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Moiré patterns on HOPG were studied with scanning tunneling microscopy (STM). The results reveal that the
observed Moiré patterns originate from the defects locating several layers below the surface, which presents
the first experimental evidence supporting the prediction that in HOPG the nanoscale electronic waves can
propagate through several layers without obvious decay.
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type scanning head was controlled by SPM100 controller from RHK Inc. The tip was mechanically cut
from Pt/Ir(80:20) wire. All STM images were acquired
under the constant current mode. The images were calibrated only by slope subtraction.

I. INTRODUCTION

Highly oriented pyrolytic graphite (HOPG) has been
widely chosen as the substrate in the scanning tunneling
microscopy (STM) study because of its significant properties: easily prepared large and atomically flat surface,
and relative inertness in the air. These features make it
a perfect standard for STM calibration. Besides the regular atomic images, some superperiodic structures, defined as Moiré patterns, are often observed superimposing on the atomic structure [1-13]. Many explanations
have been proposed for the Moiré pattern, for example,
multiple tips effect [1], intercalations between layers [2],
deformation of the surface and intralayer forces [8], misorientation of the top most layer [3,5,6,9], formation of
CDW phase on HOPG [13], as well as misorientation
several layers deep in the surface [7]. However, further
studies are still needed in order to deepen our understanding of the imaging mechanism of STM and the
electronic structure of graphite.
In this paper we report new evidence of the Moiré patterns observed on HOPG and discuss the origin of these
patterns. The patterns give a satisfying agreement between experimental results and theoretical predications
given by Kobayashi that the nanoscale electronic waves
can propagate through many layers without decay [7].

III. RESULTS AND DISCUSSION

Figure 1 (a) presents a STM image of Moiré patterns on HOPG, taken with a bias voltage of 500 mV
and a tunneling current of 0.5 nA. The Moiré patterns
were also imaged under various conditions with a tunneling current of 0.1-0.5 nA and a bias voltage of −800500 mV. It was found that these images were quite
stable and did not change for at least three hours. The
Moiré patterns on two terraces with a step height of
approximately 10 Å. This value equals the height of
three atomic graphite layers. As shown in Fig.1 (b)
and (c), the periods of Moiré patterns on both terraces
are same: 59±2 Å, but the lattice corrugation of the
Moiré pattern is about 1 Å on the top terrace whereas
it is 2 Å on the bottom terrace. Figure 2 shows the
atomically-resolved STM image of the Moiré patterns.
The angle of the Moiré pattern and the atomic lattice,
Φ, is 29.2◦ . Similar STM images showing Moiré pattern with different periods can be acquired on different
HOPG samples.
Since HOPG experienced no processing prior to imaging, the observed Moiré pattern can not be caused
by intercalation in the graphite layers as suggested by
Stephen et al. [2]. Multiple tips effect can not explain
the observed Moiré patterns, either. If there were two
micro tips in scanning simultaneously, the dimensions of
Moiré pattern should be equal to the distance between
the two micro-tips. In our case, the observed Moiré pattern extends to 2800 Å×1000 Å, which is unlikely for
our micro tips with which atomically-resolved STM images could be acquired. Meanwhile, multiple tips effect

II. EXPERIMENTAL SECTION

Our experiments were performed under ambient condition. Fresh HOPG (ZYB grade, NT-MDT, Russia)
surface was cleaved with adhesive tape before experiments. A home-made STM with a Besocke “beetle”
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FIG. 1 (a) STM image of Moiré pattern on HOPG. Sample bias: 500 mV, tunneling current: 0.5 nA. (b) and (c): the
profiles of line A, B marked in (a).

also fails to explain the varying distance between the
right and left boundaries.
However, the experiment results agree quite well with
the misorientation mode [7]. According to this theory,
the period of Moiré patterns D, should meet the equations: D=d /(2sin θ/2), Φ=30◦ −θ/2 [3], in which d represents the graphite lattice constant, θ represents the
relative rotational angle and Φ means the orientation
of Moiré patterns relative to the atomic lattice. When
substituting D=59 Å, d =2.46 Å to the equations, we
got θ= 2.4◦ and Φ= 28.8◦ . This agrees well with 29.2◦
obtained from the experimental results. Figure 3 shows
no apparent height difference between the two sides of
the boundary, which indicates that the misorientation
is buried deep below the surface.
The imaging mechanism of Moiré patterns has been
studied theoretically by Kobayashi [7]. The wave function of surface structure with period of a and a wave
with lateral momenta
p q (q=2π/a) decays in the vacuum
as exp(−λz), λ= 2|E| + q 2 , where E is the energy of

wave function from the vacuum level, and z axis is perpendicular to the surface. Therefore, even though the
wave of Moiré patterns is buried layers below, the large
lateral structure with nanoscale period l can still be
imaged when the tip is far way. Numerical calculations
have been made on the appearance of Moiré patterns
in STM and the results show that nanoscale waves can
propagate through many layers without decay and the
amplitude or corrugation of Moiré patterns oscillates
with the number of overlayers [7]. To our knowledge,
no experimental results that show the patterns on different layers have been reported. Our results give the
first direct evidence proving the theoretical results. As
shown in Fig.1, the periods and the orientations of the
Moiré patterns are exactly the same on the two terraces with a step height of three atomic graphite layers. This suggests that the wave propagate through at
least three layers without any obvious change. The amplitude of the Moiré pattern is 1 and 2 Å on the top
and bottom terraces in Fig.1, respectively. The varia-
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FIG. 2 STM image of the Moiré pattern with atomic resolution. Sample bias: −300 mV, tunneling current: 0.5 nA.
The orientation angle of the Moiré pattern in comparison
with atomic lattice is shown in the image.

tion agrees with the oscillating behavior calculated by
Kobayashi [7], demonstrating that the superstructure
wave is propagating. Another result of Kobayashi’s calculations is that the Moiré patterns can be imaged when
tip-sample distance increases, which is consistent with
our experiments. We can still image the Moiré patterns with a bias of 500 mV and a tunneling current
of 0.1 nA, whereas Osing et al. could only image the
Moiré patterns with STM under a current of 2.0 nA

FIG. 3 (a) is the STM image of the boundary of the
Moiré pattern. Sample bias: −450 mV, tunneling current:
0.60 nA. (b) is the profile of line A marked in (a)
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and a bias of 100 mV [9], in which the tip is very close
to the surface. In our experiments, however, the amplitude of Moiré patterns is found bias-dependent. The
amplitude on the top terrace is about 0.7 Å when the
bias is 800 mV. The corrugation changes to 1 Å under a
500 mV bias and 1.7 Å under a 300 mV bias. This effect
may be due to the electronic effect. The lower the bias
is, the closer the energy of tunneling electrons is to the
Fermi level. The larger corrugation at lower bias shows
that the interlayer influence is only important near the
Fermi level.
Figure 3 a shows the typical boundary of Moiré patterns. The boundary appears as a series of highlighted
bright spots divided by equal separation. The cause of
the boundary is still unclear till now. Some authors
observed similar boundary after depositing Cu clusters
on HOPG, so they explained the boundary as metal
clusters and concluded that the superperiodic structure
could induce nucleation and periodic arrangement of
metal clusters [11]. But this conclusion is still in argument and need further experimental evidence.

IV. CONCLUSION

In conclusion, the Moiré patterns of HOPG were imaged with STM directly, and were found to be in good
agreement with the calculations of Kobayashi [7]. This
shows that the nanoscale waves can propagate through
many layers without decay. It could also improve our
understanding of STM imaging of the characteristics of
HOPG.
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