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STM observation of electronic wave interference effect in finite-sized graphite
with dislocation-network structures
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Superperiodic patterns near a step edge were observed by scanning tunneling microscopy on several-layer-
thick graphite sheets on a highly oriented pyrolitic graphite substrate, where a dislocation network is generated
at the interface between the graphite overlayer and the substrate. Triangular- and rhombic-shaped periodic
patterns whose periodicities are around 100 nm were observed on the upper terrace near the step edge. In
contrast, only outlines of the patterns similar to those on the upper terrace were observed on the lower terrace.
On the upper terrace, their geometrical patterns gradually disappeared and became similar to those on the lower
terrace without any changes of their periodicity in increasing a bias voltage. By assuming a periodic scattering
potential at the interface due to dislocations, the varying corrugation amplitudes of the patterns can be under-
stood as changes in the local density of states as a result of the beat of perturbed and unperturbed waves, i.e.,
the interference in an overlayer. The observed changes in the image depending on an overlayer height and a
bias voltage can be explained by the electronic wave interference in the ultrathin overlayer distorted under the
influence of dislocation-network structures.

DOI: 10.1103/PhysRevB.69.035418 PACS number~s!: 73.90.1f, 68.37.Ef, 72.10.Fk
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I. INTRODUCTION

Scanning tunneling microscopy~STM! observations of
superperiodic patterns on metal surfaces have been rep
in several finite-sized systems. They are ascribed to inte
ence patterns of free electron waves scattered by ada
and step edges, for example, an Ag~111! surface near a ste
edge,1–4 a Cu~111! surface surrounded by 76 Fe adatoms,4–6

and so on. These reports have clarified that scattered
interfered waves on the surface can be observed as per
patterns which are related to the Fermi surface of bulk
surface states of metals where free electrons can m
around. Recently, a superperiodic pattern has been als
ported in semiconductor surfaces such
InAs/GaAs(111)A.7,8 In this case, the pattern is also an i
terference pattern, which is generated by electron wa
scattered at step edges on semiconductor surfaces beca
two-dimensional~2D! electron gas is generated due to t
band bending by the surface reconstruction. This phen
enon is interesting and characteristic of the surface electr
structure of isotropic semiconductors; that is, generated e
trons whose characters resemble free electrons in metals
move in a surface thin layer in spite of three dimensiona
in the electronic structures of semiconductors. As for
electronic systems, the present authors have observed
electronic wave interference effect on nanographene s
inclined with respect to a highly oriented pyrolytic graph
~HOPG! substrate by STM.9 Here, a nanographene sheet i
teracts very weakly with the HOPG substrate, where e
0163-1829/2004/69~3!/035418~7!/$22.50 69 0354
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trons are confined in the 2D sheet and the in-plane poten
changes gradually.

Meanwhile, superperiodic patterns on an HOPG subst
observed by STM have been also reported in ma
papers.10–18 Those patterns are not generated by electro
wave interference effects, but are caused by multiple-tip
fects, rotational stacking faults, and dislocation-netwo
structures. A pattern caused by multiple-tip effects origina
from superimposing two different information of graphi
lattice in one domain imaged by a tip apex and that in
other domain, with a relative rotation, imaged by a me
contamination that is attached to the tip. A moire´ pattern and
a pattern caused by the dislocation-network structures re
from the spatially varied local density of states~LDOS!,
which are related to the stacking faults by the relative ro
tion between two adjacent graphene layers and by the la
distortion at the interface, respectively. Graphite with
stacking fault can be represented asabcab... were repre-
sented asababa... for an ordinary stacking of graphite an
a c for a faulted layer. The periodicity of a moire´ pattern and
pattern caused by the dislocations can be explained by
angle of the relative rotation11–14and by the periodic domain
of stacking faults generated in a slip plane, respectiv
Among the reports, a change in the bias voltage interestin
induces a change in the periodicity of the superperiodic p
terns that come from the dislocation network, similar to wh
is observed by transmission electron microscopy~TEM!.15

A LDOS calculation of faulted stacking parts cannot r
produce the corrugation amplitude of superperiodic str
tures that have been reported so far.13,19,20 About a moiré
©2004 The American Physical Society18-1
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pattern and a dislocation-induced pattern, one can find
the interface between an overlayer and a substrate is take
a scattering layer and that the overlayer is regarded a
finite-sized region in the normal direction to the surface21

Electron waves normal to the surface can be scattered by
surface and the interface, resulting in the generation of sta
ing waves. This is the electron confinement effect in the
direction normal to the surface, which is very important f
the superperiodic LDOS at the surface in terms of the co
gation amplitude in a STM image. The corrugation amp
tude of a superperiodic pattern is expected to depend on
bias voltage of the STM and the overlayer thickness as
character of waves in the overlayer. In this paper, we rep
on the observation of different superperiodic patterns t
originate from the dislocation-network structures, on bo
terraces near a step edge and present their bias voltag
pendence of the corrugation amplitudes with no change
the periodicity. The patterns are explained as the spati
varied LDOS affected by the interference in the overlaye

II. EXPERIMENT

All images in the present paper were observed by usin
commercial STM system~Digital Instruments, Nanoscope E!
under an ambient condition at room temperature with
constant-current mode at 0.7 nA using a mechanically
Pt-Ir tip. Sample bias voltages for these observations w
varied from near the Fermi level to higher voltages, typica
at 0.02, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 V, except for
in Fig. 2~b!. The sample was fabricated by the heat-treatm
of an HOPG substrate at 1600 °C in Ar flow after cleaving
by an adhesive tape for obtaining a fresh surface. It is p
sible that dislocations were generated at several layers
neath the surface during the heat-treatment process.

III. RESULTS

Superperiodic patterns were observed on the surface
STM, which extended over severalmm2, and a part of the
area is shown in an 1.531.5-mm2 image in Fig. 1~a!, where
a bias voltage was 0.2 V. In this image, there are triangul
rhombic-, and net-shaped patterns whose periodicities
around 100 nm but gradually changed depending on the
sition. There are also complicated patterns that seem to
the superimposed of those patterns. The lines pointed by
rows a denote step edges of graphite, while the line poin
by arrowsb denotes a domain boundary where the differen
in the heights between the two regions faced at the boun
is much less than the interlayer distance of graphite~0.335
nm in the bulk!. The presence of the step edge and the
main boundary is confirmed by the cross-sectional profi
shown in Fig. 1~a!. The lower terrace in Fig. 1~a! extends to
the left direction by about 3.5mm and is terminated by a
boundary between the graphene overlayer and the HO
substrate. Patterns of those shapes change into y-shape
linear patterns near the graphene overlayer edge and e
the edge~the region showing the y-shaped and linear patte
is not shown!. The triangular- and net-shaped patterns sim
to those in Fig. 1~a! have been previously observed
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STM,12,13 TEM,22–24 and other investigations.25–27 In those
reports, diffraction patterns in TEM images and superpe
odic patterns in STM images were attributed to the modifi
LDOS caused by rhombohedral stacking faults due to pa
dislocations. The partial dislocations are defined by the B

FIG. 1. ~a! STM image (1.531.5mm2) of superperiodic pat-
terns observed atVs50.2 V. There are triangular-, rhombic- an
net-shaped patterns whose periodicity is around 100 nm. There
also complicated patterns in some parts, where two types of patt
are superimposed. Arrowsa and b denote the positions of a ste
edge of graphite and a domain boundary, respectively. Cr
sectional profiles are taken along the horizontal lines, P-1 to P
whose lengths are 500 nm.~b! Magnified STM image (500
3500 nm2) of the center region of~a!, showing two types of pat-
terns. The heights of the lower and upper terraces correspond to
and three graphene layers from the substrate, respectively.
8-2
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gers vector that converts anab-stacked layer in ordinary
graphite to anac-stacked layer with respect to a glide plan
The conversion of stacking occurs abruptly accompan
with a lattice distortion where a sharp-edged periodic patt
is generated. Therefore, the patterns in Fig. 1~a! are consid-
ered to come from dislocations at the interface between
graphite overlayer and the HOPG substrate from the sha
and the average periodicity.

A magnified image of Fig. 1~a! near a step edge is show
in Fig. 1~b!. The height of the lower terrace at the bottom le
in Fig. 1~b! from the HOPG substrate is 0.6760.02 nm in
average ~for Vs50.2 V) from the cross-sectional profil
analyses of the observed image at the boundary betwee
graphene overlayer and the substrate~not shown!. The value
corresponds to a thickness of two graphene layers from
substrate. The upper terrace at the center part in Fig. 1~b! has
a height of three graphene layers from the substrate, as
mated from the cross-sectional profile of the step ed
whose height difference is 0.39–0.41 nm~for Vs50.2 and
0.5 V! including the corrugation amplitude of superperiod
patterns@P-1 in Fig. 1~a!#. The image at a low bias voltage o
0.02 V near the Fermi energy is shown in Fig. 2~a!. Though
this image was obtained at almost the same place as
shown in Fig. 1~b!, there are a few differences in the contra
and the shape of the patterns. In Fig. 2~a!, three regions are
indicated; regions A, B, and C contain a triangular-shap
pattern, a rhombic-shaped pattern, and a net-shaped pa
respectively. In intermediate regions A-B and B-C, there
complicated contrasts that are superimposed of pattern
two regions. In regions A and B, the apparent height of lin
which divide the patterns into individual geometric units w
lower than the center of the unit by about 0.1 nm. Cros
points of lines were further depressed from the lines by ab
0.1 nm, resulting in the ‘‘contracted nodes’’ in the image.
region C, however, lines are imaged higher than the cente
the unit by about 0.05 nm and crossed points of the lines
the highest~about 0.005 nm higher than the lines!, giving the
‘‘extended nodes’’ in the image. Except for the slight co
trast, the patterns in regions B and C appear to have con
inverted from each other. In Fig. 1~b!, however, the part cor
responding to region B is not the same pattern as region
Fig. 2~a!, suggesting that the corrugation amplitudes and
shapes of patterns depend on a bias voltage. The triang
shape in region A is almost the same as can be seen in
comparison of Figs. 1~b! and 2~a!. However, the contracted
nodes on the upper terrace at a bias voltage of 0.02 V@Fig.
2~a!# changed to the extended nodes at 0.2 V@Fig. 1~b!#.
Figure 2~b! is a magnified image near a contracted node
the upper terrace in Fig. 2~a!, which is marked by a black
dot, taken atVs50.002 V, I 51.7 nA. A straight line drawn
on triangular lattice points at the bottom right part is e
tended to the valley sites of the triangular lattice at the
left part, indicating the presence of a distortion at the cen
part of the image. This atomically resolved image suppo
that the observed patterns come from the dislocation-netw
structure. As for patterns at higher bias voltages, Figs. 3~a!–
3~c! display images of almost the same places as Figs.~b!
and 2~a! at bias voltages of 0.3, 0.4, and 0.5 V, respective
The patterns in Fig. 3~a! seem to resemble those in Fig. 1~b!,
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except for the pattern change from rhombic-shaped
triangular-shaped in region B. In regions A and C, the cor
gation amplitudes of patterns on the upper terrace in Fig. 3~a!
are smaller by about 0.03 nm than those in Fig. 1~b!, whereas
those on the lower terrace in Fig. 3~a! are larger by about
0.06 nm than those in Fig. 1~b!, as shown in Fig. 3~d!. For
clarity, the height differences between two points on ea
terrace dependent on the bias voltage is shown in Fig. 3~d!.

FIG. 2. ~a! STM image (5003500 nm2) of the superperiodic
patterns at a low sample bias voltage of 0.02 V, which is expecte
reflect the density of states close to the Fermi level. The ima
area is shifted from that of Fig. 1 to the bottom by about 200 nm.
B, and C denote regions of triangular-, rhombic- and net-sha
patterns, respectively. Arrows indicate complicated patterns, wh
two patterns are superimposed. Lines that divide the geometric
terns into individual units cross at contracted nodes in regions A
B, and at extended nodes in region C. The apparently depre
contrast neighbors to the lines are artificial effect to make the im
clearer in region C.~b! Atomically resolved STM image (6.0
36.0 nm2) of one individual triangular pattern near a contract
node on the upper terrace in~a!, which is marked by a black dot a
Vs50.002 V andI 51.7 nA. A straight line placed on triangle lat
tice sites at the bottom right part is extended to the valley sites
the triangle lattice at the top left part through a distorted lattice p
8-3
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Just by increasing the bias voltage, patterns on the up
terrace in Fig. 3~a! are changed into a net-shaped pattern
the lower terrace in Fig. 3~c!. They are similar to the patter
on the lower terrace in Figs. 3~a!–3~c!, however, slightly
inversed contrast is observed as shown in Fig. 3~a! similar to
that in region C in Fig. 2~a!. Changes of corrugation ampl
tudes, with a maximum atVs50.3 V are observed in the
patterns on the lower terrace as shown in Fig. 3~d!. A similar
image to Fig. 3~c! was also observed atVs50.6 V ~not
shown!.

IV. THEORETICAL MODEL AND DISCUSSION

According to previous reports, the periodicity of superp
riodic patterns changed dependent on a bias voltage or
by scanning the tip, which was attributed to dislocati
motion.15,16 However, the periodicity of the observed pa
terns in the present study did not change in the range
voltages used for imaging~0.02–0.6 V!. Therefore, the ob-
served phenomenon is different from that in Refs. 15 and
which show a dislocation motion induced by the applied b
voltage. A dislocation motion is not generated in the o

FIG. 3. STM images (5003500 nm2) of superperiodic patterns
at higher sample bias voltages;~a! Vs50.3 V, ~b! Vs50.4 V, and
~c! Vs50.5 V. By increasing the bias voltage, the corrugation a
plitude of superperiodic patterns on the upper terrace decre
gradually@~a! and ~b!# and changed into a net pattern~c!. In con-
trast, no significant change was observed for the pattern on
lower terrace. The net pattern appearing on the upper terrace o~c!
is similar to that on the lower terrace. Height differences betw
two points depicted in~a! are shown in~d! for clarifying the bias-
dependent contrast. Solid and blank circles are the height di
ences of the upper and lower terrace, respectively.~Circles at the
sample bias of around 0 V are the height differences atVs

50.02 V.)
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served phenomenon in the present paper. Instead, only
superperiodic corrugation amplitudes of the observed p
terns varied, without any change in the periodicity, depe
ing on an overlayer height from the substrate and a b
voltage of STM, as shown in Fig. 3~d!. This is the first ob-
servation of the bias-dependent contrast and pattern sh
of superperiodic patterns on graphite without any change
the periodicity.

First, we discuss the origin of the bias-dependent cor
gation amplitudes. As shown in Figs. 1–3, it appears that
patterns on the upper and lower terraces are connected
tinuously at the step edge, independent of the bias volta
This suggests that the patterns observed on both terr
come from the same origin. It should be noted that the
perimental results cannot be explained simply by calculat
the DOS of faulted stacking, because the observed patter
different terraces have contrast inverted from each othe
shown in Figs. 1–3~b!. It seems natural to assume that
array of faulted stacking is not changed abruptly across
step edge if the dislocation network is continuous at the
terface. We also cannot explain the property, on the basi
the faulted stacking, that the superperiodic corrugation a
plitudes on the lower terrace become larger although the
between the tip and the sample becomes larger in increa
a bias voltage from 0.02 to 0.3 V as shown in Fig. 3~d!. In
other words, the observed behavior is considered to be du
the LDOS at the surface, taking into account the fact t
observed corrugation amplitudes become larger. Then,
LDOS should explain the gradual decreases of the corru
tion amplitudes and the variations of patterns on the up
terrace in increasing the bias voltage without changing
periodicity of the patterns, and that should also explain
increase of the corrugation amplitudes on the lower terrac
increasing a bias voltage near the Fermi energy.

Here, we discuss the interference effect for explaining
bias-voltage dependence of superperiodic patterns on the
sis of a theoretical treatment reported in Ref. 21. Conside
the scattering potential at the interface, one can find that
LDOS at the surface is related to the interference effec
electrons that are scattered at the surface and the inte
between the overlayer and the substrate. The LDOS at
surface can be given as sin2(kz) using coordinatez and a
wave numberk along the axis normal to the surface~the z
axis! in case that the lateral wave number of a superperio
pattern nearly equals to 0 by comparison with the wave nu
ber originating from the lattice. If one treats a scatteri
potential at the interface by perturbation, a beat can be g
erated by the interference between the perturbed and the
perturbed waves. In this case, the LDOS at the surfac
proportional to sin(kz)cos(k8z), where k8 and k are a per-
turbed wave number and an unperturbed wave number
spectively. Next we will show the detailed derivation.

In the present discussion, a square-patterned pote
with a periodicity of 2L at the interface is employed a
shown in Fig. 4, for a calculation of the probability densi
of the wave function confined in the plane for generating
abrupt potential change associated with the dislocati
network structures. We place a square potential withL/3 in
width and 4v0d(z) in height, whereL is the half of the
periodicity of the square potential andv0 is the strength of
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STM OBSERVATION OF THE ELECTRONIC WAVE . . . PHYSICAL REVIEW B 69, 035418 ~2004!
the scattering potential, at the line dividing the patterns i
geometrical units as a simple model to reproduce the patt
in regions B and C, as shown in Figs. 4~a! and 4~b!. Though
the square-shaped pattern in the present model is diffe
from the experimental result~the rhomb-shaped pattern i
regions B and C, the triangular-shaped pattern in region
and the complicated pattern in their intermediate regions!, it
can make a theoretical treatment easier with any loss of
lidity. ~Note that the problem of the square-patterned pot
tial in rectangular coordinate can be reduced to the 1D pr
lems along thex andy axes.! The reproduction of a patter
in region A is beyond the present model since the shape
pattern in region A is complicated to solve in the simil
manner that is applied for regions B and C. If we locate
surface and the interface positions atl and 0, respectively, in
thez axis as shown in Fig. 4~c! and introduce the delta func
tion d(z) at the interface, this potential can be express
using the Fourier analysis

V~x,y,z!5~\2/m'!v0(
n

and~z!

3~eiqxn•x1e2 iqxn•x1eiqyn•y1e2 iqyn•y!, ~1!

where\ is the Planck constant over 2p, m' is the effective
mass along thez axis,an is thenth component which equal

FIG. 4. Model of the potential at the interface between
graphite overlayer and the substrate.~a! The cross-sectional profile
of square potential along thex or y axis. The periodicity is 2L and
the potential is (1/3)L in width and 2v0d(z) in height. ~b! The
projection of the square-patterned potential on thexy plane. Gray
lines represent potential lines and black squares represent pot
nodes, whose potential height is the sum of the 1D potentialsx
andy axes. A height of the potential nodes is twice as large as
of the potential lines.~c! The position of the surface and the inte
face along thez axis. The surface and the interface are locatedl
and 0 in thez axis, respectively.
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$2/(np)%$sin(np)2sin(5np/6)% for the square potential, an
qxn and qyn , which take discrete values (np/L)(n
51,2,...), are thenth wave vectors in thex and y axes,
respectively. Assuming the linear combination of in-pla
plane waves and wave functionAqx ,qy

(z) for the z compo-
nent, the wave function is represented to be

C~x,y,z!5 (
qx ,qy

Aqx ,qy
~z!ei(qx•x1qy•y). ~2!

Based on this wave function and the connecting condit
derived from the Schro¨dinger equation with the square
patterned potential, the perturbed wave function is given

C6~x,y,z!5v0(
n

@an /~ ik8!#~12e2ikl!~eik8z2e2 ik8z12ik8 l !

3e6 i(qxn•x1qyn•y), ~3!

where the term ofv0
2 is neglected because of its small co

tribution. For the unperturbed wave, we take a plane wav
the direction of thez axis,

C05eikz, ~4!

with

k825k22~mi /m'!uqnu2, ~5!

wheremi is the effective mass in thexy plane. In the over-
layer shown in Fig. 4~c!, the unperturbed waves can coex
with the perturbed waves. Since the total wave funct
C total(x,y,z) is the sum ofC1, C2, andC0 , the probabil-
ity density,uC total(x,y,z)u2 is represented as follows:

uC total~x,y,z!u254 sin2~kz!

232(
n

~anv0 /k8!sin~kl !cos~k8l !

3sin~kz!sin~k8z!

3$cos~qxn•x!1cos~qyn•y!%. ~6!

Here, thexy plane is shifted from (z2 l ) to z for simplicity
and the very small term ofv0

2 is also neglected. Using th
Tamm states near the surface (z;0), k cot(kz), and
k8 cot(k’z) can be regarded as the constant numbers, p
vided thatkz;0 andk8z;0. Therefore, the probability den
sity around the surface,uC total(x,y,0)u2, is roughly expressed
with an overlayer height from the substrate,l , the perturbed
wave number,k8, and the unperturbed wave number,k:

uC total~x,y,0!u252c(
n

ank sin~kl !cos~k8l !

3$cos~qxn•x!1cos~qyn•y!%1const,

~7!

wherec and the second term are positive constants and
second term is larger absolute value than that of the
term. In this equation, the spatially varied probability de
sity, which gives a superperiodic pattern, corresponds to

tial

at
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YOUSUKE KOBAYASHI et al. PHYSICAL REVIEW B 69, 035418 ~2004!
term, $cos(qxn•x)1cos(qyn•y)%. By attributing the unper-
turbed wave to the wave function in bulk graphite, the e
ergy dispersion can be given using parameterm' , the inter-
layer distancec, and the interlayer resonance integral,g1
(50.39 eV) ~Ref. 28!:

E5\2k2/~2m'!22g1 , ~8!

with

m'5\2/~2c2g1!. ~9!

The investigation of the spatially varied LDOS is importa
in order to look over the contrast image of STM from t
corrugation amplitude of a superperiodic pattern that
pends on a bias voltage. In this connection, the differe
of the LDOS at the surface, $uC total(0,0,0)u2

2uC total(L,0,0)u2%, where the former and latter terms repr
sent the LDOS at the center and the edge of an individ
geometric pattern unit, respectively, can give a simple di
nosis in mapping a superperiodic pattern because a pote
height is constant except for the edge part with a fine os
lation resulted from the Fourier analysis. In Fig. 5, the d
ference of the LDOS in an arbitrary unit varies as a funct
of an overlayer height from the interface and a bias volta
It obviously changes in the present range of an overla
height from the interface and a bias voltage that were u
for STM observation. The positive value of the differen
means that the LDOS at the bias voltage is larger at
center position, (x,y)5(0,0), surrounded by four potentia
lines than on the potential line, (x,y)5(L,0), giving a
square-shaped pattern. Conversely, the negative value
gests that the LDOS at the center position is smaller than
on the potential line, the superperiodic pattern being a n
shaped pattern. As the absolute value of the differenc
proportional to the superperiodic corrugation amplitudes,
increase, decrease, and inversion of a corrugation ampli
of the superperiodic pattern can be generated depending

FIG. 5. The difference of LDOS at two points
$uC total(0,0,0)u22uC total(L,0,0)u2%, as a function of an overlaye
height from the interface and a bias voltage. The periodicity o
square potential, 2L, is 70 nm. The difference of the LDOS i
shown in scale bar and its unit is arbitrary. When the difference
positive ~negative! value, a calculated superperiodic pattern is
square-shaped~net-shaped! pattern. The unit number of the ove
layer height~the number of layers! corresponds to the interlaye
distance between adjacent graphene layers~0.335 nm!.
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bias voltage and an overlayer height from the substrate
shown in Fig. 5. For a comparison between the theoret
model and the experimental results, an overlayer height fr
the interface,l , is given in the unit of a single graphene lay
thickness, which corresponds to the interlayer distance
bulk graphite~0.335 nm!. Assuming that the interface is lo
cated at the intermediate plane between the overlayer and
substrate~an ideal interface is shifted by a half of monolay
from the substrate!, l is given as

l 5s20.51D, ~10!

wheres is an overlayer height from the substrate in the sa
unit as that ofl , and D is a fitting parameter for a wavy
structure of graphite.21

Figure 6 shows the calculated LDOS in a 2L32L square
of the individual geometrical pattern unit at different ove
layer heights and varied bias voltages. The extended
contracted nodes appear at the crossing points (x,y)
5(6L,6L),(6L,7L). At l 51.5 (s52.0,D50), the dif-
ference of the LDOS enhances with increasing a bias volt
from 0.02 to 0.3 V, where the calculated superperiodic p
terns are net-shaped patterns with the extended node
clearly seen in Figs. 6~a!–6~d!. This result agrees with the
experimental evidence that the inverted superperiodic
terns ~net-shaped patterns! were observed on the lower te
race~two graphene layers high from the substrate! near the
step edge, as shown in Figs. 1–3. Indeed, the increase o
corrugation amplitude in Figs. 2 and 3~a! can be understood
on the basis of the increased difference of the LDOS beca
the corrugation amplitude is roughly proportional to t

a

a

FIG. 6. The calculated LDOS in a 2L32L square~upper! and
its cross-sectional profile passing through the center of the g
metrical unit ~lower! at different overlayer heights and bias vol
ages:~a! l 51.5 ~layer!, Vs50.02 ~V!, ~b! l 51.5, Vs50.30, ~c! l
51.5, Vs50.40, ~d! l 51.5, Vs50.50, ~e! l 52.7, Vs50.02, ~f! l
52.7, Vs50.30, ~g! l 52.7, Vs50.40, and~h! l 52.7, Vs50.50.
~Top pictures! Lighter brightness indicates a higher LDOS valu
~Bottom pictures! Thex or y value in the lateral axis~unit: nm!, the
LDOS in the vertical axis~arbitrary units!.
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LDOS, as mentioned above. Atl 52.7 (s53.0,D50.2), the
difference of the LDOS decreases in increasing a bias v
age from 0.02 to 0.4 V, where the calculated superperio
patterns become square-shaped patterns with contra
nodes as shown in Figs. 6~e!–6~g!, although the pattern
shape~square shaped! is different from that of experimenta
results~rhombic and triangular shaped!. By further increase
in the bias voltage~0.4 to 0.5 V!, the difference of the LDOS
has a negative value with a net-shaped pattern with exten
nodes in Fig. 6~h!. This result supports the experimental ev
dence that the corrugation amplitude of the superperio
pattern on the higher terrace~three graphene layers hig
from the substrate! decreases gradually and that the super
riodic pattern changes into an inverted pattern with incre
ing a bias voltage further, as shown in Fig. 3. Eventually,
observed superperiodic patterns can be explained by the
location network at the interface and an interference in
overlayer dependent on its thickness and bias voltages.

However, this model cannot explain the relation betwe
patterns in regions A and B, and the change in the corru
tion amplitude of extending and contracting nodes. The
tential, independent of the bias voltage in the present mo
may be responsible for the discrepancy. A more appropr
way of faulted stacking or a slight relaxation is expected
improve the model, including a change of pattern shap
The simple model used in this paper suggests that nodes
be alternated between the extended and the contracted d
the LDOS affected by the interference in the overlayer wi
out changing the way of stacking. Other remaining proble
are the discrepancy between the semimetallic electro
structure of graphite and the present theoretical model, a
phase shift of electron waves due to the Coulomb repuls
c

n,

ac

a

Y.

J

.F

.
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in the overlayer. These problems call for further investig
tions in the near future.

V. CONCLUSION

Superperiodic patterns that come form the dislocati
network structure have been observed by STM, where
shape and the corrugation amplitudes change dependent
bias voltage and an overlayer height from the substrate w
out any variation of their periodicity. Near a step edge,
dislocation network that causes patterns on the upper and
lower terraces seems to be continuous. By assuming
same scattering potential at the interface between both
races, a perturbed wave that generates a superperiodic
tern in the plane and an unperturbed wave can interfere in
overlayer, and a pattern at the surface can be affected by
beat of their waves. On the basis of the free electron mo
with the effective mass, the corrugation amplitudes of
patterns, which are related to the LDOS, are found to v
depending on a bias voltage and an overlayer height, and
changed corrugation amplitude of a superperiodic pattern
be understood as a change of the LDOS originating from
interference in the overlayer.
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