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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.
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[. INTRODUCTION trons are confined in the 2D sheet and the in-plane potential
changes gradually.
Scanning tunneling microscopSTM) observations of Meanwhile, superperiodic patterns on an HOPG substrate

superperiodic patterns on metal surfaces have been reportetiserved by STM have been also reported in many
in several finite-sized systems. They are ascribed to interfepapers>~18 Those patterns are not generated by electronic
ence patterns of free electron waves scattered by adatorwéve interference effects, but are caused by multiple-tip ef-
and step edges, for example, an(Aljl) surface near a step fects, rotational stacking faults, and dislocation-network
edge}“‘a Cu111) surface surrounded by 76 Fe adatdin®, structures. A patt(f;rn causec_j by muI_tipIe—tip Qﬁects originqtes
and so on. These reports have clarified that scattered arf(Pm superimposing two different information of graphite

interfered waves on the surface can be observed as periodttice in one domain imaged by a tip apex and that in an-
patterns which are related to the Fermi surface of bulk an@ther domain, with a relative rotation, imaged by a metal

surface states of metals where free electrons can moyvgPntamination that is attac_hed to.the tip. A mqaattern and
_pattern caused by the dislocation-network structures result

around. Recently, a superperiodic pattern has been also r? ; . :
ported in semiconductor surfaces such astom the spatially varied local density of statésDOS),

InAs/GaAs(1117.72 In this case, the pattern is also an in- which are related to the stacking faults by the relative rota-

tion between two adjacent graphene layers and by the lattice

terference pattern, which is generated by electron WaV€§istortion at the interface, respectively. Graphite with a

scatte_red at. step edges on semicopductor surfaces becaus&gcking fault can be represented @iscah.. were repre-
two-dimensional(2D) electron gas is generated due to thégenteq ambaba.. for an ordinary stacking of graphite and
band bending by the surface reconstruction. This phenomy ¢ for a faulted layer. The periodicity of a moipattern and
enon is interesting and characteristic of the surface electronigattern caused by the dislocations can be explained by an
structure of isotropic semiconductors; that is, generated elegngle of the relative rotatidhi **and by the periodic domain
trons whose characters resemble free electrons in metals cgp stacking faults generated in a slip plane, respectively.
move in a surface thin layer in spite of three dimensionalityAmong the reports, a change in the bias voltage interestingly
in the electronic structures of semiconductors. As for 2Dinduces a change in the periodicity of the superperiodic pat-
electronic systems, the present authors have observed therns that come from the dislocation network, similar to what
electronic wave interference effect on nanographene sheet observed by transmission electron microsc6pgM).*
inclined with respect to a highly oriented pyrolytic graphite A LDOS calculation of faulted stacking parts cannot re-
(HOPG substrate by STM.Here, a nanographene sheet in- produce the corrugation amplitude of superperiodic struc-
teracts very weakly with the HOPG substrate, where electures that have been reported so 2% About a moire
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pattern and a dislocation-induced pattern, one can find that
the interface between an overlayer and a substrate is taken as
a scattering layer and that the overlayer is regarded as a
finite-sized region in the normal direction to the surfate.
Electron waves normal to the surface can be scattered by the
surface and the interface, resulting in the generation of stand-
ing waves. This is the electron confinement effect in the 1D
direction normal to the surface, which is very important for
the superperiodic LDOS at the surface in terms of the corru-
gation amplitude in a STM image. The corrugation ampli-
tude of a superperiodic pattern is expected to depend on the
bias voltage of the STM and the overlayer thickness as the
character of waves in the overlayer. In this paper, we report
on the observation of different superperiodic patterns that
originate from the dislocation-network structures, on both
terraces near a step edge and present their bias voltage de-
pendence of the corrugation amplitudes with no change in
the periodicity. The patterns are explained as the spatially
varied LDOS affected by the interference in the overlayer.

Il. EXPERIMENT

All images in the present paper were observed by using a :[0'3 AT
commercial STM systertDigital Instruments, Nanoscope E

under an ambient condition at room temperature with the

constant-current mode at 0.7 nA using a mechanically cut (b)

Pt-Ir tip. Sample bias voltages for these observations were
varied from near the Fermi level to higher voltages, typically
at 0.02, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 V, except for that
in Fig. 2(b). The sample was fabricated by the heat-treatment
of an HOPG substrate at 1600 °C in Ar flow after cleaving it
by an adhesive tape for obtaining a fresh surface. It is pos-
sible that dislocations were generated at several layers be-
neath the surface during the heat-treatment process.

Ill. RESULTS

Superperiodic patterns were observed on the surface by
STM, which extended over severam?, and a part of the
area is shown in an 1:61.5-um? image in Fig. 1a), where
a bias voltage was 0.2 V. In this image, there are triangular-,
rhombic-, and net-shaped patterns whose periodicities are

a_r_ound 100 nm but gradually changed depending on the po- g 1. (@) STM image (1.5 1.5 um?) of superperiodic pat-
sition. There are also complicated patterns that seem to hgms observed av.=0.2 V. There are triangular-, rhombic- and
the superimposed of those patterns. The lines pointed by afet-shaped patterns whose periodicity is around 100 nm. There are
rows « denote step edges of graphite, while the line pointedso complicated patterns in some parts, where two types of patterns
by arrowsp denotes a domain boundary where the differenceyre superimposed. Arrows and 8 denote the positions of a step

in the heights between the two regions faced at the boundamtige of graphite and a domain boundary, respectively. Cross-
is much less than the interlayer distance of graptit835  sectional profiles are taken along the horizontal lines, P-1 to P-3,
nm in the bulk. The presence of the step edge and the dowhose lengths are 500 nni{b) Magnified STM image (500
main boundary is confirmed by the cross-sectional profiles<500 nnf) of the center region ofa), showing two types of pat-
shown in Fig. 1a). The lower terrace in Fig.(&) extends to terns. The heights of the lower and upper terraces correspond to two
the left direction by about 3..m and is terminated by a and three graphene layers from the substrate, respectively.
boundary between the graphene overlayer and the HOPG

substrate. Patterns of those shapes change into y-shaped &itM,>2 TEM,?2-2* and other investigatior’s=2 In those
linear patterns near the graphene overlayer edge and endraports, diffraction patterns in TEM images and superperi-
the edgethe region showing the y-shaped and linear patterngdic patterns in STM images were attributed to the modified
is not shown. The triangular- and net-shaped patterns similal.DOS caused by rhombohedral stacking faults due to partial
to those in Fig. la) have been previously observed in dislocations. The partial dislocations are defined by the Bur-
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gers vector that converts amb-stacked layer in ordinary
graphite to arac-stacked layer with respect to a glide plane.
The conversion of stacking occurs abruptly accompanied
with a lattice distortion where a sharp-edged periodic pattern
is generated. Therefore, the patterns in Fi@) &Are consid-
ered to come from dislocations at the interface between the
graphite overlayer and the HOPG substrate from the shapes
and the average periodicity.

A magnified image of Fig. (B) near a step edge is shown
in Fig. 1(b). The height of the lower terrace at the bottom left
in Fig. 1(b) from the HOPG substrate is 0.60.02 nm in
average (for V¢=0.2V) from the cross-sectional profile
analyses of the observed image at the boundary between the
graphene overlayer and the substr@tet shown. The value
corresponds to a thickness of two graphene layers from the
substrate. The upper terrace at the center part in Figy.hks
a height of three graphene layers from the substrate, as esti-
mated from the cross-sectional profile of the step edge,
whose height difference is 0.39-0.41 r{for Vs=0.2 and
0.5 V) including the corrugation amplitude of superperiodic
patterndP-1 in Fig. 1a)]. The image at a low bias voltage of
0.02 V near the Fermi energy is shown in Figa)2 Though
this image was obtained at almost the same place as that
shown in Fig. 1b), there are a few differences in the contrast
and the shape of the patterns. In Figa)2three regions are
indicated; regions A, B, and C contain a triangular-shaped
pattern, a rhombic-shaped pattern, and a net-shaped pattern,
respectively. In intermediate regions A-B and B-C, there are
complicated contrasts that are superimposed of patterns in
two regions. In regions A and B, the apparent height of lines
which divide the patterns into individual geometric units was
lower than the center of the unit by about 0.1 nm. Crossed
points of lines were further depressed from the lines by about
0.1 nm, resulting in the “contracted nodes” in the image. In
region C, however, lines are imaged higher than the center of
the unit by about 0.05 nm and crossed points of the lines are FIG. 2. (8 STM image (50 500 nnf) of the superperiodic
the highestabout 0.005 nm higher than the linegiving the  patterns at a low sample bias voltage of 0.02 V, which is expected to
“extended nodes” in the image. Except for the slight con-reflect the density of states close to the Fermi level. The imaged
trast, the patterns in regions B and C appear to have contragtea is shifted from that of Fig. 1 to the bottom by about 200 nm. A,
inverted from each other. In Fig(l), however, the part cor- B, and C denote regions of triangular-, rhombic- and net-shaped
responding to region B is not the same pattern as region B iRatterns, respectively. Arrows indicate complicated patterns, where
Fig. 2a), suggesting that the corrugation amplitudes and thdwo pgtter_ns are super.lmposed. Lines that divide th_e geqmetnc pat-
shapes of patterns depend on a bias voltage. The triangul?rms into individual units cross at (?ontracted nodes in regions A and
shape in region A is almost the same as can be seen in tff @nd at extended nodes in region C. The apparently depressed
comparison of Figs. (b) and Za). However, the contracted contrast_nelghl_aors to the Ilnes_are artificial effect to rr_1ake the image
nodes on the upper terrace at a bias voltage of 0.QEiy. clearer in region .C'(.b). Atom'.ca”y resolved STM image (6.0
2(a)] changed to the extended nodes at 0.2F. 1(b)]. X 6.0 nnt) of one individual trlan_gulgr pattern near a contracted
Figure 2b) is a magnified image near a contracted node o ode on the upper terrace (a), which is marked by a black dot at

the upper terrace in Fig.(3, which is marked by a black s=0.002 V andl =1.7 nA. A straight line placed on triangle lat-

- - . X tice sites at the bottom right part is extended to the valley sites of
dot, taken aV/s=0.002 V,1=1.7 nA. A straight line drawn e triangle lattice at the top left part through a distorted lattice part.
on triangular lattice points at the bottom right part is ex-

tended to the valley sites of the triangular lattice at the topexcept for the pattern change from rhombic-shaped to
left part, indicating the presence of a distortion at the centetriangular-shaped in region B. In regions A and C, the corru-
part of the image. This atomically resolved image supportgation amplitudes of patterns on the upper terrace in Kaj. 3
that the observed patterns come from the dislocation-networire smaller by about 0.03 nm than those in Fi@p) lwhereas
structure. As for patterns at higher bias voltages, Fig@—3 those on the lower terrace in Fig(a3 are larger by about
3(c) display images of almost the same places as Figs. 1 0.06 nm than those in Fig.(4), as shown in Fig. @). For
and Z2a) at bias voltages of 0.3, 0.4, and 0.5V, respectively.clarity, the height differences between two points on each
The patterns in Fig. (@) seem to resemble those in FigbJ,  terrace dependent on the bias voltage is shown in Fi). 3
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served phenomenon in the present paper. Instead, only the
superperiodic corrugation amplitudes of the observed pat-
terns varied, without any change in the periodicity, depend-
ing on an overlayer height from the substrate and a bias
voltage of STM, as shown in Fig.(@. This is the first ob-
servation of the bias-dependent contrast and pattern shapes
of superperiodic patterns on graphite without any change of
the periodicity.

First, we discuss the origin of the bias-dependent corru-
gation amplitudes. As shown in Figs. 1-3, it appears that the
patterns on the upper and lower terraces are connected con-
tinuously at the step edge, independent of the bias voltage.
This suggests that the patterns observed on both terraces
come from the same origin. It should be noted that the ex-

perimental results cannot be explained simply by calculating
e the DOS of faulted stacking, because the observed patterns at
5 0.04 . different terraces have contrast inverted from each other as
£E o * ‘ shown in Figs. 1-®). It seems natural to assume that an
£.0.04 array of faulted stacking is not changed abruptly across the
g 0 01 02 03 04 05 . . : : ) .
T Sample bias (V) step edge if the dislocation network is continuous at the in-

terface. We also cannot explain the property, on the basis of
the faulted stacking, that the superperiodic corrugation am-

plitudes on the lower terrace become larger although the gap
between the tip and the sample becomes larger in increasing

FIG. 3. STM images (508500 nnt) of superperiodic patterns a bias voltage from 0.02 to 0.3 V as show_n in Figd)31n

at higher sample bias voltage®) V.=0.3V, (b) V.=0.4V, and other words, the observed beh_awo_r is considered to be due to
(c) V.=0.5 V. By increasing the bias voltage, the corrugation am-theé LDOS at the surface, taking into account the fact that

plitude of superperiodic patterns on the upper terrace decreas@Served corrugation amplitudes become larger. Then, the
gradually[(a) and (b)] and changed into a net pattef@). In con- LDOS should explain the gradual decreases of the corruga-
trast, no significant change was observed for the pattern on théon amplitudes and the variations of patterns on the upper
lower terrace. The net pattern appearing on the upper terra@ of terrace in increasing the bias voltage without changing the

is similar to that on the lower terrace. Height differences betweerperiodicity of the patterns, and that should also explain the

two points depicted irfa) are shown in(d) for clarifying the bias-  increase of the corrugation amplitudes on the lower terrace in
dependent contrast. Solid and blank circles are the height differincreasing a bias voltage near the Fermi energy.

ences of the upper and lower terrace, respectiv@iicles at the Here, we discuss the interference effect for explaining the
sample bias of around 0 V are the height differencesVat bias-voltage dependence of superperiodic patterns on the ba-
=0.02V.) sis of a theoretical treatment reported in Ref. 21. Considering

the scattering potential at the interface, one can find that the
Just by increasing the bias voltage, patterns on the upp&mDOS at the surface is related to the interference effect of
terrace in Fig. 8) are changed into a net-shaped pattern orelectrons that are scattered at the surface and the interface
the lower terrace in Fig.(8). They are similar to the pattern between the overlayer and the substrate. The LDOS at the
on the lower terrace in Figs.(8-3(c), however, slightly surface can be given as &k2) using coordinatez and a
inversed contrast is observed as shown in Fig) 8imilar to  wave numbeik along the axis normal to the surfa¢ie z
that in region C in Fig. @). Changes of corrugation ampli- axis) in case that the lateral wave number of a superperiodic
tudes, with a maximum a¥;=0.3V are observed in the pattern nearly equals to 0 by comparison with the wave num-
patterns on the lower terrace as shown in Figl).3A similar  ber originating from the lattice. If one treats a scattering
image to Fig. &) was also observed a/s=0.6V (not potential at the interface by perturbation, a beat can be gen-
shown. erated by the interference between the perturbed and the un-
perturbed waves. In this case, the LDOS at the surface is
proportional to sir2cosk’'z), wherek’ and k are a per-
turbed wave number and an unperturbed wave number, re-

According to previous reports, the periodicity of superpe-spectively. Next we will show the detailed derivation.

riodic patterns changed dependent on a bias voltage or just In the present discussion, a square-patterned potential
by scanning the tip, which was attributed to dislocationwith a periodicity of 2. at the interface is employed as
motion>*® However, the periodicity of the observed pat- shown in Fig. 4, for a calculation of the probability density
terns in the present study did not change in the range obf the wave function confined in the plane for generating an
voltages used for imagin@.02—-0.6 \J. Therefore, the ob- abrupt potential change associated with the dislocation-
served phenomenon is different from that in Refs. 15 and 16network structures. We place a square potential Wwith in
which show a dislocation motion induced by the applied biasvidth and 4 ,5(z) in height, whereL is the half of the
voltage. A dislocation motion is not generated in the ob-periodicity of the square potential ang is the strength of

IV. THEORETICAL MODEL AND DISCUSSION
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(@) V(x,Y,2) {2/(nm)}{sin(hm)—sin(5nx@/6)} for the square potential, and
Oxn and qy,, which take discrete valuesn@/L)(n
=1,2,...), are thenth wave vectors in th andy axes,

|_| |_| respectively. Assuming the linear combination of in-plane
1 | 1 X,y plane waves and wave functidkhxyqy(z) for the z compo-

nent, the wave function is represented to be
(b) y

V(x,y,2)= >, Aqxvqy(z)ei(qx»ﬁqy'y)_ )
Ax .Qy

Based on this wave function and the connecting condition
derived from the Schainger equation with the square-
patterned potential, the perturbed wave function is given as

WXy, 2)=0o S [a,/(ik')](1— €2k (dk'2— g k'z+2ik'l)

X eii(an'X"'qyn'y), 3)
© where the term ob} is neglected because of its small con-
Substrate | Overlayer trlbutl_on. For the unper_turbed wave, we take a plane wave in
>z the direction of thez axis,
0 | )
Wo=e", 4

FIG. 4. Model of the potential at the interface between the
graphite overlayer and the substrai®. The cross-sectional profile With
of square potential along theor y axis. The periodicity is P and '2 L2 2
the potential is (1/3) in width and 25(2) in height. (b) The k'#=k*—(m;/m,)[qq|*, )
projection of the square-patterned potential on xlyeplane. Gray wherem, is the effective mass in they plane. In the over-

lines represent potential lines and black squares represent potenti%lyer shown in Fig. &), the unperturbed waves can coexist
nodes, whose potential height is the sum of the 1D potentiaks in with the perturbed waves. Since the total wave function

andy axes. A height of the potential nodes is twice as large as tha{l, (x,y,2) is the sum ofP* W~ andV¥.. the probabil-
of the potential lines(c) The position of the surface and the inter- itytoéatlenéit;/ W (Y z)|2 is r;apres’ented aos’ follows:
’ tota\ s Y .

face along the axis. The surface and the interface are locateld at

and 0 in thez axis, respectively. |‘I’tota|(X,y1Z)|2=4 sinz(kz)

the scattering potential, at the line dividing the patterns into

geometrical units as a simple model to reproduce the patterns —322 (anvo/k")sin(kl)cogk'l)

in regions B and C, as shown in Figgatand 4b). Though "

the square-shaped pattern in the present model is different x sin(kz)sin(k’z)

from the experimental resulthe rhomb-shaped pattern in

regions B and C, the triangular-shaped pattern in region A, X{coggynX) + €Oy Y)}- (6)

and the complicated pattern in their intermediate regiohs Here, thexy plane is shifted fromZ—1) to z for simplicity

can make a theoretical treatment easier with any loss of va- 2 . .
lidity. (Note that the problem of the square-patterned poter?—and the very small term af; is also neglected. Using the

tial in rectangular coordinate can be reduced to the 1D pro T??OTG(, ;)te;t:i ble?; ;?ge dsuar;afri Af:%)r;stgrft()tn(ﬁzr)ﬁb;gd -
lems along thex andy axes) The reproduction of a pattern g ' P

in region A is beyond the present model since the shape of g?egrghi[gzt;gsa?giggo' Thergfr)zre_:stroe pmbib'“gsizg'
pattern in region A is complicated to solve in the similar Ity arou u toraX,Y,0)|, is roughly exp

manner that is applied for regions B and C. If we locate theWith an overlayer height from the substralethe perturbed

surface and the interface positiond a@&nd 0, respectively, in wave numberk’, and the unperturbed wave numbler,
the z axis as shown in Fig.(4) and introduce the delta func-

tion &(z) at the interface, this potential can be expressed |‘Ift0ta|(x,y,0)|2=—02 ayk sin(kl)cogk’l)

using the Fourier analysis "

X{c0g Qyn- X) +Ccogqyn-Y)}+ const,
V(x,y,z)=(h2/mL)vo; a,d(2) @

wherec and the second term are positive constants and the
second term is larger absolute value than that of the first
wheret is the Planck constant overm2m, is the effective term. In this equation, the spatially varied probability den-

mass along the axis, a, is thenth component which equals sity, which gives a superperiodic pattern, corresponds to the

X(eiQXn‘x+ eﬁiqxn‘x+ éqyn‘y_|_ e*iQyn'Y)’ (1)
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2 a b [ d
1 0.42 (@) (b) () (d)
=> 0‘8 _ .--.
=
8 061
2 0 0.22; ] ; :
2 ‘ 0.114 !
2 044
N 02 -0.11- ! ' -
: -35 35-35 35-35 35-35 35
0 -0.42 ; h
) e
6 1 2 3 4 5 (e) () Eg) )
Overlayer height from the interface (layer) .
FIG. 5. The difference of LDOS at two points, ]
{|¥ 6a(0,0,0)%— | ¥ 1a(L,0,0)|%}, as a function of an overlayer 0.1 [ m— —r — —
height from the interface and a bias voltage. The periodicity of a 0 f— \
square potential, 2, is 70 nm. The difference of the LDOS is 0.1 i
shown in scale bar and its unit is arbitrary. When the difference is a -0.2

positive (negative value, a calculated superperiodic pattern is a -35 35-36 35-35 353 3
square-s_hapemet-shapehpattern. The unit number of _the over- FIG. 6. The calculated LDOS in al2< 2L square(uppe) and
Igyer height(the numper of layejscorresponds to the interlayer its cross-sectional profile passing through the center of the geo-
distance between adjacent graphene |ay@/335 nn. metrical unit (lower) at different overlayer heights and bias volt-

ages:(a) |=1.5 (layen, Vs=0.02 (V), (b) I1=1.5,Vs=0.30, (¢) |
term, {cos@yn-X)+cos@yny)}. By attributing the unper- =15 v,=0.40,(d) =15, V=0.50, (¢) |=2.7, Vs=0.02, (f) |
turbed wave to the wave function in bulk graphite, the en-=2.7, v,=0.30, (g) 1=2.7, V,=0.40, and(h) |=2.7, V4=0.50.
ergy dispersion can be given using parameter, the inter-  (Top pictures Lighter brightness indicates a higher LDOS value.
layer distancec, and the interlayer resonance integra, (Bottom pictureg The x ory value in the lateral axi@unit: nm), the
(=0.39 eV) (Ref. 28: LDOS in the vertical axigarbitrary unit3.

E=#%k?/(2m,)—2y,, (8)  bias voltage and an overlayer height from the substrate, as
shown in Fig. 5. For a comparison between the theoretical
model and the experimental results, an overlayer height from

m, =42/(2c%y,). (9) the interfacel, is given in the unit of a single graphene layer
thickness, which corresponds to the interlayer distance of

The investigation of the spatially varied LDOS is important bulk graphite(0.335 nn). Assuming that the interface is lo-

in order to look over the contrast image of STM from the cated at the intermediate plane between the overlayer and the

corrugation amplitude of a superperiodic pattern that desubstratgan ideal interface is shifted by a half of monolayer

pends on a bias voltage. In this connection, the differencérom the substrate! is given as

of the LDOS at the surface, {| ¥ (0,0,0)?

— |\Iftota|(L,0,O)|2}, where the former and latter terms repre- |=s—0.5+A, (10

sent the LDOS at the center and the edge of an individual

geometric pattern unit, respectively, can give a simple diagwheres is an overlayer height from the substrate in the same

nosis in mapping a superperiodic pattern because a potentiahit as that ofl, and A is a fitting parameter for a wavy

height is constant except for the edge part with a fine oscilstructure of graphité*

lation resulted from the Fourier analysis. In Fig. 5, the dif- Figure 6 shows the calculated LDOS in B2 2L square

ference of the LDOS in an arbitrary unit varies as a functionof the individual geometrical pattern unit at different over-

of an overlayer height from the interface and a bias voltagelayer heights and varied bias voltages. The extended and

It obviously changes in the present range of an overlayecontracted nodes appear at the crossing poinsy)(

height from the interface and a bias voltage that were useer(*=L,*L),(=L,¥L). At I=1.5 (s=2.0A=0), the dif-

for STM observation. The positive value of the differenceference of the LDOS enhances with increasing a bias voltage

means that the LDOS at the bias voltage is larger at thérom 0.02 to 0.3 V, where the calculated superperiodic pat-

center position, X,y)=(0,0), surrounded by four potential terns are net-shaped patterns with the extended nodes as
lines than on the potential linex{y)=(L,0), giving a clearly seen in Figs.(@-6(d). This result agrees with the
square-shaped pattern. Conversely, the negative value sugxperimental evidence that the inverted superperiodic pat-
gests that the LDOS at the center position is smaller than thderns (net-shaped patterpsvere observed on the lower ter-

on the potential line, the superperiodic pattern being a netrace (two graphene layers high from the substratear the

shaped pattern. As the absolute value of the difference istep edge, as shown in Figs. 1-3. Indeed, the increase of the
proportional to the superperiodic corrugation amplitudes, theorrugation amplitude in Figs. 2 andaB can be understood
increase, decrease, and inversion of a corrugation amplituden the basis of the increased difference of the LDOS because
of the superperiodic pattern can be generated depending ortlze corrugation amplitude is roughly proportional to the

with
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LDOS, as mentioned above. A=2.7 (s=3.0A=0.2), the in the overlayer. These problems call for further investiga-
difference of the LDOS decreases in increasing a bias volttions in the near future.

age from 0.02 to 0.4 V, where the calculated superperiodic
patterns become square-shaped patterns with contracted
nodes as shown in Figs.(6§—6(g), although the pattern Superperiodic patterns that come form the dislocation-
shape(square shapeds different from that of experimental network structure have been observed by STM, where the
results(rhombic and triangular shapedy further increase shape and the corrugation amplitudes change dependent on a
in the bias voltag€0.4 to 0.5 \j, the difference of the LDOS bias voltage and an overlayer height from the substrate with-
has a negative value with a net-shaped pattern with extende@iit any variation of their periodicity. Near a step edge, the
nodes in Fig. 6h). This result supports the experimental evi- dislocation network that causes patterns on the upper and the
dence that the corrugation amplitude of the superperiodi¢doWer terraces seems to be continuous. By assuming the
pattern on the higher terracghree graphene layers high Sa@me scattering potential at the interface between both ter-

from the substratedecreases gradually and that the superpel@ces, @ perturbed wave that generates a superperiodic pat-

riodic pattern changes into an inverted pattern with increast€ in the plane and an unperturbed wave can interfere in the

ing a bias voltage further, as shown in Fig. 3. Eventually, th overlayer, and a pattern at the surface can be affected by the

observed superperiodic patterns can be explained by the di eat of their waves. On the basis of the free electron model

location network at the interface and an interference in thé(‘”th the effective mass, the corrugation amplitudes of the

overlayer dependent on its thickness and bias voltages. ~ Patterns, which are related to the LDOS, are found to vary

However, this model cannot explain the relation betweeﬁjepending ona b?as voltage and an overlaygr h_eight, and the
’ changed corrugation amplitude of a superperiodic pattern can

patterns in regions A and B, and the change in the corrug L
tion amplitude of extending and contracting nodes. The poa:be understoqd as a change of the LDOS originating from the
nterference in the overlayer.

tential, independent of the bias voltage in the present model
may be responsible for the discrepancy. A more appropriate
way of faulted stacking or a slight relaxation is expected to
improve the model, including a change of pattern shapes. The authors are grateful to K. Kobayashi, for fruitful dis-
The simple model used in this paper suggests that nodes canssion. They also thank to Dr. A. Moore for his generous
be alternated between the extended and the contracted duesiopply of HOPG sample. The present work was supported
the LDOS affected by the interference in the overlayer with-partly by a grant-in-aid for “Research for the future” Pro-
out changing the way of stacking. Other remaining problemgyram, Nano- Carbon, and 15105005 from Japan Society for
are the discrepancy between the semimetallic electronithe promotion of Science. One of the authd¢ksH.) ac-
structure of graphite and the present theoretical model, andknowledges the financial support from NEDO via Synthetic
phase shift of electron waves due to the Coulomb repulsioNano Functional Materials Project, AIST, Japan.

V. CONCLUSION
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