the graphite lattice, although it is not resolved at this scalecarbon atoms are located at the vertices V@it distance of 0.142
nm and lattice constant of 0.246 nm. Vectors are drawn to indicate

cent to each other. The image in Fig. 6 shows three contiguhe orientation of the two lattices and the modi@main. Image size
ous graphite domains, each having different orientations. It ifs 5.5 nmx 5.5 nm.

interesting to note that the average current in these domains
is different, even if all other condition®ias, load, tip struc- - . .
ture) are the same. The average current can also vary appre- .The domain in thg m'dd.le (.)f. Fig. 6 has a>€5) modu-
ciably inside a single domain, such as at a platinum step, afé‘t'on of the graphite periodicity, as shown in the 5nm
we discuss below. X5 nm image of Fig. 9. In this moirstructure, the angle

At higher magnification, different periodic superstructuresPetween the graphite and the(Pitl) lattices is calculated to
on each domain can be seen. The image in Fig. 7, which wae 23.4°. The domain in the lower right of Fig. 6 was iden-
obtained from the left domain of Fig. 6, shows ax3) tified as a (/31x y/31)R9 structure. )
modulation of the graphite lattice. Its 2D Fourier transformis Table | is a list of the experimentally observed moire
shown in Fig. 8. The larger hexagonal pattern, marked by sistructures. Using the ratio of the lattice constants of graphite
circles, corresponds to the 0.246 nm graphite lattice, whilend Pt, we were able to calculate near coincidences of the
the smaller hexagon, marked by squares, represents the 0.7g@&phite and Pt lattices at different angles, and thus predict
nm superstructure lattice. The calculated angle of the graphthe existence of all of the structures.
ite lattice with respect to Pt11) lattice is 19.1°, which is in
agreement with the measured angle.

FIG. 4. Close-up image of the/63% /63)R19 domain in Fig. FIG. 6. PCM image showing different moigomains. Image
3, showing the graphite lattice, as well as the msiiperstructure.  size is 100 nnx 100 nm. Note that the average current is different
Image size is 10 ned 10 nm. Average current is 90A and corru-  on each domain. Average currents are 86, 100, angA7or the
gation is 5uA at a bias of 0.8 V. left, center, and right domains, at a bias of 0.8 V.
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FIG. 7. PCM image of a (3 3) moiresuperstructure, showing FIG. 9. Close-up image of a ¢65) moirésuper§tructure, show-
the graphite lattice. Image size is 5 wb nm. Average current is ing the graphite lattice. The arrows indicate the mdattice. Image
79 pA and modulation amplitude is 0.93A at a bias of 0.7 V. size is 5 nnx5 nm.
C. Measuring local conductivity using PCM In these experiments, we noticed that the tip-sample con-

tact is not always conductive, unlike in previous experiments

__To determine the lateral resolution of PCM, we acquired, i similar cantilever@® possibly because of contamination
images of regions containing platinum steps. We observeds 5 resyit of gases used during sample preparation. In par-

that the graphite layer covers the Pt steps continuously fro_rﬂcular, when such contamination is observed, current vs.

the upper terrace to the lower adjacent one, as shown in Figh,q cyrves indicate that the current is often not proportional
10. Itis important to mention that the image in Fig. 10 is &y, contact area, with a weak dependence on load, much less
contact current image. At distances far from the step in thigpan would be expected from contact area variations. The

image, the average current is the same on both terraceep observed by PCM in Fig. 10 is about 1.5 nm wide
However, close to the step, on what we have identified as thgeyoting a lateral resolution in PCM mode of this value.

lower terra_ce, the contact current dgcreases by approximateiysing the DMT contact mechanics model as we did earlier,
30%. At this scale, the topography image shows no contrasfye estimate that the diameter of the contact area is approxi-
since the graphite layer is almost flat, although tilted W'thmately 8 nm, which indicates a contact AFM lateral resolu-

respect to the Pt substrate. On larger scale images of regiog§, of no less than 8 nm. We can use the Sharvin model for
containing wide Pt terraces, it is possible to measure a he'g%int-contact resistand® % and the measured point-contact

difference between the terraces. The same §3 moiresu- registivity to estimate the area through which current flows in
perstructure was detected on both sides of the Pt step, which

indicates that a continuous sheet of graphite is covering the
step.

FIG. 10. PCM image of a Pt step covered by a continuous layer
of graphite. The topography imagaot shown is completely flat,
and does not reveal the presence of a step in the graphite layer at
FIG. 8. Fourier transform of image in Fig. 7, showing the graph-this scale. Image size is 10 10 nm. The average current is 39
ite lattice periodicity of 0.246 nm marked by circles, and the moire A on the upper terrace and 28\ on the lower terrace at a bias of
superstructure periodicity of 0.738 nm marked by squares. 1.0V.
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TABLE |. Moiré superstructures experimentally observed in PCM mode. Structures with respect to the Pt
lattice are deduced from the measured structures on graphite. In certain cases, the angle of the Pt lattice was
known, which aided in the extrapolation.

Moiré periodicity Moiré periodicity Angle between Moiré
relative to relative to graphite and periodicity Coincidence

graphite Pt(117) Pt lattices [nm] misfit [%]
(3%x3) (V7X\7)R19 19.1 0.738 0.60
(y19% Y19)R23 (4% 4) 23.4 1.07 3.4
(5%5) (V19x \19)R23 23.4 1.23 1.7
(V31X \31)R9 (5X5) 8.9 1.37 1.2
(y/52x \/52)R14 (\43x \/43)R8 215, 6.3 1.77 25
(V61x \/61)R26 unknown 1.92 <4.0
(1/63% \/63)R19 (7X7)R22 2.7 1.95 0.60
(J73% \J73)R6 unknown 2.10 <4.9

our contact. The diameter of this area is estimated to be 0.8e resulting PCM image, although the magnitude of modu-
nm, which is consistent with the observed lateral resolutioriation relative to the average current would decrease. The
in the PCM image. modulation would sum to zero only in special, destructively
One explanation for our observation of the different resointerfering cases. This will be discussed in more detail in a
lutions in AFM and PCM is that the tip is covered with a future paper.
poorly conducting layer, which is partially broken when the
tip is cleaned by applying voltage pulses. This phenomenon
may be limited to the tungsten-carbide coating of the tip used
in this experiment. Another explanation may be that only the
highest-pressure region of the contact area contributes to the We presented the first results of the combination of PCM
point-contact current. However, a graph of current vs. loachnd AFM techniques, in which current images, obtained on
strongly favors the former explanation. We note that thecontacts many nanometers in diameter, produced by very
weak dependence of current on load indicated by thesgigh loads(up to 5 GP# reveal the atomic scale periodicity
graphs resembles the similarly we&lZ dependence ob- of the substrate. This surprising observation indicates that,
served in the past in STM experiments on graphit&his  even after averaging over many contact points of atomic di-
supports the idea that, in most cases, STM on graphite igension, the lattice periodicity does not average out.
actually point-contact imaging. We also showed that PCM is capable of measuring varia-
The change in local conductivity over the Pt step is likelytions in local conductivity with a lateral resolution that is
due to the increased distance between the graphite layer aghilar to the corresponding AFM resolution. Moreover, the
the underlying Pt substrate. The increased distance acts mufébhnique is capable of separating mechanical and electrical
like a tunneling barrier. In our measurements, we are able teontributions to the measured current. We were able to de-
measure current independently of topography, since the tijermine that local conductivity variations arise from different
sample contact is affected only by the mechanics of the syssources, namely, méirsuperstructure and the conductivity
tem. The STM technique uses feedback on current to meag the underlying substrate.
sure topography, so, for example, in the case of the blanketed e favor point-contact current imaging of lattice resolu-
Pt step, the STM tip would see the decrease in current angon as an explanation for many of the STM images on
move closer to the sample to compensate. Thus an STMraphite presented in the past, especially in the first decade
image of a blanketed step would show a topographic step igf STM experiments. In these experiments, it is likely that
the graphite layer with a width of 0.2 nfine., typical STM  the tip was in contact with the surface, as in PCM, which
resolution, while contact AFM indicates that the step width explains the weak dependence of “tunneling” current as a
is many tens of nanometers. This width is the distance fromynction of tip distance.
the platinum step where the graphite layer begins to separate point contact current imaging, in conjunction with simul-
from the platinum substrate. Since the PCM teChniqUe iQaneous friction and topographic imaging, should be an im-
capable of separating mechanical and electrical measurgportant tool in current efforts to understand the atomic origin
ments, it can offer additional insight into the electronic andof friction. We are currently applying these techniques to

tribological properties of surfaces. ~ study the tribological behavior of surfaces.
The STM images of Lanét al."* indicate that there is

local conductivity modulation at both the lattice and the
moire periodicities. If we imagine the atoms in our AFM
contact contributing to the contact current as a collection of
STM tips, one for each atom, the total contact current would This work was supported by the Director, Office of Sci-
be the sum of the contribution of these tips. We would stillence, Office of Basic Energy Sciences, of the U.S. Depart-
expect to see both the lattice and the maiegiodicities in  ment of Energy under Contract No. DE-AC03-76SF00098.

IV. CONCLUSIONS
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