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Periodic charge-density modulations on graphite near platinum particles
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We have imaged ten different superstructures on highly oriented pyrolytic graphite near adsorbed
platinum particles using a scanning tunneling microscope. These superstructures are localized in
small areas near the platinum particles and decay within a distance of 2—5 nm into the graphite lat-
tice. When Fourier transformed, the observed structures contain up to three pairs of first-order
Fourier components in addition to those of graphite. These Fourier components have different in-
tensities and phases in different directions, but they have the same period of 1.5a (a is the lattice
constant of graphite) and are rotated 30' relative to the graphite lattice. We show that the observed
features are mainly due to a periodic charge-density modulation superimposed onto the graphite lat-
tice, i.e., the platinum particles perturb the surface charge density of graphite giving rise to the su-

perstructures in the nearby regions.

INTRODUCTION

Recently, superstructures on graphite near defects
have been reported. ' The defects can be steps, holes in
the graphite lattice, or adsorbed molecules. The super-
structures have been found to have a periodicity of
(&3X&3)R30 and decay over a distance of a few
nanometers. Mizes and Foster have proposed an
electronic-perturbation model for such structures near
isolated adsorbed molecules. They suggest that the ad-
sorbed molecules perturb the surface charge density of
graphite giving periodic oscillations similar to Friedel os-
cillations. The oscillations have a periodicity &3 times
the graphite lattice constant, and the symmetry of the os-
cillations reAects the nature of the defect. Nakagawa et
al. have observed similar structures near a step. Besides
the (&3 X&3)R30' periodicity, they find that in a unit
cell of the &3 X &3 structure the three P-site atoms show
different brightness. Close to the step they observe an ap-
parent horizontal displacement of graphite atoms and a
so-called "triplet" structure. They ascribe the observed
features to an interference of electron waves scattered at
the step. It successfully explained the (&3Xv'3)R30'
periodicity, the brightness difference, and the decay with
distance, but could not explain the apparent horizontal
displacement of the graphite atoms and the "triplet"
structure.

Although various scanning tunnel microscope (STM)
images of clean graphite have been reported, the super-
structures which have a periodicity of ( &3 X &3 )R 30'
are completely different and are found only near defects
on graphite. This suggests that they are induced by a
perturbation caused by surface defects. However, it is
still unclear how the defects inAuence the nearby graphite
lattice. The electronic-perturbation model by Mizes and
Foster and the electron-wave-interference model by
Nakagawa et al. explain only some of the features. To
fully understand the physics of these superstructures, one
needs more experimental data and more theoretical anal-
yses.

In this paper we show a variety of superstructures of
graphite found near adsorbed platinum particles. We
show that the observed features are mainly due to an
electronic effect which can be described by a superposi-
tion of the graphite lattice and a periodic modulation of
the surface charge density localized in the surrounding
regions of the platinum particles.

EXPERIMENT

The experiments were performed at room temperature
using a scanning tunneling microscope in air. All the
images presented here were taken in constant current
mode where the tip-sample distance was kept constant
and the variation of the z motion of the tip was recorded.

The samples were prepared in a high vacuum (10
Torr) chamber by vapor deposition of platinum on fresh-

FIG. 1. STM image of a platinum particle adsorbed on
graphite. The particle appears as the bright area in the center
and has a size of about 0.8 nm. Around the particle there are
regions of graphite forming superstructures as indicated by A,
B, C.
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ly cleaved graphite substrates. A small strip of platinum
wrapped on a tungsten filament was placed about 10 cm
away from tee substrate and a current of 45 A was ap-
plied to the filament. A few seconds after the platinum
started evaporating, we turned off the current so that
only a small amount of platinum was deposited onto the
substrate. After deposition, the sample was analyzed by
x-ray photoelectron spectroscopy (XPS), which showed a
coverage of 2 —4 % of a platinum monolayer on the
graphite surface.

The sample was then transferred to the STM operating
at atmospheric conditions. The STM images were taken
at constant current mode with positive tip bias voltages
of 3 —160 mV and tunneling currents of 1.5 —14.0 nA. At
large scales (100—440 nm) we imaged platinum particles
of sizes of 0.8 —2.5 nm randomly distributed on the
graphite surface. The particles were stable for at least a
week although our STM images presented in this paper

were taken within two days after the sample was exposed
to air. We have investigated five different samples
prepared in the same way and all of them showed the
same superstructures.

RESULTS AND DISCUSSION

Figure 1 shows a typical grey-scale image of a platinum
particle adsorbed on graphite. It appears as the bright
area in the center and has a size of about 0.8 nm.
Around the particle the graphite lattice appears to be dis-
torted to form different superstructures as shown at the
upper left (A), right (8), and lower left (C) of the particle.
The intensity of the superstructures decays away from
the particle over a distance of 2—3 nm. Similar images of
superstructures were obtained many times near different
platinum particles and they do not display an obvious
dependence on the particle size and shape. The super-
structures shown in this paper were reproducible for at
least five scans (30 s). Occasionally, the structures
changed from one type to another during the process of
imaging and in some cases disappeared after some time.
These changes in the structures are probably due to slight
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FIG. 2. (a) STM image of a superstructure with the PCDM
in one direction on the triangular graphite lattice. (b) Schemat-
ic model corresponding to the superstructure in {a). The open
circles represent the positions of the carbon atoms in the undis-
turbed triangular graphite lattice. The solid circles represent
the positions of the bright spots in the STM image. The first-
order Fourier component corresponding to the superstructure
and the maxima of the PCDM are shown as dashed lines.
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FIG. 3. (a) STM image of a superstructure with the PCDM's
in two directions on the triangular graphite lattice. (b)
Schematic model.
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variations in the bond lengths and ori.entations of the
atoms in the particles which could affect the strain on
the substrate and lead to different surface electronic ar-
rangements.

In Figs. 2 —11 we show ten different superstructures
found near different particles where (a) is the STM top-
view image and (b) is the corresponding schematic model.
In (b) the open circles represent the positions of the car-
bon atoms in the undisturbed triangular or hexagonal
graphite lattice. The solid circles show the positions of
the bright spots in the STM images. For each of the im-
ages we performed a two-dimensional Fourier analysis.
The erst-order Fourier components that correspond to
the superstructures are indicated as dashed lines in (b).
From the Fourier analysis we can divide the superstruc-
tures into three sets with one, two, or three dominant
Fourier components. Figure 2 shows a superstructure
where one of the Fourier components is dominant and is
oriented at an angle of 30' to the graphite lattice. The
period of the Fourier components is 1.5a, where a=0.245
nm is the lattice constant of the graphite. Figures 3 —6
show four superstructures where two of the Fourier com-

ponents are dominant. Their directions have an angle of
60' relative to each other and 30' to the graphite lattice.
The period of the Fourier components is again 1.5a. Fig-
ures 7—10 show a set of four superstructures. Their
Fourier components reveal the same features in periodici-
ty and orientation as the previous ones except that all
three Fourier components are comparable and each has
an angle of 60' to the other. Also, for all the superstruc-
tures that we have analyzed each Fourier component has
a phase relative to the graphite lattice and these phases
are independent from each other.

Figure 11 shows a special superstructure where one of
the two dominant Fourier components has a period of
0.75a, which is half of the period of the other Fourier
components. But its orientation is still 30 rotated rela-
tive to the graphite lattice.

The ter. superstructures shown in Figs. 2 —11, although
different in appearance, have many characteristics in
common. They are localized in small areas near the plati-
num particles and decay within a distance of 2 —5 nm into
the graphite lattice. The Fourier components of these
structures always have a period of 1.5a (except in the last
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FIG. 4. (a) STM image of a superstructure with the PCDM's
in two directions on the triangular graphite lattice but with
different phases than in Fig. 3. (b) Schematic model.

FIG. 5. (a) STM image of a superstructure with the PCDM's
in two directions on the hexagonal graphite lattice. (b)
Schematic model.
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case, 0.75a) and their orientation is rotated by 30 with
respect to the graphite lattice. The period of 1.5a, as well
as the rotation of 30', corresponds to the second-nearest-
neighbor lattice of the triangular graphite lattice (as can
be easily seen in Fig. 7).

We exclude the possibility that the superstructures are
due to multiple-tip effects because (i) the superstructures
have been found only near the platinum particles but nev-
er on plain graphite, and (ii) different superstructures
have been imaged using the same tip and even within the
same scan lines, as seen in Fig. 1 where regions A and B
are scanned alternatively from right to left.

We also exclude the possibility that the superstructures
are only due to an atomic reconstruction of the graphite
lattice. Figure 12(a) shows a STM image of a superstruc-
ture analogous to the one in Fig. 2(a). Figure 12(b) shows
a section taken along the line AB as indicated in Fig.
12(a). Going from right to left, the section curve shows
first the atomic corrugation of the graphite atoms at 13
sites and then the corrugation of the superstructure. The
arrow indicates the position where the peaks of two
graphite atoms begin to grow together and become one

peak. From thereon, every other peak is actually posi-
tioned over two graphite atoms as indicated by the solid
circles. Since the two carbon atoms cannot be that close,
the bright spots that form the superlattice do not
represent the real positions of the graphite atoms. There-
fore, the observed superstructures are not a real picture
of a possible surface atomic reconstruction of the graph-
ite lattice but are due to a periodic modulation of the sur-
face charge density.

To further understand the physics of the superstruc-
tures, one has to take into account the detailed features of
all the observed structures. We ascribe these structures
to a superposition of the graphite lattice and a localized
periodic charge-density modulation (PCDM). This mod-
el explains all the features we have observed. As shown
in Figs. 2(b) —ll(b), the dashed lines that were used to
represent the Fourier components of the superstructures
can now be used to represent the maxima of the PCDM.
They have a period of 1.5a (except in the last case, 0.75a)
and are oriented in the three symmetry directions, each
rotated 30' to the graphite lattice.

Due to the periodic charge-density modulation, the un-
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FIG. 6. (a) STM image of a superstructure with the PCDM's
in two directions on the hexagonal graphite lattice but with
diA'erent phases than in Fig. 5. (b) Schematic model.

FIG. 7. (a) STM image of a superstructure with the PCDM's
in three directions on the triangular graphite lattice. (b)
Schematic model.
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derlying graphite atoms appear to be either highlighted if
the maxima sit right on the atoms or otherwise shifted to-
ward the maxima. For example, the superstructure in
Fig. 2 is formed by the modulation in only one direction.
Therefore, the graphite atoms appear to form a line-
pattern structure. Similar arguments are also applicable
to the superstructures in Figs. 3 —11 where the periodic
charge-density modulations exist in two or three direc-
tions. The different superstructures are formed by the
combination of the underlying graphite lattice, either tri-
angular or hexagonal, and the periodic charge-density
modulation in one, two, or three directions, each with its
own intensity and phase.

The difference in the intensities of the periodic charge-
density modulation sometimes gives rise to small ap-
parent rotations of the unit cells of the superstructure.
Figure 13(a) shows a STM image where the superstruc-
ture is similar to that of Fig. 3. It is formed by two
PCDM s with their vertices sitting on the bridge sites of
the graphite lattice. Therefore, the atoms next to the ver-

tices are highlighted and appear as dimers. Along the
line indicated in Fig. 13(a), the orientation of the dimers
gradually changes from the lower part to the upper part
of the image. At the lower part of the image the dimers
are aligned along the graphite orientation. But when go-
ing to the upper part, the dimers rotate gradually relative
to the graphite lattice up to a maximum rotation of 15 .
This gradual dimer rotation can be explained by the
different intensities and different decay rates of the
PCDM's in the two directions. As shown in Fig. 13(b),
when the modulation in one direction is stronger than in
the other, the position of the atoms seems to be shifted
toward the stronger modulation so that the dimers ap-
pear to be rotated. This rotation also decays gradually
with the distance from the particle.

In Fig. 8(a) the superstructure shows a regular bright-
ness difference of the white spots in a unit cell of the su-
perlattice. The same "brightness difference" was also ob-
served by Nakagawa et al. With our PCDM model it
can be easily produced by a small phase shift of the
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FIG. 8. (a) STM image of a superstructure with the PCDM's
in three directions on the triangular graphite lattice but with
different phases than in Fig. 7. (b) Schematic model. The inset
shows the model of the brightness difference observed in (a).

FIG. 9. (a) STM image of a superstructure with the PCDM's
in three directions on the triangular graphite lattice but with
different phases than in Figs. 7 and 8. (b) Schematic model.
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modulation in all three directions, as shown in the inset
of Fig. 8(b). Therefore, in a hexagon of the superlattice,
three of the outer atoms are highlighted most, and the
other three are highlighted less, but are still more
highlighted than the center atom.

Because of the many possibilities of superimposing the
underlying graphite lattice, either triangular or hexago-
nal, with the dominant periodic charge-density modula-
tions of various intensities and phases, we expect that
more types of superstructures near defects may be found
in the future.

It is worth mentioning here that for other metal clus-
ters, such as silver and gold adsorbed on graphite, similar
superstructures have been observed previously both in air
and in ultrahigh vacuum. '

Although the PCDM model explains almost all the ob-
served features, it is still a phenomenological description.
The origin of the PCDM's might be explained in the
framework of charge-density waves (CDW) in conjunc-
tion with periodic lattice distortions (PLD), phenomena
observed for various quasi-two-dimensional layered ma-
terials. CDW's are caused by the instability of the Fermi

surface and have been studied by STM for many
transition-metal dichalcogenides. " Recently, various
CDW vertex structures were found for TaSe2 and could
be explained by a phase-shift procedure, ' similar to the
one used in this paper. It involves different lock-in posi-
tions for periodic charge-density lattices relative to the
underlying atomic lattice. However, such metastability
of a CDW, as well as its periodicity and orientation, has
not yet been explained theoretically.

CONCLUSION

The observed superstructures found near platinum par-
ticles on highly oriented pyrolytic graphite are due to the
superposition of the periodic charge-density modulations
with the underlying graphite lattice. These periodic
charge-density modulations are localized in small areas
near the platinum particles, or generally near defects, on
graphite and decay as the distance from the particles in-
creases. They have the same period of 1.5a (except in one
case, 0.75a) and exist in three possible directions, each ro-
tated 30 relative to the graphite lattice. The image of the
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FIG. 10. (a) STM image of a superstructure with the
PCDM's in three directions on the hexagonal graphite lattice.
(b) Schematic model.

FICx. 11. (a) STM image of a special superstructure with the
PCDM's in two directions on the hexagonal graphite lattice.
The PCDM in one of the directions has a period of 0.75a, which
is half of the period of the other PCDM's. (b) Schematic model.
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FIG. 12. (a) STM image of a superstructure analogous to the
one in Fig. 2. (b) A section taken along the line AB as indicated
in (a). The solid circles represent the positions of the underlying
graphite atoms at P sites. The arrow indicates the position
where the peaks of two graphite atoms begin to grow together.
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superstructures depends on the dominant periodic
charge-density modulations and their relative intensities
and phases.

FIG. 13. (a) STM image of a superstructure similar to the
one in Fig. 3. The orientation of the dimers along the line
changes gradually from the lower part to the upper part. (b)
Schematic model of the superstructure in (a) showing the gradu-
al rotation of the dimers. The dashed lines represent the maxi-
ma of the PCDM's and their thickness is proportional to the in-
tensity of the PCDM.
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