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Scanning tunneling microscopy of the misfit-layer compound„SmS…1.19NbS2

Youichi Ohno
Department of Electrical and Electronic Engineering, Faculty of Engineering, Utsunomiya University, 2753 Ishii-machi,

Utsunomiya 321, Tochigi, Japan
~Received 18 May 1998!

Scanning tunneling microscopy~STM! images with atomic resolution have been obtained from the top SmS
layer in ~SmS!1.19NbS2, one of a large family of misfit-layer compounds that consist of two layer sets with
different geometry and lattice constants. They show a rectangular or a nearly rectangular lattice of light spots.
One of the images has the same periodicity as each atomic species in the@11# direction and half the periodicity
in the @11̄# direction. The other image shows light spots that are mismatched with the atomic positions over a
wide area and have the periodicity of three times of the lattice constant along thea andb axes. The images are
analyzed, using a Fourier transformation~FT! technique. They are reproduced within the experimental errors of
67 percent. A standing wave model for a charge density on a surface is proposed, which indicates that there
are a clear distinction between thea andb axes and an asymmetry between the@11# and@11̄# directions. It is
found that no Sm atoms are imaged and interlayer interaction more or less affects the STM images. Point
defects and a modulated structure have been observed, which are discussed in relation to charge transfer from
SmS to NbS2 layers and incommensurability of the crystal.@S0163-1829~98!08036-9#
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I. INTRODUCTION

~SmS!1.19NbS2 is the misfit-layer compound that has a
incommensurate planar-intergrowth structure consisting
two layer sets with lattice periods that coincide in theb and
c directions and not in thea direction.1,2 A two-atom-thick
SmS layer has an atomic arrangement similar to that o
rocksaltlike lattice sliced with two planes perpendicular
the ^001& direction and having interplanar distance of hal
lattice constant. The atomic arrangement of a three-at
thick NbS2 layer is the same as that of a sandwich layer
NbS2, in which Nb atoms sit in the center of a trigonal pris
with six S atoms at the corners. Lattice constants area1

55.570, b155.714, andc1522.51 Å for SmS layers and
a253.314, b255.714, andc2522.51 Å for NbS2 layers,
where 2a2 /a151.19 andb2')a2 . Bonding between the
layers is much weaker than intralayer bonding. Then
single crystals are easily cleaved with adhesive tape, re
ing in an atomically clean and smooth surface. If the t
layer is a SmS layer, the surface is expected to be corrug
in the period of the lattice constant along thea andb axes,
because Sm atoms protrude outside a S atomic plane in a
bulk state. The two-dimensional lattice in the~a,b! plane is
distorted slightly from a square net. The average interato
Sm-S distance within the~a,b! plane is 2.878 Å, whereas th
average interatomic Sm-Sm distance or the average in
atomic S-S distance is 3.990 Å. If the top layer is a Nb2
layer, we may expect a surface with a hexagonal clo
packed structure. The first and third atomic layers cont
only S atoms and the second atomic layer does only
atoms. The interatomic S-S and Nb-Nb distances are 3
Å. The crystal structure, which is projected along thec axis,
is shown schematically in Fig. 1.

The compound exhibits metallic type of electronic co
duction parallel to the layers, although the ratior300/r4.2 is
PRB 580163-1829/98/58~12!/8042~8!/$15.00
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very small, wherer300 and r4.2 are electrical resistivity at
room temperature and at 4.2 K, respectively. The estima
value is about 2.2. Such high residual resistivity implies t
impurity scattering is dominant over phonon scattering
lower temperature or that the incommensurate periodic st
that results from a mismatch in the periodicities of the Sm
and NbS2 layers is the effective scattering center of the co
duction electrons. Various electrical and spectroscopic
sults containing the x-ray photoelectron spectroscopy~XPS!,
the x-ray absorption spectroscopy~XAS!, the inner-shell-
electron energy-loss spectroscopy~ISEELS!, and the reflec-
tion spectra show that charge transfer occurs from SmS
NbS2 layers and Sm exists as a trivalent ion.1,3–6 If an elec-
tron per Sm atom is transferred to NbS2 layers, the Nbdz2

FIG. 1. Crystal structure of~SmS!1.19NbS2, which is projected
along thec axis. The incommensurability ratio (2a2 /a1) is approxi-
mated to be6

5. S~1! and S~2! show sulfur atoms in NbS2 and SmS
layers, respectively.
8042 © 1998 The American Physical Society
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band, the lowest conduction band of the NbS2 layers, is com-
pletely filled and excess electrons would begin to come i
a part of the upperd bands. However, all the experiment
results show the existence of the small, but finite density
unoccupied states that are derived from Nbdz2 states, near
the Fermi level. The Hall data of~CeS!1.16NbS2 and
~SmS!1.19TaS2, which are akin to ~SmS!1.19NbS2, have
shown that only 0.96 and 0.95 electrons per Nb atom
transferred from Ce and Sm atoms to NbS2 and TaS2 layers,
respectively.7,8 Some workers have made attempts to so
the contradiction, based on crystal imperfections and inco
mensurability between the layers.9,10

Scanning tunneling microscopy~STM! is widely used to
study the atomic structure and the electronic structure
metal, semiconductor, and superconductor surfaces as a
erful technique for surface and interface analyses since
first successful operation by Binnig and co-workers.11–13The
earlier STM studies for graphite have made it clear that
images are dominated by the surface electronic struc
rather than the atomic structure.14,15 The STM images show
hexagonal lattice spots with the in-plane lattice constan
2.46 Å, but do not a honeycomb lattice with the neare
neighbor distance of 1.42 Å. Observed carbon site asym
try is considered to be derived from particular symmetry
wave functions at the Fermi level.16 Similarly, the STM im-
ages of the misfit-layer compounds may give a valuable
formation of the surface electronic structure or the local d
sity of states near the Fermi level if they are dominated
the electronic structure. The images of isolated point defe
are of interest with regard not only to a better understand
of the charge transfer mechanism from SmS to NbS2 layers,
but also to the clarification of the imaging mechanism of
compound. The STM studies of the misfit-layer compoun
have firstly been made by Ettema.17 Their STM images for
~SnS!1.20TiS2, ~SnS!1.16TaS2, ~SnS!1.17NbS2, ~PbS!1.13TaS2,
and ~BiS!1.08NbS2 show the hexagonal or the square net
light spots, which are expected straightforwardly from t
atomic structure of the top layer.

This paper presents the peculiar STM images
~SmS!1.19NbS2, one of the rare-earth misfit-layer compound
They are analyzed by means of the Fourier transforma
~FT! technique. The standing wave model, which consists
two cosine waves, is proposed to understand the STM
ages and the imaging mechanism. The STM images are
produced successfully. We also discuss the crystal imper
tions such as isolated point defects and the tip effects on
images in relation to a charge balance between the SmS
NbS2 layers and the imaging mechanism.

II. EXPERIMENTS

The single crystals of~SmS!1.19NbS2 are grown by
chemical-vapor-transport reaction in a closed silica tube.
analysis of the crystal structure has been made by mean
the powder x-ray diffraction method. Atomically clean an
smooth surfaces are prepared by cleaving the crystals
adhesive tape in the atmosphere. The detail description
crystal growth and sample preparation has been given
previous paper.3

Our STM instrument used in this study is designed a
ultrahigh vacuum~UHV! system to prevent a surface co
o
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tamination. It is composed of an electronic control system
tip driving system, a data acquisition and processing sys
with a personal computer, and the vacuum system tha
divided into three parts; a sample exchange part, a sur
preparation part, and a STM analysis part. A vacuum pum
ing system is composed of a 170l min21 rotary backing
pump, a 60l s21 turbomolecular pump, a 400l s21 combi-
nation pump that consists of ion and titanium-sublimati
pumps, and a 20l s21 ion pump. A mechanically polished
Pt-Ir tip is moved into a tunneing regime by means of coa
and fine mechanical drives and a piezoelectric drive.
whole system allows atomically-resolved STM images. T
STM measurements are carried out at room temperature
UHV chamber at pressures in the range of 10210 to low
1029 Torr range. The observation of atomically-resolved a
ordered images are done after the tip-induced cleavage
happens during the repeated scans of a tip on a surface
images presented in this paper are obtained in the cons
current mode and the tips are kept at positive potential w
respect to a sample. The atomically resolved images are
tained repeatedly under the conditions that the bias voltag
typically 0.1 V and the tunneling current is in the rang
0.6–1.0 nA.

III. RESULTS AND DISCUSSION

A. Analysis of STM images

The STM images of highly oriented pyrolytic graphi
~HOPG! have been measured to check the performance
our instrument and make a calibration of the STM images
~SmS!1.19NbS2. The STM images for HOPG show either
triangular lattice of a honeycomb lattice with the neare
neighbor distance of 2.46 Å while the FT patterns sh
many transverse wave numbers containing the six sma
transverse wave numbers oriented toward the corners
regular hexagon. Even if the STM images do not repres
the atomic structure exactly as described earlier, the FT
tern would give a two-dimensional reciprocal lattice in
broad sense. A relationship between the primitive vectors
a real and a reciprocal lattices are given as follows:

a1* 5
2p

S0
~a23n!, a2* 5

2p

S0
~n3a1!, ~1!

a15
S0

2p
~a2* 3n!, a25

S0

2p
~n3a1* !, ~2!

wherea1 , a2 , a1* , and a2* are the primitive vectors of the
two-dimensional real and reciprocal lattices,n is a unit vec-
tor normal to the lattice plane, and theS0 is the area of a unit
cell in real space, which is written by

S05~a13a2!•n5
~2p!2

~a1* 3a2* !•n
. ~3!

For HOPG, the magnitude of the six nearest transverse w
numbers are coincided with the reciprocal lattice constan
2.94 Å21.

Figures 2–4 show three different kinds of STM images
~SmS!1.19NbS2 and their FT patterns. The STM image in Fi
2 shows a hexagonal lattice of light spots and decora
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patterns. Similar hexagonal images are mostly obtained
other misfit-layer compounds such as~SnS!1.20TiS2 and
~PbS!1.18TiS2. They are typical for the misfit-layer com
pounds and the STM images of a distorted square latt
which are expected from the MS layer, are quite difficult
observe. Figures 3 and 4 show the peculiar STM images
exhibit slender light spots stretching to theAB or AC direc-
tion of the rectangular lattices, which are slightly modulat
along theBC or DC direction. Rigorously speaking, they a
slightly distorted from a rectangular lattice. The magnitud
of the primitive vectorsa1* , a2* , b1* , andb2* are estimated to
be 1.56, 3.31, 1.78, and 2.71 Å21, respectively, and the angl
betweena1* anda2* and betweenb1* andb2* are 87° and 85°,
respectively. The two-dimensional lattice constants in r
space are deduced from Eqs.~1!–~3!, using the relationsa
51802a* andb51802b* , wherea andb are the angles
betweena1 anda2 and betweenb1 andb2 , respectively, and
a* andb* are the angles betweena1* anda2* and between
b1* and b2* , respectively. They are a154.03 Å,
a251.90 Å, anda593° for the STM image shown in Fig. 3
andb153.54 Å, b252.33 Å, andb595° for the STM im-
age shown in Fig. 4. Now we defined as the average of th
four nearest Sm-Sm distances or the average of the four n
est S-S distances in the outermost SmS layer. Then the
lowing relations are found: a1'd, a2'd/2, b1'd sin 60,
andb2'd/(2 sin 60). Figure 5 illustrates the relationship b
tween the unit cells of the two reciprocal lattices. It is fou
that the latter STM image has another type of reciprocal u
cell. It is oblique; the primitive vectors beingb1* and b28* .
b28* is connected tob2* by the relationb28* 5b2* 2b1* . The

FIG. 2. STM image and FT pattern of~SmS!1.19NbS2: ~a! STM
image,~b! FT pattern, and~c! a unit cell in the reciprocal lattice.
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FIG. 3. STM image and FT pattern of~SmS!1.19NbS2: ~a! STM
image,~b! FT pattern, and~c! a unit cell in the reciprocal lattice.

FIG. 4. STM image and FT pattern of~SmS!1.19NbS2: ~a! STM
image,~b! FT pattern, and~c! a unit cell in the reciprocal lattice.
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magnitude, which is given by $(b2* cosb*2b1* )2

1(b2* sinb* )2%1/2, is about 3.11 Å21 and the angle betwee
b1* and b28* , which is given by cos21@(b2* cosb*
2b1* )/b28* #, is about 120°. If we may assume thata2* 5b28* ,
we find thata1* is almost equal to2

3 b1* 1 1
3 b2* @see Fig. 5~d!#.

From the above consideration the following model is p
posed for the reciprocal lattices, which is schematica
shown in Fig. 6~a!. Firstly, we definea0x* 5(2p/a)ex and
a0y* 5(2p/b)ey as the primitive vectors of the reciprocal la
tice of a SmS layer, whereex and ey are the unit vectors
parallel to thea andb axes, respectively. Next, the primitiv
vectorsa1* , a2* , b1* , andb2* are defined as follows:

a1* 5a0x* 1a0y* , a2* 522a0x* 12a0y* , ~4!

and

3b1* 55a0x* 1a0y* , 3b2* 52a0x* 17a0y* . ~5!

These vectors satisfy the relations

a1* 5 2
3 b1* 1 1

3 b2* , a2* 52b1* 1b2* . ~6!

From Eqs.~1!–~3!, the primitive vectors in real space a
given as follows:

FIG. 5. Relationship between the primitive vectors of the rec
rocal lattices in Figs. 3 and 4.~a!, ~b!, and ~c! show two different
types of unit cells for the reciprocal lattice in Fig. 4:~b! a nearly
rectangular unit cell and~c! an oblique unit cell. The angle betwee
b1* andb2* is about 120°.~d! the nearly rectangular unit cell that i
deduced from the FT pattern in Fig. 3. It is found thata1* 5

2
3 b1*

1
1
3 b2* and a25b28* 5b2* 2b1* . ~e! Relationship with a reciproca

lattice of a SmS layer.a0* is the primitive vector of the reciproca
lattice of a SmS layer.
-
y

a15 1
2 ~a1b!, a25 1

4 ~2a1b!, ~7!

and

b15 1
12 ~7a1b!, b25 1

12 ~2a15b!, ~8!

where the vectorsa and b are the lattice vectors of a Sm
layer. It is found thatS05 1

4 ab in both cases. Then the un
cells have an area equal to a quarter of the unit cell of a S
layer, which means that light spots appear twice as often
each atomic species. Equation~7! shows that the former
STM spots have the same periodicity as Sm or S atoms in
@11# direction and half the periodicity in the@11̄# direction
@see Fig. 7~a!#. Equation ~8! gives the relationb11b2
51/2(a1b), which may suggest that the latter STM spo
have also the same periodicity as each atomic species in

-

FIG. 6. Relationship between the reciprocal and the real latt
obtained from the model calculations that are given in text.~a!
Reciprocal lattices, in whicha1* 5a0x* 1a0y* , a2* 522a0x* 12a0y* ,
b1* 5

5
3 a0x* 1

1
3 a0y* , andb2* 52

1
3 a0x* 1

7
3 a0y* , wherea0x* anda0y* is the

primitive vectors of the reciprocal lattice of a SmS layer.~b! Real
lattices. Solid and open circles denote the positions of S and
atoms, respectively.

FIG. 7. Schematic STM images reproduced from a model c
culation. ~a! The STM image that reproduces the STM image
Fig. 3. Primitive vectors are given bya15

1
2 (a1b) anda25

1
4 (2a

1b), wherea andb are the primitive vectors of a SmS layer in re
space. NotationsA, B, andC correspond to those in Fig. 3.~b! The
STM image that reproduces the STM image in Fig. 4. Primit
vectors are given byb15

1
12(7a1b) andb25

1
12(2a15b). Nota-

tions A, C, andD correspond to those shown in Fig. 4.
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8046 PRB 58YOUICHI OHNO
@11# direction @see Fig. 7~b!#. Now if we may assume tha
a5b55,64 Å, the lattice parameters are given as follow

a15
a

&
53.99 @Å #, a25

a

2&
51.99 @Å #, a590°,

~9!

and

b15
A50

12
a53.32 @Å #, b25

A26

12
a52.40 @Å #,

b593.2°. ~10!

For a triangle in Fig. 7~a! we find thatAB526.8 Å, BC
511.5 Å and CA524.2 Å, and /ABC564.5°, /BCA
590°, and/CAB526.5°. The experimental values, whic
are derived from the STM image in Fig. 3, areAB
526.3 Å, BC511.3 Å and CA524.4 Å, and /ABC
566°, /BCA588° andCAB526°. For a triangle in Fig.
7~b! we find that AC524.2 Å, CD514.5 Å and DA
520.0 Å, and /ACD556.5°, /CDA588.0°, and
/DAC535.5°. The experimental values, which are deriv
from the STM image in Fig. 4, areAC524.5 Å, CD
514.6 Å and DA521.5 Å, and /ACD559°, /CDA
585° and/DAC536°. Then the model reproduces the e
perimental values within the errors of67%.

Here it is noted that theb1 value is almost equal to th
nearest Nb-Nb distance or the nearest S-S distance in
underlying NbS2 layer. The following relations are als
found amongb1 , b2 , a1 , anda2 :

b2'
b1

&
5b1cos 45°,

a152a2'Ab1
21b2

2'&b1sin 120°'2b2sin 120°.
~11!

The results imply that the underlying NbS2 layer which has a
hexagonal unit cell, also contributes to the formation of
STM images. From Eq.~8! we can derive the following re
lations among the primitive vectorsb1 andb2 and the lattice
vectors of a SmS layer,

3a55b12b2 , 3b5b117b2 . ~12!

The result shows that the light spots of the STM image
incide with the atomic species of a SmS layer in the la
period of three times the lattice constant along thea and b
axes. In this case, the lattice points are often mismatc
with the atomic positions as shown in Figs. 6~b! and 7~b!.
Finally, we may summarize the STM results as follows.

~1! The STM image in Fig. 3 shows a light spot on eith
Sm or S sites and their interstitial sites. Taking into acco
d
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he
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-
e
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the facts that the present STM images are formed by tun
ing of electrons from occupied states of a sample and that
occupied states near the Fermi level of the outermost S
layer consist primarily of S 3p states, then it is reasonab
that half of the light spots are considered to be induced b
atoms rather than by Sm atoms. The remaining half of
light spots are induced on the interstitial sites that are s
rounded by two adjacent S atoms arrayed in the@11̄# direc-
tion and two adjacent Sm atoms arrayed in the@11# direction,
and no Sm atoms are imaged. The result may suggest
there are no occupied states or only the negligibly sm
density of states near the Fermi level on Sm atoms if th
exist. Theslenderlight spots imply that the wave function
of the occupied states extend to the@13# or @11# direction.

~2! The STM image in Fig. 3 shows an asymmetry b
tween the@11# and@11̄# directions. A modulation structure i
found in the@11̄# direction. The result is surprising because
cannot be explained by only the atomic structure and
simple electronic structure model for a SmS layer.18

~3! It appears that the STM image in Fig. 4 is induc
from both the top SmS layer and the underlying NbS2 layer.
Not only a good coincidence of theb1 value and the neares
Nb-Nb distance or the nearest S-S distance within a N2
layer, but also the large periodicity of three times the latt
constants of a SmS layer suggest the contribution of the
derlying NbS2 layer. For~SmS!1.19NbS2 the incommensura-
bility ratio @(2a2 /a1)51.19# is very close to6

5, which means
that the outermost SmS layer fits with the underlying Nb2
layer in the period of three times the lattice constant alo
the a axis. The relationship between the STM image a
atomic positions in both layers is shown schematically
Fig. 8.

Now we propose the following model to understand t
STM images and explain the asymmetry between the@11#
and@11̄# directions and theslenderlight spots. For the STM
image in Fig. 3, it will be assumed that the standing wave
a charge density exists on the surface, which is written b

r~r !5r1cos~k1•r !1r2cos~k2•r !, ~13!

FIG. 8. Relationship between the STM image in Fig. 4 and
atomic positions that are projected along thec axis. S~1! and S~2!
show sulfur atoms in NbS2 and SmS layers, respectively.
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wherek153a0x* 2b0y* andk25a0x* 1b0y* . For simplicity, we
also assume that 2a2 /a15 6

5 and a5b. Each cosine wave
has ridges parallel to the@13# or @11̄# direction. The repea
distances in the@10# and @01# directions are, respectively
equal to one third of thea lattice constant and theb lattice
constant of a SmS layer as shown in Fig. 9. In this case,
maxima of the standing wave occur at S sites whereas
minima do at Sm sites. Then light spots appear at S sites
no Sm atoms are imaged. To give a better understandin
this model, we will divide the unit cell of a SmS layer int
838 equal parts and locate the origin on the S site at
bottom left-hand corner. At the point (m,n), which is de-
fined by r5(m/8)a1(n/8)b, the phases of the compone
cosine waves are given byu15k1•r5 1

4 (3m2n)p and
u25k2•r5 1

4 (m1n)p, wherem andn are integers. Then if
m andn satisfy the relation thatn53m28l for an integerl,
a light spot would appear becauseu152p l . Their points are
marked by a star and a solid circle in Fig. 9. The light
spots appear at the points marked by a star and the poin
a solid circle are a saddle point becauseu25(m22l )p.
Then the higher charge-density regions extend to the@13#
direction on the surface. Finally, the resulting STM image
asymmetric between the@11# and @11̄# directions and light
spots stretch to the@13# direction, in agreement with the
experimental results. The reason why the standing wav
stable on the surface is easily understood, based on
atomic arrangement and the electronic structure. The hig
charge density occurs on S sites whereas the lowest one
curs on Sm sites. Similarly, the STM image in Fig. 4 may
explained by a standing wave consisting of two cosine wa
of the wave vectorsk185 1

3 (a0x* 27b0y* ) and k285 1
3 (5a0x*

1b0y* ). At present, however, we cannot explain why t
standing wave is stable on the surface, although it should
noted that the periodicity in the@10# direction is equal to tha
of the underlying NbS2 layer and the large periodicity of th
charge density, which is12 u3a23bu, may occur along the
@11̄# direction~see Fig. 8!. It is also noted that the unit cell
that are formed by the standing waves (k1 ,k2) and (k18 ,k28)
have the same area and then the numbers of light spots

FIG. 9. Schematic diagram for a standing wave model for
STM image in Fig. 3. Various symbols represent a charge densi
the site defined byr5(m/8)a1(n/8)b, wherem andn are integers.
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unit area are equal to the atomic density of the outerm
SmS layer.

Another important result that is deduced from the analy
is that there is a clear distinction between thea andb axes.
Rüscher19 has recently reported that optical absorption sp
tra for Eia andEib polarization show larger anisotropy fo
misfit-layer compounds with SmS or TbS in the MS part.
a5b, the a andb axes cannot be distinguished by only th
atomic arrangement of a SmS layer. On the other hand
one exchanges thea axis for theb axis on the line of the
above discussion, some of the coincidences dissappear.
fact supports the conclusion that the underlying NbS2 layer
takes part in the formation of the STM images.

B. Effects of crystal imperfections and a scanning tip
on the STM images

Figure 10 shows the STM image exhibiting crystal impe
fections, that is, deviations in a crystal from a perfect pe
odic lattice or structure. For cleaved surfaces
~SmS!1.19NbS2, point defects are often observed. Such cr
tal imperfections may give an answer to how charge-tran
electrons are accommodated in both layers. As descr

e
at

FIG. 10. STM images with crystal imperfections. NotationsA,
B, C, D, E, andF show lattice defects that are discussed during te
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above, the Nbdz2 band must be completely filled with elec
trons if an electron per Nb atom is transferred from the S
layers to the NbS2 layers. In spite of the fact that Sm exis
as a trivalent ion, the Nbdz2 band is not filled completely
The reason remains unknown. However, if some of the
atoms are lost or substituted by monovalent or divalent
eign ions, a charge balance might be kept throughout a c
tal. Unfortunately, our STM images give direct informatio
about the deficiency of Sm atoms because they are not
aged explicitly. In the STM image in Fig. 9, light spots a
pear alternately on a S atom and the interstitial site that
surrounded by two adjacent Sm atoms arrayed in the@11̄#
direction. Then if we assume that theA site is the atomic site
theB andD sites are the interstitial sites and vice versa. O
of two point defects inC is the atomic site and the other
the interstitial site. Even if the disappearance of a light s
on the interstitial site arises from the deficiency of a neig
boring Sm atom, there are no critical differences amo
them. On the other hand, two light spots on the left-hand s
of the point defectD are shifted to the left as if a light spo
on a S site is moved together with an adjacent light spot
the interstitial site. At present we have no explanations
the behavior. Finally,E andF show a collective atomic dis
order, in which a few faint spots are found inside and ligh
spots appear at the periphery. They are more or less sh
from the expected image positions. Then we may cons
that new local occupied states appear at the periphery du
atomic disorder or that atoms move up and down with
spect to the atomic plane.

Figure 11 shows the tip effect on the STM image. F
graphite, the significant changes of the STM images are
plained satisfactorily by Mizes, Park, and Harrison,20 based

FIG. 11. Various anomalous STM images, which are caused
the tip effect. The STM images in regions I and II are reprodu
by two sine waves of the wave-number vectorsb1* andb28* whereas
the STM image in region III is reproduced by two sine waves of
wave-number vectorsb1* andb2* .
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on the multiple-tip model. The threefold symmetry of
graphite surface requires the three Fourier coefficients or
wave numbers to be equal in amplitude. However, if t
threefold symmetry is broken by an asymmetric tip, then
amplitudes of these coefficients are no longer equal and
STM images change significantly. Mizes, Park, and Harris
have succeeded in reproducing many anomalous STM
ages by three sine waves with independent wave-num
vectors separated by 120°. In the present system Fourie
efficients may be more complex due to the incommensu
crystal structure. However, if only a few Fourier coefficien
contribute dominantly to the STM images, they could
explained easily in terms of the multiple-tip model. A com
puter simulation has been carried out, following the mod
and overall appearances of the STM images in Fig. 11
reproduced by the three sine waves of the wave-number

tors b1* , b2* , andb28
* . The two sine waves ofb1* and b28

*

are dominant in regions I and II, whereas the two sine wa
of b1* andb2* are dominant in region III.

IV. CONCLUSIONS

The two different types of peculiar STM images ha
been obtained from the top SmS layer in~SmS!1.19NbS2, one
of the misfit-layer compounds containing a rare-earth e
ment. The light spots have nearly rectangular unit cells t
are expected from neither the atomic structure nor a sim
electronic structure model. One of the images reveal
prominent asymmetry between the@11# and @11̄# directions.
The other image shows light spots mismatched with
atomic sites in a SmS layer over a wide region. It has b
made clear that they are coincided in the periods of th
times the lattice constants along thea andb axes. They are
reproduced, using the FT technique. However, at present
not clear whether the images are caused by intrinsic e
tronic states near the Fermi level or by extrinsic factors c
taining the tip effect. Some experimental results that im
the contribution from the underlying hexagonal NbS2 layer
are obtained. The magnitude of the primitive vectorb1 is
almost equal to the nearest S-S distance within a NbS2 layer.
The large periodicity found in the STM images, which
three times thea lattice constant, is almost in agreement wi
the one of a superstructure consisting of SmS and NbS2 lay-
ers. The STM images contain a larger number of lattice
fects than those of the misfit-layer compounds containing
and Pb elements. This fact may suggest that the lattice
fects give an answer to the unsolved problem regarding
number of transferred electrons, although it appears that
density is too small to explain the contradiction in the nu
ber of transferred electrons. On the other hand, the S
observation of a modulation structure may indicate that
commensurability plays an important role in the electro
states near the Fermi level, because it may result from
incommensurate periodic potential.
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