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Moiré contrast in the local tunneling barrier height images of monolayer graphite on Pt„111…
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~Received 28 March 2000!

Moiré contrast between monolayer graphite and Pt~111! lattices is observed in local tunneling barrier height
~LBH! images, where LBH’s are calibrated with quasistaticI -z measurements. The observed Moire´ amplitude
of 1.6 eV, much larger than the possible maximum amplitude due to the electronic interference between
lattices, suggests that there exists the spatial modulation of the microscopic work function of monolayer
graphite in a nanometer scale originated from the interaction between layered adsorbate and substrate.
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Monolayer graphite is a basic component of carbo
related materials, which are known to have unique proper
for electron emission1 and chemical reaction.2 Much effort to
study detailed geometrical and electronic behaviors of mo
layer graphite has been made by means of several t
niques. From a macroscopic point of view, Shelton, Pa
and Blakely and Zi-puet al. have reported the geometric
structure of monolayer graphite studied by low-energy el
tron diffraction ~LEED!.3,4 Aizawa et al. and Nagashima
Tejima, and Oshima have discussed the bond behavior o
monolayer graphite on the basis of the high-resolut
electron-energy-loss spectroscopy ~HREELS!
observations.5,6 From a microscopic point of view, Land
et al. have demonstrated that there exists the Moire´ contrast
in the scanning tunnel microscope~STM! images of the
monolayer graphite on Pt~111! surfaces.7 However, there
have been few reports on the microscopic electronic beh
iors that are crucial to the electron emission and chem
reaction.

Local tunneling barrier height~LBH! imaging, which can
be easily realized by STM equipment, has been pointed
by Binnig and Rohrer8 to provide material-specific informa
tion in an atomic resolution, since the tunneling current
cays with increasing the tip-sample separation at the de
constant of 2k52A2mFa/\, where the valueFa , defined
as LBH, is regarded as the average of the work function
tip and sample surfaces in a simplified one-dimensional t
neling scheme. Thus, the microscopic electronic behavior
an atomic scale have been discussed on the basis of the
observed for several adsorbate and substrate systems.9–12

In this paper, we report the microscopic electronic beh
iors of the monolayer graphite on Pt~111! based on the LBH
images that contain Moire´ contrast similar to those for th
STM images. The obtained LBH distributions, calibrated
quasistatic measurements, indicate that the surface m
scopic work function is not homogeneous in a nanome
scale due to the interaction between monolayer graphite
substrate surface.

The experiments were carried out using an ultrah
vacuum multichamber system that consists of an STM ob
vation chamber, a surface treatment chamber, and a l
lock chamber.11–12 The LBH image is obtained by calcula
ing the value of
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Fa50.95@eVÅ2#S D log I

Ds D 2

~1!

point by point, where the logarithmic deviation of tunnelin
current D log I/Ds is measured by lock-in detection of th
change in tunneling current of STM when the tip-samp
separation is sinusoidally modulated at 6.25 kHz, well abo
the feedback frequency, under the constant current S
mode. Here, there is much ambiguity to determine the mo
lation amplitudeDs because of a relatively slow response
piezo devices and an unintentional mechanical vibrat
resonance of the STM system. In this paper, we calibrate
LBH values from the quasistatic measurements where
simply measure the tunneling current as a function of
tip-sample separation when the tip is drawn up slowly
several lateral locations, and then derive the LBH valu
from the curve fittings of data.

The Pt~111! substrate~Mateck! is cleaned by a repeate
procedure of Ar ion sputtering and annealing. The clea
ness is checked with LEED, Auger electron spectrosco
and STM observations. Monolayer graphite is formed by
posing the clean Pt~111! surface with high purity ethylene o
50 L (1 L51026 Torr"s) at room temperature and subs
quently heating the sample up to 1200 K. The formation
monolayer graphite is confirmed with LEED observations

Figure 1 shows the LBH image of the monolayer graph
on Pt~111! and its linescan alongA-A8 at the current of 1 nA
and the tip bias of 10 mV. The brighter contrast in the LB
image, which means the higher LBH value, is observed
the topographically higher sites in the simultaneously o
served STM image. We notice that the Moire´ contrasts in the
LBH images are much more distinct than those in the ST
images.

In the LBH images as well as the STM images, we fi
two domains with atomic lattice directions different by 3
from each other. Only in the domainA, there exist Moire´
contrasts with the period of 18 Å, which is similar to that h
been reported by Landet al.7 The Moiré period of 18 Å is
checked with the spacing~2.13 Å! of the stripes correspond
ing to the graphite atomic arrangement. Since the differe
in height between these domains is about 0.2 Å from
STM line profile, we consider that both the domains cons
of monolayer graphite formed on the same Pt~111! terrace
15 653 ©2000 The American Physical Society
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and the difference in geometrical height is possibly due
the change in the electronic properties.

The observed Moire´ period of 18 Å is well reproduced by
the superimposed Pt~111! and graphite lattices whose dire
tion rotates by 4° as shown in Fig. 2~a!. According to the
difference of 30° in graphite direction betweenA andB do-
mains, the graphite lattice in domainB rotates by 34° with
respect to the substrate lattice. Under this geometry,
long-range Moire´ contrast does not appear in the superi
posed lattices@Fig. 2~b!#, which is also consistent with th
observed image without Moire´ contrast.

The LBH values were calibrated from the quasistatic o
servations. Figure 3 shows the tunneling current as a fu
tion of tip-sample displacement that was measured when
tip was slowly drawn up at a position within the domainB.
The tunneling current variations at the tip-surface separat
adopted here are well reproduced by a single exponen
addition to a constant background. From the curve fittings
the tunneling current variations, we determine the LBH v
ues. The values in the LBH image are calibrated on the b
of the I -z characteristics measured at tens of locations, p
viding the effective modulation amplitude of 1.0 Åp-p . Con-

FIG. 1. 140 Å3140 Å LBH image~a! and its linescan~b! of
the monolayer graphite on Pt~111! measured at the current of 1 n
and the tip bias of 10 mV. The LBH value is calibrated by theI -z
data from the quasistatic measurements~Fig. 3!. In the domainA,
we observe the Moire´ contrast whose period is 18 Å. In the domai
A andB, we find the stripes for graphite atomic structure with t
directions different by 30° from each other.
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sequently we confirm that the amplitude of the Moire´ con-
trast is about 1.6 eV and the difference in mean LB
between domainsA and B is about 0.9 eV. The obtaine
results may imply that the microscopic work function has
spatial periodic distribution in a nanometer scale. Howev

FIG. 2. Superimposed graphite and Pt~111! lattices, where the
graphite atomic direction rotates with respect to the Pt~111! lattice
by 4° ~a! and 34°~b!, which well reproduce the LBH contrasts fo
the domainsA andB in Fig. 1~a! respectively.

FIG. 3. Tunneling current as a function of the tip displacem
at a position within the domainB ~Fig. 1!, which is obtained from
the quasistatic measurement. The data is well fitted to a single
ponent in addition to a constant background. From the tens of
measurements at different positions we calibrate the average
value.
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since the apparent LBH distribution can appear without
change in microscopic work function from a view of th
three-dimensional tunneling scheme, more detailed consi
ation is necessary.

Since the interlayer interaction of graphite is weak, it
expected that the monolayer graphite is not modulated b
substrate surface. Thus, we try to explain the observed M´
contrast under the assumption that the work function
monolayer graphite remains homogeneous even after
adsorbed on the Pt~111! surface. There can be an electro
density modulation at the interface due to the interferenc
electronic structure between graphite and substrate perio
ties, where we make no mention of the mechanism of
electronic modulation. According to the Tersoff
consideration,13 the tunneling current is proportional to th
electron density at the tip position at the Fermi level. In t
three-dimensional tunneling scheme, the decay constan
the tunneling current with respect to the tip-sample sep
tion is given by

2k52A2m~FWF1Ei!/\, ~2!

whereFWF andEi are the barrier height determined by th
work functions~corresponding to the LBH value within th
one-dimensional tunneling scheme! and the parallel compo
nent of kinetic energy~corresponding to the lateral periodic
ity!, respectively. The parallel energy is given by

Ei5
\2

2m S 2p

a D 2

, ~3!

wherea is the lateral period. Since the decay constant for
component of the Moire´ periodicity is much smaller than tha
for the component of atomic periodicity, the electron dens
modulated by the interference can survive at the tip posit
while the modulation due to atomic arrangement is deca
out, even when the amplitude of the electron-density mo
lation at the interface is small and the distance between
terface and tip is so large.13,14The surviving modulation pos
sibly results in the Moire´ contrast in the STM image.

In general, also during the LBH observation, we sam
the tunneling current consisting of the components with v
ous parallel energies as well as the component with no
allel energy. Then the apparent LBH value (Fa) for each
component isFWF1Ei , and the amplitude of each compo
nent is given by the local electron density for the compone
To discuss the Moire´ contrast, we need to take into accou
the components with the parallel energy for Moire´ periodic-
ity and with no parallel energy, which provide the appare
LBH’s of FWF1Ei andFWF, respectively. Since the ampl
tude of the component for Moire´ periodicity is laterally os-
cillated at the space frequency for the Moire´ periodicity, it is
possible that observed LBH value is modulated, resulting
the Moirécontrast, even under the framework of the hom
geneous work function. It is noted that the observed LB
value must be in the range betweenFWF1Ei andFWF.

According to Eq.~3!, the period of 18 Å of the Moire´
contrast gives a parallel energy (Ei) 0.47 eV, which is the
possible maximum amplitude in apparent barrier height
e

r-

a
re
f
is

in
ci-
e

e
of
a-

e

y
n,
d
-

n-

e
i-
r-

t.
t

t

n
-

-

der the assumption of homogeneous work function. On
other hand, the amplitude of the Moire´ contrast in the LBH
image is observed to be 1.6 eV, much larger than the par
energy for the Moire´ period. Therefore, we conclude that th
observed Moire´ contrast cannot be explained under a hom
geneous work function and consequently that the interac
between graphite and substrate is so strong that the m
scopic work function of monolayer graphite is modulated
a nanometer scale. The modulation amplitude of 0.5–1.0
corresponding to the graphiteatomicperiod in the LBH im-
age~Fig. 1! may be explained by the difference in the am
plitude of electronic components under the condition of h
mogeneous work function since the atomic periodic
provides such a highEi as 24 eV.

From the careful comparison between the superimpo
lattices@Fig. 2~a!# and the obtained LBH image@Fig. 1~a!#,
we find that the brighter areas in Fig. 2~a!, where the carbon
atoms in graphite sit at the hollow site of Pt~111! and con-
sequently the center of the graphite hexagon is located on
top of the Pt atom, are arranged in the same period
symmetry as those for the dark area in the LBH images
Fig. 1~a!. The carbon atoms at the Pt hollow sites are kno
to be highly stabilized from the several analytical methods15

This means that the microscopic work function becom
lower in case the carbon atoms in graphite are located n
the hollow sites where carbon atom tends to make a str
interaction. Thus, it is considered from the LBH contra
that the electrons in the graphite partially move towards
Pt substrates when the carbon atoms in graphite sit on
hollow sites. On the other hand, the higher LBH values in
domainB suggest that the interaction between the graph
and Pt atoms is not so strong in this domain, where
density of carbon atoms located near or at the Pt~111! hollow
sites is very low. Therefore, the discussed features in
LBH images are simply understood by the interaction
graphite with Pt atoms dependent on the graphite loca
with respect to the substrate Pt atoms. Further, it should
noted that the contrasts in the STM images are consiste
explained by the interaction of graphite and Pt~111!. In Figs.
1~a! and 1~b!, we also find that the LBH is extremely large
the domain boundary. This feature might be explained
electronic structure. More detailed systematic observati
are required.

According to the HREELS observations by Aizaw
et al.,5 bond softening within the monolayer graphite, whic
occurs in the case of graphite on Ni~111!, does not occur in
the case of the graphite on Pt~111!, indicating that the inter-
action of carbon with Pt substrate is weaker than that with
substrate. Aizawaet al.have explained the difference in sof
ening by the geometrical arrangement, where an additio
carbon layer is intercalated between substrate and grap
layer in the case of graphite on Pt~111!. However, the indi-
cation of the carbon layer insertion has not been observe
the STM images. We speculate that the graphite on Pt~111!
observed here is different in structure from those obser
by HREELS.

Recently, Olesenet al. have reported that the consta
apparent LBH as a function of tip-sample displacemen
given by the interplay of the intrinsic lowering of LBH an
the strong interatomic force between tip and sample at
tremely small tip-sample separations.16 In fact, the observed
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I -z variation ~Fig. 3! is well reproduced by a single expo
nent. However, in this paper we consider that the tip-sam
separation is not so small according to a typical tunnel
conductance of 1027 V21. Therefore, the observed LBH
variation is considered to be attributed to the real work fu
tion variation.
le
g

c-

In conclusion, the microscopic work function of graphit
on Pt~111! is not homogeneous and is well explained by th
carbon locations with respect to the substrate Pt atoms
should be also noted that the LBH imaging is effective
investigate the interaction between monolayer graphite a
the substrate atoms.
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