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Modulated STM images of ultrathin MoSe, films grown on MoS,(0001) studied by STM/STS
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The MoSe/MoS, system is investigated by scanning tunneling micros¢&JeM) and by its spectroscopic
mode, scanning tunneling spectroscofTS. STM images show a hexagonal wagon-wheel-like pattern,
which is made of bright lines and dark triangles. High-resolution STM images show that the bright line consists
of twin lines separated by about 1 nm and that the hexagonal pattern is often skewed. These features are not
explained by the simple maireffect due to the lattice mismatch between the overlayer and the substrate
materials. The STS spectra show that the bright area results mainly from electron waves derived from chal-
cogen orbitals running parallel to the interface between Ma®e MoS layers. A mechanism of the pattern
formation is proposed, in which scattered electron waves produce the bright wagon-wheel-like pattern.
[S0163-182699)02916-1

[. INTRODUCTION having nanometer length can propagate through many layers

So far, modulated structures have been observed in scamithout decay. In this case the contrast of the observed su-
ning tunneling microscopéSTM) images of heteroepitaxial perstructure depends on the overlayer thickness. To our
ultrathin ~ films of MoSe/SnS,! MoSe/MoS,>®  knowledge, such theoretically proposed behavior of STM
Ge(111)/Ga? graphite/Pf and other$:” Most of them show images has not been observed experimentally so far, and
a long-wavelength structuresuperstructuredue to the lat- calculated images are different from the observed ones.
tice mismatch between the overlayer and the substrate mate- Usually atomic displacement appears in the interface of
rials. One of the explanations for the observed superstructur@e lattice-mismatched system, and so we cannot identify
is the vertical atomic displacement of the overlayer of whichwhether the superstructure observed in an STM image is
the lattice is modulated by the underlying lattice-mismatchednainly derived from the vertical atomic displacement or
substraté. That is, the difference of stacking between two from the interface electronic interaction. In the case of the
layers leads to a height variation in the overlayer, whichlayered material heterostructures, on the other hand, possibil-
gives the superstructure in the STM image. That interpretaity of the atomic displacement, which causes the strong elec-
tion, however, seems to be improper, since the superstructufonic effect can be excluded, since there is no chemical
is observed even in heterostructures of layered matéials. bond formation at the interface of heterostructures. Thus, we
This is because vertical displacement would not be so largBave investigated a system consisting of one monolayer
as the one estimated from topographic STM images in th0Seg film grown on a cleavage face of Mg®y STM in
case of layered materials, in which the interaction betwee®@rder to clarify the formation mechanism of the modulated
unit layers is such a very weak one as van der Waals inteistructure observed in STM images.
action. In addition, the superstructure has not been observed We also have made scanning tunneling spectroscopy
in atomic force microscop¢AFM) images. Therefore, the (STS measurement of the modulated structure to investigate
vertical atomic displacement is not considered to be the maithe electronic effect, since it gives information on the spa-
factor producing the superstructure in those materials, antially resolved electronic structures. This feature is lacking in
their superstructure should be interpreted by other mechdhe commonly used spectroscopic methods, such as ultravio-
nism. let photoemission spectroscogyP9, inverse photoemis-

Another explanation for the superstructure observed irfion spectroscopfiPES, and electron-energy-loss spectros-
STM images is moirenterference caused by two lattice- Copy (EELS).
mismatched layers® which is often observed in the trans-
mission electron microscope imag_es. The simpl_e miobe - Il. EXPERIMENT
ference, however, cannot be applied to STM, since the STM
is sensitive to the outermost layer and the signal from the Ultrathin MoSeg films were grown on the basal plane of a
underlying layer should be attenuated during tunneling in théMoS, crystal with molecular beam epitaySubstrates were
uppermost layer. Furthermore, the detailed structures are difleaved in air and cleaned by heating at 500 °C under ultra-
ferent from images calculated by the simple maiterfer-  high vacuum. The mean thickness of the grown film was less
ence even if lateral atomic displacements in the overfayerthan one monolayer. A Knudsen cell and an electron beam
are taken into account. Therefore, the modulated structurevaporator were used as selenium and molybdenum beam
does not seem to come from the simple maifect, either.  sources, respectively. The growth temperature was 450 °C

Recently, other mechanisms have been proposed on tlend growth rate was about 0.1 ML/min. The grown speci-
basis of a theoretical study to explain the observednens were transferred from a growth chamber to an STM
superstructure¥. Nanoscale structures in the subsurface rechamber of which pressure i3l0™8 Pa. The STM appa-
gion are considered to be observable in STM, because waveatus used in the present investigation was an Omicron VT-
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STM unit. STM images and STS spectra were measured at 8-
room temperature.

STM images and STS spectra of Mg&001) and
MoSe,(0001) were observed for reference. Single crystals of 6
MoS, were natural molybdenite, and single crystals of &
MoSe were grown by the vapor transport method. Before
STM and STS measurements they were cleaned by heating a%
500 °C under ultrahigh vacuum. STM images were acquired ©
in the constant current mode and were shown as the gray-
scale representation, in which brightness increases with de- . {
creasing distance between the tip and the sample surface ; ; Ly -4~ of
The sign of the sample bias voltalyg, which is referred to o4 i i '
the Fermi level Ef), corresponds to the voltage applied to
the sample with respect to the tip.

It is difficult to observe the STM image for the ultrathin
films of the layered materials, because of the possibility of
movement or drift of island of the thin film. Moreover, even
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if the observed specimen is a pristine transition-metal dichal- 8- -
cogenide, it is not easy to obtain good STS spectra becaust B
of local cleavage induced by the fip.It is considered to — IPES £
come from the weak van der Waals interaction between lay- 61 2

. . + STS of MoS, @2
ers. In the case of the heterostructure specimens, it was alst s
hard to obtain good STS spectra with high-spatial resolution S -
and with high-energy resolution because of the above- § 4 o
mentioned difficulties. In order to overcome these difficul- 2 T * '
ties, every spectrum of the heterostructure was obtained by © 5] + : +++*"+++
averaging over 100 spectra of equivalent points with the cur- +++++ .
rent imaging tunneling spectroscop@€ITS) method'? The ~  |f-------------- Mo - 4;+;F;+-+: PR bbb
STS spectra of the bulk specimens shown in the next section i + i
are also area-averaged ones. Although spatial information in J J ' ! ' '
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the atomic scale was lost by the above-mentioned averagingh) v

; . s (eV)
process, some were compensated by atomic-scale STM im-
ages taken at various bias voltages. FIG. 1. (a) Normalized differential conductance vs sample bias

voltage relative to the Fermi energy of MgSepen circles Upper
IIl. RESULTS curve shows a UPS spectrusolid line) (Ref. 14. (b) Normalized
) differential conductance of Mg@S(crosg and an IPES spectrum
A. STM and STS studies of Mo$ and MoSe (solid line) (Ref. 13. (d1/dV)/(1/V) spectra are calculated from the

The STS spectra of MeSand MoSeg, that are spatially —2average of 500 spectra taken for the equivalent areas.
averaged, are shown in Fig. 1 in the normalized differential
conductancedl/dV)/(1/V) calculated froml-V data. They spectrum. This difference is considered to be mainly derived
are compared with spectra which are obtained by commonlfrom chalcogen-related orbitalsp(,py,p, orbitalg. This
used spectroscopic methods. The conduction band of,MoSonclusion is supported by the bias dependence of the STM
and the valence band of MoSevere investigated by IPES images shown in the followings.
(Ref. 13 and by UPS;*'° respectively. The spectrum of  The bias dependence of the STM images for Meg@s
MoSe, in the negative-bias region, which will reflect the observed, as shown in Fig. 2. In the positive bias region
occupied states of specimens, is very similar to the density aibove+0.5 V and the negative bias region belewl.5 V,
states(DOS) obtained from UPS, whereas that of Mo clear STM images were hardly observed, because of a highly
the positive-bias region, which will reflect the unoccupiednoisy signal in the tunneling current. Thus, the bias depen-
states, is almost the same as the IPES data. Thus, the presgshce is presented only in the vicinity Bf from — 1.5 to
results suggest that STS spectra of two layered material$ 0.5 V. Figure 2 shows typical STM images for three
MoS, and MoSg reflect their DOS, as was pointed out in negative-bias voltages, in which the honeycomb and the
Ref. 16 that d1/dV)/(1/V) reflects the electronic DOS of spherical structures are observed. When the magnitude of the
the specimen. negative bias is large the honeycomb structure apfdsass

The global features of the STS spectra of Mo&d  Fig. 2(c)], whereas the spherical atomic image appears when
MoSe, resemble each other. The resemblance reflects thie negative bias is close to zdsee Fig. 2a)].
similarity of the electronic structures of Mg&nd MoSe, In discussing bias dependence of STM images we must
especially in Mo components. This is because they haveake into account the following points. The tunneling current
chalcogen-substituted structures. However, difference bd-is given by the integral over the energy-dependent local
tween the two spectra appears in the features in the vicinitgensity of state§LDOS) multiplied by a barrier factor for
of Er over the range from- 1.5 to 0 eV, in which the inten- tunneling. In a rough approximation, neglecting a weighting
sity of the MoSe spectrum is larger than that of the MoS factor for the effective tunneling barrier, we assume that
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FIG. 2. Topographic images of »&L.0 nnf area of
MoS,(000)) at a tunneling current of 0.23 nA. Sample bias voltage
(V) is (8 —0.31,(b) —1.08, and(c) —1.24 V, respectively. The
gray-scale range i@) 0.16,(b) 0.05, and(c) 0.05 nm, respectively.
The images have been corrected for the effect of thermal drift. The
(1X1) unit cell is marked in each image. These images are ex-
plained by illustrating orbitals shown i): empty circle shows S (c)
localized p, orbital, and the gray region corresponds fp, p,
orbitals of the outermost layefe) shows a gray-scale image of
simulated honeycomb pattefsee Eq(1)].

FIG. 3. (a) Typical STM image of the modulated structure for
electrons from all occupied states of the specimen betweel0S& film on MoS,. Coverage of MoSgis less than one mono-
Ec—e|U| and E¢, whereU is applied voltage, tunnel into ayer. 23<23 nnt, 1=0.20 nA, V;=—0.78 V, constant current
the empty-tip state. Although a detailed discussion will bemode.(b) Pr.oflle along the[lOlO].of the thick solid line shown in
given elsewhere, it is considered that the images of Fi. 2 (@. The height of the_corruggtlon depends on the measurement
come from localized atomic orbitals of chalcogen. By in- onditions.(c) Schematic drawing of the STM image.
creasing the value of negative-bias voltage, low-lying occu- i
pied states will contribute to the tunneling current, and the 0-8 V. The pattern shows the wagon-wheel-like network,
honeycomb structure in Fig(@ results from low-lying in- which is made of bright twin lines and dark triangles. This

plane spread orbitals of chalcogen. The image of Fig) & pattern is different from patterns simulated in the previous
a mixture of those two components. report® which only gives the observed network period of

Thus, these STM images in Fig. 2 lead us to the conclu@bout 8 nm expected from the lattice mismatch of the MoS
’ . 3,8 H i

sion that there are at least two spatially distinct occupiedubstrate and the Mogeverlayer*® As shown in Fig.
states near the surface. Bel@y chalcogen localized atomic 3(b), @ach bright line consists of two parallel lines separated
orbitals are main component at 0—0.7 eV (peak G, while by about 1 nm, which lie along the direction parallel to
chalcogen in-plane-spread orbitals are main component at12); crystal axes of the Mo£000]) surface? Those fea-
~—1.2 eV (peak B. These orbitals are schematically illus- {Urés are impossible to explain by the simple meiftect. It
trated in Fig. 2d), and STS peaks are assigned by considerlS z_ilso an important point that symmetry_of the pattern is not
ing these states. This interpretation coincides roughly witiStrictly hexagonalsee Fig. &)]. Although it was reported in
the theoretical and other experimental restif&:17-2IThis @ previous papérthat the bright Imt_es are contmued, these
bias dependence will be used in the later discussion on th#€S have been found to be often discontinued in the present

STM images observed in the MoS8im on MoS,. study. Some of twin lines shift each other and discontinuity
appears at random.

We have found from detailed STM measurements of
MoSe/MoS, heterostructures that the modulated pattern

Figure 3a) is a typical STM image of the modulated pat- shows bias voltage dependence. When the sample bias volt-
tern observed in MoSéMoS, at a sample bias voltage of age is changed, the pattern is clearly seen in the bias voltage

B. STM images of MoSg/MoS, heterostructures
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FIG. 4. Bias dependence of the corrugation observed in the
STM images of the modulated structure. Curve(dpen circle
represents the height of the bright wagon-wheel-like network and Vg (8V)
curve A (solid circle shows the height of the dark triangle area.
The height is measured from the topmost of the Me8bstrate. FIG. 5. dI/dV)/(1/V) spectra of the modulated structure of
The used specimen is different from the specimen for Fig. 3. MoSe/MoS,. The curve A(solid circles show the spectrum of the

dark triangle area and the curve(Bpen circleg show that of the
bright wagon-wheel-like network. Every spectrum was obtained
from averaging 100 spectra for each area. The curvéugper
tpane} shows the difference between curves A and B.

from —2.0 to +0.3 V. In this region the height of the dark
area measured from the MgSubstrate surface is almost
constant within 0.7 and 0.8 nm, while the height of the brigh
area shows a strong bias dependence, as shown in Fig. 4. The
height of the dark area is very close to the height of a monodap in the bright area is smaller than that in the dark area. In
layer of MoSe, 0.61 nm. This result clearly indicates that the present experiment, the STS spectra did not have so high
the bright twin lines area is enhanced due to electronigpatial resolution that we could not individually recognize
modulation, while the dark area shows only a geometri¢he bright twin lines. The spectra are compatible with the
stack. The height difference between the bright and the darRbove-mentioned bias dependence of STM images of the
area is much larger than that expected from the possible vepample.
tical atomic displacements. Since the magnitude of the ob- The two spectra in the bright and the dark area show a
served corrugation for the modulated structure is dependetrge difference in the negative-bias region, while they have
on measurement conditions, such as the tip apex, feedbaétmost the same feature for the positive bias. In the bright
loop, and lateral resolution, the amplitude of the corrugatiorfrea of the MoSgfilm, the broad peak is shown around
has not been determined precisely, but the overall bias de= 0.8 €V, but no obvious peak appears arount.8 eV. In
pendence of the “corrugation height” can be seen in Fig. 4the dark area, on the other hand, th€.8 eV peak does not
As is described in the former section, the pattern has nogppear and a remarkable peak appearsh8 eV. The spec-
been observed in AFM images. This result also suggests thétum of the dark area is similar to that of the MoBasal
the electronic effect produces the modulated STM image. plane in the vicinity ofEg, except for the small peak shift
(0.2 eV). This suggests that the dark-triangle area of the
MoSe, film acts as only the tunneling barrier, which may
come from the similarity of the electronic structures of MoS

It is usually difficult to connect the STM image directly to and MoSg and the long screening length of electrons in
the energy-dependent LDOS, because of the complexity afemiconducting MoSe On the other hand, the spectrum of
the relation betweeh and LDOS. Hence, STM topography the bright-line area is clearly different from that of Mp$t
taken in the constant current mode is inconvenient for underindicates that the bright area is caused by the electronic
standing electronic structures. In order to understand the biasodulation with the triangular network structure. Therefore,
dependence of the STM images, the spectroscopic methoth order to elucidate the origin of the modulated structure, it
STS, is the most effective way. Then, we investigated thas important to discuss the character of the bright area of the
modulated structure by STS in the CITS mode with biasMoSe, film.
voltages from—2.5to+1.5 V. In Fig. 5 dl/dV)/(1/V) vs In order to clarify the difference in the characters in the
V, curves are shown in both the datkurve A and the dark and bright areas, subtraction of cutagfrom curve(b)
bright (curve B area. Every spectrum is an average of thehas been made and shown as cufein Fig. 5. It is seen
value obtained for 100 equivalent points to improve thethat a peak appears at0.8 eV and a dip at-1.6 eV. With
signal-to-noise ratio. It was found that the width of the bandtaking into account the peak shift of the spectra for the

C. STS analysis of MoSgMoS, heterostructures
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(a) regular stacking (b) norvreguiar stacking The electronic interaction between two layers seems to be
larger in this case since overlap of interface orbitals in the
faulted stacking is larger than that in the unfaulted stacking.
<«— ovelayer —» The energy width of bands are broadened with increasing
i —S electronic interaction, and the density of statB©S) peak
features of the faulted stacking area is broadened compared
Energy Energy with that of the unfaulted stacking area as seen in the energy
diagram in Fig. 6. Thus, the width of the band gapn the
faulted stacking area is expected to decrease compared with
that in the unfaulted stacking area. This diagram suggests the
narrower band gap and appearance of broad peakspesr
the faulted stack region. This model explains the character-
istic STS feature of bright areas qualitatively. Thus, if the
present model is applied to the heterostructure in the present
study, the bright area and the dark area of the modulated
structure are considered to correspond to the faulted area and
the unfaulted area, respectively. The modulation of valence-
band electron states neBg is shown in the previous band
calculation on ultrathin MoSefilm on MoS,.*° It was shown
FIG. 6. Schematic view of the formation of states and the ban hat valence-band electron states rEan the MoSe over-
gap for the different stacking at the interfaca) In-phase stacking ayer are modulated b_y the eX|sten(_:e of the lattice-
(unfaulted stacking (b) Out-of-phase stackingfaulted stacking ~ Mismatched substrate, since wave functions iigaextend
Electronic interaction in the faulted stacking interface is strongetNrée dimensionally propagating along ihexis through the

than that of the unfaulted stacking interface, since overlap of interSandwiches of the layered materials. _
face orbitals in the faulted stacking is larger than that in the un- The one-dimensional model can explain the present STS

faulted stacking. The energy width of bands are broadened witfiesults, but it does not explain the observed features of STM
increasing electronic interaction, and the density of st4i39 images. The model is extended to two-dimensional interface
peak features of the faulted stacking area is broadened comparetiacking in the next section.

with that of the unfaulted stacking area. Thus, the width of the band

gapA in the faulted stacking area is expected to decrease compared

with that in the unfaulted stacking area. B. Model for explaining the STM images

The way of stacking in the interface was noticed in a

modulated pattern with respect to the Mdsasal plane, the previous papef.Effect of the interface was introduced by a
position of the obtained peak corresponds-tt.0 eV in the  simple moiremodel, in which two wave functions of sub-
spectrum of the basal plane speciméfig. 1). The obtained  strate and overlayer materials are added. The nattern,
peak is located close to the energy position of peak B ohowever, does not represent the interface interaction strength
MoSeg, (— 1.2 eV), which comes from in-plane spread chal- properly. For example, if one of the wave functions is zero,
cogen orbitals as was discussed in the previous sectiomt some point the interaction should be zero, but the sum of
Thus, we suppose in-plane spread chalcogen orbitals play aRe two wave functions is not always zero. Similarly, the
important role to form the bright area, as will be discussed insum of LDOS p,+ pp)d is not an appropriate index for the
the next section. interface interaction, wherg, andp,, are LDOS of the sub-

strate and the overlayer materials in the interface, respec-

IV. DISCUSSION tively.

In discussing the interface interaction between the sub-
strate and the overlayer, the overlapping position of their

The prominent features of the modulated structure, that isyave functions should be considered. In other words, when
bright twin lines and the large corrugation lacking in the another layer is stacked on the substrate surface layer, the
AFM image, are reproduced neither by the simple maire  magnitude of interaction should be represented by the prod-
terference nor by the atomic displacement. Only the globalict of LDOS of the two layers. This is mainly because inter-
periodicity of the structure can be explained by the simpleface interaction between the substrate and overlayer materi-
moire effect. The strong bias dependence of the STM imagesls is determined by the electron existence probabilities in
and the STS spectra imply that the modulated structure isach layer. Therefore, we will take, - p,d7 instead of p,
due to the electronic effect. +pp)dr.

As was pointed out in the previous section, the bright area We assume that, andp, are composed from wave func-
has narrower band gap and showed broad peakEea®n tions of the Se and S in-plane orbitals since STS results show
the other hand, the spectrum in the dark area is very similathat contribution of these orbitals seems to be large. The
to that of MoS. These features are qualitatively explainedchalcogen in-plane orbitals of thpg , p,-like states are modi-
by a simple one-dimensional model, as is shown in Fig. 6fied to the triangle shape by the existence of Mo atoms lo-
Two extreme cases are considered in interface stacking; ormted in the subsurfa¢€ig. 2(d)] and the chalcogen in-plane
is in-phase stacking, and the other is out-of-phase stackingrbitals forms the smeared honeycomb pattdfig. 2(e)],

The latter case of the stacking is often called stacking faultwhich represents the STM images of Mo&ig. 2c)]. The

unfaulted stacking faulted stacking
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A. Qualitative explanation of the STS spectra
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simulated honeycomb pattern, which is shown in Figg) 2
was represented by using the expression

F(r,gl.gz)=1+A{cos{gl-r]+co§tgz-r]

: D

3
+cog (g +9)-r]+ >

where g; and g, are primitive reciprocal-lattice vectors of
substrate surface. Heie(r,g;,09,) represents LDOS of in-
plane orbitals and the parameteis chosen as-2/9 so that
F(r,g;,0,) does not become negative. In order to simulate
the STM image of interface interaction of layered material
heterostructure, the product &(r,g;,9,) and F(r,g7,9;)
was calculated, wherg; and g, are primitive reciprocal-
lattice vectors of overlayer surface. HeFgr,g,,9,) and
F(r,01,9;) represent the LDOS of the substrate and over-
layer in the heterostructure interface, respectively. Magni-
tude ofg/ was chosen by 10% larger thgn and direction of

KOMA PRB 59
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g/ was aligned withg;, respectively. This pattern well repro-
duces the triangular superstructure divided by straight lines,
as shown in the schematic image of Figb)7 The way of
stacking in the gray are@rea A and the white areéarea B
illustrated are in-phase stacking and out-of-phase stacking,
respectively. Thus, we call the areas A and B as unfaulted
and faulted stacking area, respectively.

On the other hand, ib,-like chalcogen orbitals are taken,
which are localized on the atomic position, then we obtain
the simulated image of Fig.(@). This pattern cannot repro-
duce the observed STM images, in particular the trigonal
structural features. This indicates that in-plane spgag,
orbitals are responsible for the STM image.

N

C. Twin-line structure

The simulated pattern of Fig.(fi), which was discussed
in the previous section, is still incomplete since the network
of twin lines is not reproduced. We propose a new mecha-
nism for the pattern formation of the modulated structure that
scattered electron waves produce the bright wagon-wheel-
like structure. This mechanism is similar to brightness en-
hancement due to the standing wave formation observed at SeRan
steps on the A{111) surface in ad!/dV)/(1/V) image? In (c)
case of Mo$/MoSe,, heterostructure unfaulted stacking
(area A and faulted Stack|ng ardmrea B are formed, as FIG. 7. Superposition of two SetS of lattices with pel’iOdS differ-
was mentioned in the previous section. Difference of inter-€nt by 10%(a) Product of two mismatched honeycomb wawés.

face stacking produces potential variation in the overlayerSchematic image o). Stacking between two lattices is faulted in

The faulted area seems to act as a potential barrier for jrd"¢@ B(white) and unfaulted in area Agray. (c) Product of two
plane electron waves in the overlayer, since the area is engfismatched localized atomic waves.

getically unfavorable. The faulted area is located between the
two unfaulted areas and the boundary line between the
faulted and unfaulted areas is parallel to the lattice vector of Finally, we would like to discuss the origin of the skewed
the overlayer and substrate. In-plane electron waves travelingexagonal structure observed in the wagon-wheel-like net-
to the right and left directions are scattered at both sides ofvork. The slight difference from the hexagonal symmetry of
the faulted area. Thus, scattered electrons produce a twin-lifdoS,(0001) can be explained only by a little modification.
structure parallel to the lattice vector. The main componenThe structure is represented by the product of two regular
of the scattering electrons is considered to be derived frothoneycomb waves with a period different by 10% and a
electron waves that are traveling in the faulted area rathestacking of the overlayer rotated by only 1.0°. The simulated
than those in the unfaulted area, as is observed in electrguattern is shown in Fig.(&). Only 1.0° rotation of the over-
wave scattering near the All1) steps®? layer with respect to the substrate gives remarkable change

D. Skewed hexagonal structure
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match is 4.1% only 0.3° rotational angle would produce
1-nm discontinuity of the bright-line areas. Such a small ro-
tation angle is quite unusual, and it is considered to come
from other factors that cannot be understood by a mass den-
sity wave proposed by McTague and Nov&tdt must be
noted that the boundary line between two areas in Fig). 8
seems to be almost parallel to the lattice vector of overlayer
or substrate. This model represents the characteristic proper-
ties of the observed STM images. The present model is
clearly different from a recent theoretical calculafioin
which lattice distortion was predicted by the Monte Carlo
simulation®

Although we referred the modulated structure as “moire
structure” in previous papers, it is concluded that the modu-
lated structure is not caused by the “mdireffect, but by
the electronic interaction in the present paper. Therefore, it
seems to be more appropriate to call it the modulated struc-
ture or the superstructure hereafter.

V. CONCLUSION

The thin MoSe film on the MoS system has been inves-
tigated in detail by STM and STS. The wagon-wheel-like
structure made of the bright twin lines was observed in STM
with the skewed hexagonal lattice. The STM images show
the strong bias dependence. Although the observed image
was previously explained by the simple mogtect, a new
mechanism is proposed to explain the high-resolution STM
images observed in the present experiment. STM and STS
were observed in MoSand MoSe for a reference. It has
been found from STS spectra taken for the MgB®S,
heterostructure that the bright area mainly results from in-

FIG. 8. (a) Product pattern of two honeycomb waves with peri- plane spread chalcogen orbitals. The modulated images are
ods different by 10% and with directions rotated by 1.().Sche- enhanced by scattered electron waves at the edge of the un-
matic image of(a). Skewed structure is clearly formed by the rota- faulted area. This model also reproduces the superstructure,
tion even by using two homogeneous honeycomb waves. which has been observed in the similar STM images of the
thin MoSe film on Sns.t

in the triangular network, as is shown in Figb8 Disconti-
nuities of bright-line areas appear in the figure. The amount
of the discontinuity is determined by the rotation angle of the The present paper is supported by a Grant-in-Aid for sci-
overlayer and the degree of the lattice mismatchn the  entific research from the Ministry of Education, Science and
case of the MoSgMoS, heterostructurgthe lattice mis-  Culture.
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