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Abstract

In low dimensional systems such as material’s surfaces or layered compounds, many in-
teresting phenomena based on their low dimensionalities appear. On the crystal surface,
atomic displacements from the bulk extrapolated position are often observed as called sur-
face reconstruction. They often accompany changes of the surface electronic states having
two dimensional character which may differ from the bulk electronic state. Among various
material’s surfaces, semiconductor surfaces show a full variety of surface reconstructions and
have been investigated most intensively because of the industrial importance as well as the
academic interests. The layered compound, transition metal dichalcogenide, is another ex-
ample of the low dimensional system having also a quasi-two dimensional electronic structure
because of their weak interaction of van der Waals force along the ¢ axis(surface normal).
The interesting phenomenon of these transition metal dichalcogenides is the occurrence of
the charge density wave(CDW) caused by their low dimensionality.

Photoelectron spectroscopy is one of the most powerful and suitable methods to investi-
gate the electronic structure of these interesting low dimensional systems. Especially angle
resolved photoelectron spectroscopy(ARPES) measurement is the only way to know the
band structure of the material directly. In addition, by using a display type analyzer we can
easily perform the two dimensional ARPES measurement(the ARPES measurement in full
azimuth and polar angles) and obtain the complete electronic structure of the two dimen-
sional systems, namely, the band structure and symmetry of the electronic wave function in
the initial state.

In this thesis, I tried to investigate metal adsorbed typical semiconductor surfaces, con-
centrating on the metal induced reconstructed Si(111) surfaces. As the system, I studied
the electronic and geometric structures of the alkali metal induced Si(111)3x1 surfaces by
ARPES and core level spectroscopy(CLS). In addition, the Ag induced Si(111)3x1 surface,
Au induced Si(111)5x2, a- and 8- V/3 x /3, 6x6 surfaces were also investigated by these
photoemission techniques. We obtained the experimental band structures and information
of the surface geometric structure of these surfaces and discussed them precisely.

Using the display-type analyzer developed by ourselves I have also performed the 2D-
ARPES measurement of the transition metal dichalcogenides, 17-TaS, , 2H-TaSe, , 2H-
NbSe, and obtained the complete electronic structures of these layered compounds. 1
have also investigated the photon energy dependence of the photoelectron angular distribu-
tion(PEAD) patterns of these materials and found some new results on their PEAD patterns.
The Fermi surfaces of these layered compounds were directly observed by the display-type
analyzer. I also discussed about the Fermi surface nesting which is related strongly with the
occurrence of the CDW.
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Chapter 1

Introduction

1.1 Investigation of metal-induced surface reconstruc-
tions of Si(111)

The low index Si surfaces such as Si(111) and Si(100) surfaces are one of the most inten-
sively and extensively studied surfaces. Because of the remaining dangling bonds, drastic
changes of the surface crystal structure from the bulk structure called “surface reconstruc-
tion” occurs on the semiconductor surfaces. Even on the clean surface, very complex surface
reconstructions such as famous 7x7 or 2x1 for Si(111) and 2x1 for Si(100) surfaces are
observed. When we adsorb some other atoms on these surfaces, more complex surface re-
constructions are realized[1]. According to the surface reconstructions, the surface can have
different electronic structure from that of bulk. These electronic states are called surface
states. Investigation of the geometric and electronic structures of these variously recon-
structed surfaces is very much interesting and one of the main subject of the field of the
surface science. In consequence of investigating these electronic and geometric structures of
the surfaces, we may find new phenomena on the surface or can apply some characteristics
of the surfaces, such as surface electron conductivity, to some electronic devices or so, in
future. In spite of the great efforts to investigate those surface reconstructions, however,
only few reconstructed structures have been solved completely.

One of the purposes of this thesis is to understand the geometric and electronic structures
of simple metal(alkali metals(AM), noble metals(Cu, Ag, Au)) induced reconstructions of
Si(111) surfaces. These metals have only one s electron in the outer most shell and it is
expected that the reaction between adsorbate metals and Si substrate is relatively simple. In
spite of the simplicity of the electronic structure of these metals, the induced reconstructions
are very complex. By the adsorption of AM on the Si(111) surface, the 3x1, v/3 x v/3, and
4x4 reconstructions have been reported so far[2, 3]. The 3x1 reconstruction also appears
when we adsorb Ag atoms on the Si(111) surface at about 600°C , and this surface shows
phase transition to 6x1 surface when we cool down the sample below 220°C {5, 4]. On the
other hand, Au atoms induce other surface reconstructions on the Si(111) surface such as
5x2(=5x1), V3 x V/3, and 6x6[6]. In the case of /3 x /3 reconstruction induced by Au
atoms there are two kinds of /3 x v/3 reconstructions named a-v/3 x v/3 and 8-v/3 x v/3[6)].
Ag also induces v/3 x /3 reconstruction(5, 4] but there are not such two phases and the
electronic structure of the surface is considered to differ from that of Au induced v/3 x /3
surface as indicated by different Scanning Tunneling Microscopy(STM) images {7, 8] or
different results of Angle Resolved Photoelectron Spectroscopy(ARPES)[9, 10].
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In this thesis, I investigated the surface electronic state including the band structure,
bonding character, charge transfer, and tried to deduce the surface structures of 3x1-AM,
3x1-Ag, 5x2-Au, a-v/3 x V3-Au, f-v/3 x /3-Au, and 6x6-Au surfaces systematically, using
several techniques of photoelectron spectroscopy such as ARPES and Core Level Photoelec-
tron Spectroscopy(CLPS).

1.2 Investigation of transition-metal dichalcogenides(17-
TaS,, 2H-TaSe; and 2H-NbSe;) by 2D ARPES

measurement

Studies of electronic states of the low dimensional materials are interesting subjects in
the material physics. The electronic structures of the layered compounds such as transi-
tion metal dichalcogenides(TX,; T:Transition metal, X:chalcogen) have also the quasi-two
dimensionality[11]. These layered compounds, TXs, consists of X-T-X sandwiches and each
sandwich is bonded weakly by van der Waals force. Because of the weak bonding along
the c-axis(=surface normal) these materials have a quasi-two dimensional electronic struc-
ture. Therefore the band structures of these layered compounds are expected to have two
dimensionality and do not depend on the wave vector in the surface normal direction. Thus
we can measure the cross section or the constant energy contour of the band of these two
dimensional materials directly by the 2D-ARPES measurement. This type of ARPES mea-
surement can be done by conventional electro static spectrometers having small acceptance
cone by rotating the sample using a manipulator with stepping motors[12]. However, this
type of measurement takes plenty of time. The display type analyzer can solve this problem.
The display type analyzers have large acceptance cone and can simultaneously observe the
angular distribution patterns of the emitted electrons from sample[13, 14]. By using display
type analyzer, one can obtain the photoelectron angular distribution patterns(PEAD) with-
out rotating samples. When we use polarized light such as synchrotron radiation(SR) as the
light source of the photoemission, we can easily know the symmetry of the electron wave
function of the initial state in addition to the band structure because the sample is fixed
in this experiment, whereas the information is lost in the measurement of sample rotating
method.

In this thesis I applied these advantages of the display type analyzer and SR light source as
well as the two dimensionality of TX; to the 2D ARPES measurement of 17-TaS,, 2 H-TaSe,,
and 2H-NbSe, and tried to observe the changes of the PEAD patterns. From the results
I discuss about the band structure of these TX;’s as well as the symmetry of the electron
wave function of the initial state. As for the 17-TaS; I also compare our experimental
PEAD patterns with theoretically simulated PEAD patterns. In addition, the difference of
the PEAD patterns between 17- and 2H- type crystals are discussed.

According to previous 2D-ARPES studies of Nishimotoet al.[15] the PEAD patterns of
17-TaS, is different between the measurement of hy=21.2eV and 40.8eV. However it is
not evident that the difference arises from the resonance photoemission eftfect or not. To
investigate the photon energy dependence of the PEAD patterns more precisely and to
ensure whether the difference is due to Ta 5p-5d resonance photoemission process or not
I have also measured the photon energy dependence of the 17-TaS, using several photon
energies including the energies of resonance photoemission condition.

Another interesting character of these low dimensional systems, TX,’s, is an appearance
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of a charge density wave(CDW)(16]. The CDW is considered to be caused by the Peierls
transition[17], metal-insulator transition, which is derived from the low dimensionality of
the electronic states. The probability of the occurrence of CDW is considered to be strongly
related with the Fermi surface nesting which is strongly related to the shape of Fermi surface.
Therefore I tried to observe the shape of the Fermi surface of these TX,’s directly by the
display type analyzer and discuss about that briefly at the end of this thesis.

1.3 Organization of this thesis

Before stepping into the main subjects, I describe the principle of the photoelectron
spectroscopy and the related topics in the next chapter(Chapter2). In Chapter3 explanations
about the experimental apparatus used in this work are given. The previous experimental
and theoretical studies of clean Si(111) surfaces are given in Chapter4. After that the first
subject, “Photoemission studies of the AM and Ag induced Si(111) 3x 1 surfaces”, are treated
in Chapter5. Then I move to the second subject, “Photoemission studies of the Au induced
various reconstruction on Si(111) surfaces” in Chapter6. In Chapter7 I discuss about the
results of the 2D-ARPES measurements of the transition metal dichalcogenides. Finally, the
conclusion remarks are given in Chapter8.
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Chapter 2

Research Methods

2.1 Photoelectron spectroscopy(PES)

Principle of photoemission

When we inject photons into materials, the photon transfers its energy to an electron.
If the excited electrons has enough energy to overcome the threshold energy, which is intrin-
sic to each materials(called as work-function), they transport to the surface and emit into
vacuum. This phenomena is a well known photoemission process and the emitted electrons
are called photoelectrons. From energy conservation rule the kinetic energy(F) of the pho-
toelectron is described as -

B :hl/—(ZS—EB (21)

and shown by an illustration in Fig. 2.1. Where hv, ¢ and Ep are the energy of incident
photon, the work-function of the sample and the binding energy of the initial state of the
electron.

Usually the photoemission process is considered by a three step models as follows.

Step 1: Excitation of electrons in a solid by an electromagnetic field of incident photons((1)
of Fig. 2.1). Step 2: Propagation of the electron to the surface((2)). Step 3: Transmission
of the electron into the continuum level in vacuum((3)). In Fig. 2.3, I presented a schematic
view of the processes with the atomic potentials in bulk and surface.

From the energy conservation of eq.(2.1), when we use a plausible electro-static analyzer
in vacuum chamber one can observe spectrum illustrated in the figure and can know the
initial binding energy of the bounded electrons reference to Fermi energy(£r). Besides
the “primary” photoelectrons there are other electrons which loses their initial energies by
many body effects such as the electron-electron, electron-phonon scattering, excitation of
the plasmons, electron-hole pairs etc.. The former of the energy lost electrons is the so-
called secondary electrons and observed as a smooth background as shown in Fig. 2.1. The
latter effects, excitation of the plasmons or electron-hole pairsetc., usually give the satellite
structures of the primary peaks. Because of the electron scattering the electron escape
depth(=mean free path; \) is restricted to about few Afo few tens Awhereas the photon
reaches very deep in sample by the order of about ~1000A. Therefore the PES measurement
is a very surface sensitive technique and very much useful to investigate the surface electronic
or geometric structures rather than bulk ones.

The energy dependence of the escape depth does not strongly depend on the materials
and described by a famous universal curve as shown in Fig. 2.2.
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Fig. 2.1: Schematic energy diagram for photoemission from solid and three step model. £,
hv, ¢, and Ep represent the kinetic energy of photoelectron, the photon energy, the work
function of the sample, and the binding energy of the initial state of the electron, respectively.
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Fig. 2.2: Universal curve of electron escape depth. This characteristic curve is due to the
electron-electron or -phonon scattering and excitation of the plasmons etc. This curve does

not depend on the materials.
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As seen in the figure the escape depth has its minimum at the electron kinetic energy of
about from few tens to 100eV. When we use the tunable photon source such as synchrotxpn
radiation(SR) we can easily change the surface sensitivity in the measurement and obtain
the information of surface electronic or geometric structures by photoemission.

Typical surface information are the surface states in the bulk band gap or the sgrface
resonant states in the bulk band projection and the surface core level shifts(SCLS) in the
core region as schematically shown in Fig. 2.3.

E
A

IPES spécfrum

} surface states

1 ulk valence band
AE,

PES spectrum

surface

unoccupied state AE SCLS core level

bulk core lev

secondary eleclions

bulkiband gap ' } surface states

surface resonance

occupied state

surface core level

@ > surfce normal

- g

bulk atoms surface atoms

Fig. 2.3: Schematic of the photoelectron spectroscopy of bulk and surfaces.

Because of the two dimensionality of the surface, the surface states(or resonant states)
have two dimensional character and usually have almost no dispersion along the surface

14



normal direction. In addition the surface states are generally very sensitive to the contami-
nation or adsorption. Therefore we can distinguish the surface states from bulk band states
using these characters. On the other hand because of the different chemical and structural
environments of a surface atom from bulk atom, charge redistribution occurs in the surface
layer and causes core-level binding energy shifts of the surface atoms from that of the bulk
atoms. This binding energy shifts are called surface core level shifts(SCLS). Therefore the
SCLS reflects the chemical and structural environments of the surface atoms and we can ob-
tain the information about surface structure or charge redistribution by measuring surface
core levels.

2.2 Surface Core Level Shift(SCLS)

As mentioned above due to the surface reconstruction or relaxation or adsorption elc.,
charge redistribution occurs on most of the surfaces. By performing surface sensitive core
level photoelectron spectroscopy we can measure the shifted surface core levels due to the
charge redistribution as shown in Fig. 2.3. In Fig. 2.4 I show the schematic of the mea-
surement of SCLS. The core levels of surface atoms S1 and S2 shifts higher and lower

¢ «+—— gdsorbate

] b Bulk

Fig. 2.4: Schematic diagram of the SCLS measurement.

binding energies than the bulk core levels because the surface atoms are charged positively
and negatively due to the charge redistribution. A semiquantitative correlation between
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charge transfer and core level shift has been derived empirically for the Si 2p level as follows.
The bulk core level shifts for various oxides of silicon with different coordination and charge
transfer have been evaluated and the relation §F/8¢g=2.2eV /e~ between core-level shift § £
and charge transfer §¢ has been derived[1].

To decomvolute the mixture of the surface and bulk core levels, a non-linear least-square
fitting was used. For the components of curve fitting, I used a well known symmetric Voigt
function which is a sum of Lorentzian and Gaussian functions, where Lorentzian represents
the life time broadening due to the core hole screening effect and Gaussian represents mainly
the instrumental resolution and phonon broadening effects. To estimate the number of the
surface atoms in a unit cell contributing to the shifted surface component I used the well
known photoelectron layer attenuation model[2]. In this model we assume that each mono-
layer attenuates the intensity by an equal degree. Then one can obtain

R= ——" (2.2)

i

where d is the spacing between layers, A is the mean free path, 0, is the emission angle in the
crystal, and z is the fraction of the surface atoms contributing to the surface component in a
monolayer. R in the equation is the intensity ratio of the considering surface component(ey.
S1) and defined as ;
_ s1 o

RSI Ia-u-m - ISl . (d3)
Where Ig,, and I,,,, represent the observed photoemission intensities ofS1 and the total
of the spectrum. In this thesis I used a mean free path()) of 3.9Afor the Si 2p surface
sensitive core photoemission(hv~130eV), and a spacing between layers(d) of 1.57A®hich is
the average layer spacing of the Si(111) crystal.In our measurement we took the spectrum at
the surface normal direction and the 0., was 0. By using this equation I roughly estimated
the absolute numbers of the surface Si atoms and discuss about the surface structure of the
AM- or noble metal- induced Si(111) surface reconstructions in the following sections.

As mentioned above by decomvoluting the surface and bulk components fromn the ob-
served core spectrumn, which is a mixture of them, we can know (1)the numbers of the kind of
surface atoms in different charge distribution, and from their intensities and amount of the
shifts we can roughly estimate (2)the absolute numbers of those shifted surface atoms in a
unit cell, and (3)the quantities of the charge transfers of each surface component. Therefore
the surface-sensitive core-level photoemission study can be a useful tool to investigate the
surface geometric structure.

To improve the energy resolution of the SCLS measurement cooling down of the sample
is effective because of the reduction of the phonon broadening effect during the transporta-
tion of the electrons to the surface. I applied this sample cooling methods to our recent
SCLS measurement of Si(111)3x1-Rb and Ag surfaces. Comnbination of the SCLS measure-
ment and the photoelectron diffraction(PED) method is another useful tool to investigate
the surface reconstruction. By measuring a PED pattern of one of the shifted surface core
components, we can know the geometric structure around that surface atom. Furthermore if
we combine the photoelectron holography method|3] with SCLS measurement we can know
the surface structure directly[4] even if the surface consists of the same species of elements.
By taking the core level spectra at different photon energies and measure the oscillation of
the intensities of the surface core component, we can also know the structural information
around the surface atoms in terms of Extended X-ray Absorption Fine Structure(EXAFS)
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analysis. The example of these improvement method of SCLS measurement has been re-
ported by several groups(5, 6, 7, 8] on the Si(111)7x7 surface and I will describe about it in
detail in the following section. This kind of measurements applying PED to SCLS is useful
not only to investigate the surface structure but also to help making general rule of the as-
signment of shifted surface component in SCLS measurement. To measure such PED effects
in the SCLS measurement we have to use the angle resolved photoelectron spectrometer
having small acceptance cone or display type analyzer, and inversely when we want to esti-
mate the numbers of the surface atoms from the intensity of the surface component by the
aforementioned attenuation model we should use the spectrometer having large acceptance
cone to avoid the interference effect.

2.3 Angle Resolved Photoelectron Spectroscopy
(ARPES)

Of course the aforementioned PED measurement of the core level is powerful application
of the ARPES measurement, but the ARPES measurement is the most important as a tool
to investigate the band dispersion of the materials and the only way to investigate the band
structure experimentally. In the photo-excitation by low energy photons, in which the wave
vector of the incident photon ¢ is smaller enough compared to that of the Brillouin zone of
the sample, the electron wave vectors before and after the photo-excitation are conserved.
Thus the following relations between the electron wave vectors of the initial(K;) and the
final state(Ky) are satisfied.

Ke=K;+G+q (2.4)
q~0 (2.5)
Ke=K;+ G (2.6)

Where G is one of the surface reciprocal lattice vector. When the photoelectron transmits
into vacuum from the surface the wave vector perpendicular to the surface(K, ), however,
is modified by the potential barrier of so called inner potential(V) as seen in Fig. 2.5. For-
tunately the wave vector parallel to the surface(Ky) is conserved because of the crystal
periodicity along the surface. Thus the wave vector parallel to the surface of the transmitted
electron, ky and Ky are related as

ke = Kgy = Ky (2.7)

Approximating the final state of the transmitted electron as a plane wave of the free elec-
tron, we obtain the wave vector of the initial state parallel to the surfaceKy as a function
of polar emission angle(f,) and photoelectron kinetic energy(kE).) as

vem .
kf" = Kf" = Ki” = 7 Eksmﬁe (28)

from eq.(2.1)

.
= —h—m,//w — ¢ — Egsind, (2.9)

=0.5123,/hw — ¢ — Ep(eV)sind, (2.10)
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Ky=Ky=Ky=Ksin 0

Fig. 2.5: Schematic diagram of the wave vector conservation in photoemission. The wave vec-
tor parallel to the surface(Ky) is conserved in photoemission but that of perpendicular(f(;,)
is not conserved because of the inner potential.

Therefore we can obtain the relation between Kj, and Ep, that is Lp(Kj)) by measuring
the Ky and polar angle .. The schematic diagram of the ARPES measurement is shown in
Fig. 2.6.

Though Kj, does not conserve because of the Vj, if we count for the energy conservation
including the inner potential V, we can also obtain the relation between K;; and Ep as

V2m

Kip = V(b = ¢ — Eg)cos?0. + Vp (2.11)
= 0.5123,/(hv — ¢ — Ep(eV))cos?0, + Vo (2.12)
Therefore when we fix the analyzer at surface normal direction eq.(2.9) and eq.(2.11) are
Kj =0 (2.13)
V2
K, = Tm\/(”’” —¢—Eg) + Vi (2.14)

and by scanning the photon energy, hv, we can also know the dispersion along the surface
normal. The unknown V; can be estimated by changing the value of V; so that the obtained
dispersions have symmetry around I' point. By measuring the energy dispersion along the
surface normal direction we can obtain a useful evidence to discriminate the surface states
from the bulk states based on the characteristic of the surface state having only small(or
no) dispersion along the surface normal direction. By using this ARPES technique we have
measured the electronic structure of Si(111)3x1-Na, 5x2-Au, a-v3xV3Au, G-/3xV3-
Au and 6x6-Au surfaces. In addition we have also performed 2 dimensional ARPES(2D-
ARPES) on the transition metal dichalcogenides using display type analyzer.

Using a polarized photon such as synchrotron radiation, we can know about not only
the band dispersion but also the symmetry of the surface states. It is based on the well
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Fig. 2.6: Diagram of ARPES measurement.

known symmetry selection rule of a dipole transition, where the transition probability is
proportional to (f|A - p|i), where |{) and |f) are the initial and final state wave functions,
respectively, A the vector potential of the incident photon and p the momentum operator.
Since only the final state of even symmetry can be observed and p is conserved in the mirror
reflection operation, a specific symmetry of the initial state can be selected by the symmetry
of A: if A is even for a given mirror plane only even symmetry of initial state is excited and
vice versa.

In order to determine the initial state symmetries, two different measurement geometries,
denoted as Ay and A, can be used[9](see Fig. 2.7). In the A} geometry, the photoelectron
emission always lies in the plane defined by the surface normal (1) of the sample and the
incident light whose polar angle(©) from surface normal. © is fixed at about 45° in all
measurements in this thesis. Since the linear polarization vector(é) of incident synchrotron
radiation is always in the horizontal plane which is the same as the plane of emission in this
geometry, only the electronic states of even symmetry are detected for a scan in the mirror
plane. In this thesis we done all the ARPES measurement for the metal adsorbed Si(111)
surfaces in this geometry.

On the other hand, in the A) geometry the emission is kept in the plane which contains
7 and is perpendicular to the plane defined for Ay geometry. If © is zero in this geometry,
é is always perpendicular to the plane of emission, thus only the odd symmetry states can
be excited. By using this symmetry dependence of the photoemission we can determine
the symmetries of each surface slate. In our 2D-ARPES measurement the both Ay and A}
geometries can be performed simultaneously and we discuss about the symmetry of the wave
function of the initial state electrons of transition metal dichalcogenides.
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Fig. 2.7: Schematic diagram of the ARPES measurement geometries with polarized light.
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2.4 Resonance Photoemission Spectroscopy(RPES)

Resonance photoelectron spectroscopy(RPES) is another powerful technique of the pho-
toemission to investigate certain valence band features. “Resonance” photoemission means,
that one excites photoemission with photons of an energy hv very close to the absorption
threshold of a core level. As mentioned already in this thesis we performed the 2D-ARPES
of the transition dichalcogenides and also measure the 2D angular distribution patterns of
them in the photon energy range of resonance photoemission, that is Ta 5p-5d resonance
photoemission condition in 17-TaS,; and 2 H-TaSe; . The schematic of the process of Ta 5p-
5d resonance photoemission is shown in Fig. 2.8 As seen in the figure in this case the direct

Coherent Auger process Direct photoemission
process

1 2

Interference |hwv

Ta bd ——@mmm —pe— e Qe Qe e O
g
B!
\L~photon Auger

Lq‘/l/ hy 9%
S

o i e e e e S S—— TS - —
5 2
5p°>d Auger
50°5d '+hwv 50°5d °+ ¢ |
Direct -

Fig. 2.8: Schematic diagram of the process of Ta 5p-5d resonance photoemission

photoemission process of Ta 5d valence band can interfere with Ta 5p5d5d Auger process
that are excited by a Super Koster Kronig process. The photon energy dependence of the
intensity I(hv) for the feature in the valence band where the direct photoemission process
and the Auger emission overlap is given by the so-called Fano line shape

(e + q)*
I(hy) ~ 2
(hw) €2 +1 (2.15)
hy — hI/j
€ (5)72 (2.16)
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where hy; is a photon energy equal to the binding energy of a core level, ¢ is a parameter
for the particular process and A(hy;) is the width(I'WHM) of that core level. The coherent
interference between the direct photoemission process and the Auger process is only possible
exactly within the energy range of A(hv;) around the resonance; only then the excitation
from the core level of 5p into the empty valence level of 5d is possible. At higher photon
energies only the nonresonant(“normal”) Auger electrons are observed and at lower photon
energies only the direct photoemission process is available.
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Chapter 3

Apparatus

3.1 Beamline BL-18A of Photon Factory

ARPES and SCLS measurements of the metal/semiconductor surfaces except for the
ARPES measurement of Au/Si(111) have performed at beamline BL-18A[1] of Photon Fac-
tory(PF) in National Laboratory for High energy Physics(KEK). This beamline has been
constructed by staff of Institute for Solid State Physics(ISSP) to be dedicated to the pho-
toemission experiments of surfaces and interfaces with high energy and angle resolutions.
The schematic view of the optics of this beamline is illustrated in Fig. 3.1. The Synchrotron
Radiation(SR) from the bending magnet are monochromatized by a constant deviation angle
grazing incidence monochromator and aligned and focused into 2mrad of horizontal diver-
gence by five mirrors and delivered into the analyzer chamber.

The photon energy available here(BL-18A) is 15 to 150eV by using four different spherical
gratings and energy resolution is 50meV at the Fermi edge of Au at hv=15eV. As shown in
Fig.3.2, in this analyzer chamber two commercial electron static spectrometers are equipped.
One of them is VG-ADES 500(¢100) for angle resolved measurement on the two axis go-
niometer to rotate the analyzer with acceptance cone of +£0.5° . For the angle integrated
measurement VG-CLAM-II with larger acceptance cone(+£8.0° ) is available and we used
this spectrometer to record the core spectra for SCLS measurement. Besides these spec-
trometers, LEED optics, manipulator with five axis goniometer, conventional X-ray source,
He resonance lamp are available. To deposit metals on to the Si samples we attached metal
evaporators and quartz oscillator film thickness monitor at adequate ports. To cool down
the sample temperature we also used the He cryostat. The base pressure of the chamber was
2.0x10~" Torr.

3.2 Beamline BL-4 of SOR-RING

For the 2D-ARPES studies of the transition metal dichalcogenides we used the beamline
of BL-4[2] at SOR-RINGI3]. This storage ring is the oldest ring in Japan for synchrotron
light source constructed in Tanashi, Tokyo by the staff of ISSP in 1976 and will be shut
down in this March(1997). The SR generated by this 5300MeV storage ring using a bend-
ing magnet transports into the analyzer chamber through the Plane Grating Monochro-
mator(PGM) which is illustrated in Fig. 3.3. This monochromator is equipped with three
Plane Mirrors(PM1 to 3) and two Focusing Mirrors(FM1 and 2) and plane grating(G) (2400
lines/mm). Changing the combinations of the PM and FM the monochromator covers the
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Fig. 3.1: Schematic diagram of the beamline BL18A of Photon Factory.
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photon energy of 20eV to 200eV. We used photon energies of 30eV to 60eV for the mea-
surement of the photon energy dependence of the photoelectron angular distribution pattern
of transition metal dichalcogenides and over all energy resolution of the measurement was
250meV to 400meV.

Constnat deviation angle
grazing incidence monochromator of BL-4

SRIID PM1 PM2 PM3 FM1 FM2 S‘

D:.enfrance Diaphram
PM:Piane Miror
FM:Focussing Miror
S:extt Siit

fm:focusing mimors
s:sampie

Fig. 3.3: Optics of the beamline BL-4 of SOR-RING.

The measurements of the 2D-ARPES were done at the main chamber which connected to
the monochromator chamber. Figure 3.4 is the schematic view of the main chamber and the
diagram of the measurement. In this chamber the two dimensional display type hemispherical
mirror analyzer which is developed and improved by ourselves[4] and the manipulator(VG)
with five axes goniometer are equipped. As mentioned in following section, by using this
analyzer we can measure the two dimensional angular distribution patterns of the emitted
photoelectrons which are displayed on the phosphorous screen. The patterns are observed
from the out side of the chamber by commercial CCD camera(XE77, SONY) via a view
port. And the observed images are collected tentatively in the image-freezer(C-tec) and
stored in the personal computer(9801 , NEC) as shown in the measurement diagram. In
the display type analyzer the small electron gun are also equipped and LEED and Auger
measurements are also available. The measured samples were cleaved at the preparation
chamber and transferred into the main chamber. Au deposition for the measurement of
the energy resolution was done in the main chamber. The quartz oscillator to estimate the
filin thickness of the Au was also equipped. The base pressure of the main and preparation
chambers are 1.5x1071% and 1.0x107? Torr, respectively.
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Fig. 3.4: Schematic view of the analyzer chamber of the BL-4. The diagramn of the mea-
surement is also shown.
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3.3 Two-dimensional display-type hemispherical mir-
ror analyzer

2D ARPES measurement was performed using two dimensional hemispherical mirror an-
alyzer(illustrated in Fig. 3.5) which is constructed by ourselves(4].

s

.............. G :

]
=]
=N

Fig. 3.5: Cross-sectional view of two dimensional hemispherical mirror analyzer applied to
2D ARPES measurement of transition dichalcogenide.

This analyzer basically consists of hemispherical outer sphere(O) and inner grid(G) which
is as half of radius as the outer sphere(O). The photon is injected from the hole at the back
of the analyzer and excited photoelectrons are transmitted from sample(S). In the space
between outer electrodes(Q) & (Ob) and inner grid(G), the hemispherical equipotential
electric field is realized. In this space the charged particles moves according to the central
force which is caused by this hemispherical equipotential electric field. Therefore the emitted
photoelectron moves straight until the edge of the inner grid(G) but repulsed by these outer
electrodes and moves the elliptical orbit and after the repulsion the electron is focused on the
other side of the sample, small hole named aperture(A). The transmission angle from surface
normal and the injection angle at the aperture is the same[4] and the electron distribution
pattern can be detected on the phosphorous screen(P) after amplified by Micro-Channel-
Plate(MCP;M in the figure). The electrons having higher and lower kinetic energy than the
pass energy are excluded away by the objective ring(Ob) and retarding grid(R), respectively.
Our used analyzer can detect the photoelectron angular distribution of £60° from sample
normal without distortion and energy resolution of the analyzer is better than 1/100 of
the pass energy. By using aforementioned small electron gun(E) we can observe the LEED
pattern on the phosphorous screen and also perform the Auger electron spectroscopy.
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Although the energy resolution is little bit worth than conventional photoelectron spec-
trometer at present, this display type analyzer has a lot of advantages as follows. Since we
can measure the photoelectron distribution at almost the full of azimuthal and polar angles
of photoelectron at the same time by this analyzer we can measure the electronic structure
of the surface completely that is to say not only the complete band structure but also the
symmetry of the electron orbital of the initial state. This observation of the electron orbital
symmetry of initial state is only available with using display type analyzer and not available
by the 2D-ARPES measurement with the sample rotating method|5] as already mentioned
in section1.2. In addition display type analyzer can detect electrons at a large range of the
reciprocal space at the same time that it is suitable to observe the band structure with small
dispersion such as large electron-electron correlation materials which have small dispersion
because of the relatively localized electrons. By the property that the analyzer can display
the undistorted PEAD patterns we can also use this analyzer to observe the shape of Fermi
surface directly *. Observing the change of the Fermi surface between phase transition such
as the transition of CDW or surface reconstruction like a 4-v/3 x v/3-Au to 6x6-Au surfaces
is very important and interesting subject. Though there is another famous way to obtain
the Fermi surface structure called de Haas-van Alphen(dHvA) effect, however, the dHvA
method is very complex to analyze the data and requires very pure material stoichiomet-
rically. Contrast to the dHvAp method 2D ARPES can measure the Fermi surface of any
materials directly. As mentioned already display type analyzer is also useful to PED and
holography measurement. To obtain reliable data for holography the many holograms in
different photoelectron kinetic energies are required{7] and the rapidity of measurement by
the display type analyzer is suitable to this kind of measurement. The measurement rapid-
ity is of course very effective to prevent the sample to be contaminated by residual gases.
In addition to these previously developed application methods, the display type analyzer
has many possibility to find new physical phenomena and soime new finding have been re-
ported recently such as photoemission circular dichroisim in non magnetic and non chiral
materials(8]. As one of such new finding making good use of this display type analyzer, the
last half of this thesis I report the new results of unusual photoelectron distribution of the
transition metal dichalcogenides in the resonance photoemission process.

3.4 Cleavage technique of the layered compounds

The cleavage of the layered compounds such as 17-TaS,, 2/H-TaSe;, 2H-NbSe; can be
achieved very easily by so called scotch tape method. At first we attached the layered
compounds on the Cu plate by some special bond[9] which has the electricity conductance
and the out gas is very small in vacuum. After that a strip of the commercial scotch tape
was attached on the sample as shown in Fig. 3.6.

At the one side of the scotch tape, a small ring of Cu wire was attached and the sample
was set into the preparation chamber. After the pumping out the preparation chamber at
ultra high vacuum(UHV) we hanged up the Cu wire by a bauble stick and stripped away
the scotch tape carefully. As doing this we could obtain a very clean and flat surface with
mirror reflection. This cleaving method is so simple and easy and can apply to the cleavage
of any layered compounds whose layer is bonded weakly by van der Waals force.

!"This feature of undistortion of the patterns our display type analyzer have an advantage over another
display type analyzer which has been developed by Eastman et al.[6].
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Fig. 3.6: Schematic view of the way of cleaving sample using scotch tape.

31



References

[1] S.Suzuki, T.Kashiwakura, A.Kakizaki, T.Kinoshita, A.Harasawa, J.Fujii, S.Suga,
M.Fujisawa, H.Kato, S.Sato, and T.Ishii, Activity Report 1989, Synchrotron Radiation
Laboratory, Institute for Solid State Physics, The University of Tokyo, p.60 (1990).

[2] Actwvity Report 1994, Synchrotron Radiation Laboratory, Institute for Solid State
Physics, The University of Tokyo, p.12 (1995).

[3] Activity Report 1994, Synchrotron Radiation Laboratory, Institute for Solid State
Physics, The University of Tokyo, p.4 (1995).

[4] H.Daimon, Rev.Sci.Instrum.59,545(1988).

[5] For Example, P.Aebi, J.Osterwalder, P.Schwaller, L.Shlapbach, M.Shinoda, T.Mochiku,
and K.Kadowaki, Phys.Rev.Lett., 2757 (1994).

[6] D.E.Eastman, J.J.Donelon,N.N.Hien and F.J.Himpsel, Nucl,Instrum. Meth. 172, 327
(1980).

[7] For example,
B.L.Petersen, L.J.Terminello, J.J.Barton, and D.A.Shirley, Chem.Phys.Lett. 220, 46
(1994).

(8] H.Daimon,
T.Nakatani, S.Imada, S.Suga, Y.Kagoshima, and T.Miyahara, Rev.Sci.Instrum, 66,
1510 (1995).

[9] For example the Muromac bond which is the products of MUROMACHI KAGAKU
Co.,Ltd.

32



Chapter 4

Electronic and geometric structures
of Si(111) clean surfaces

Before describing our result of the studies on the metal induced reconstructions on Si(111)
surfaces, it is worthwhile to summarize the electronic and geometric structures of clean
Si(111) surfaces. Two kinds of reconstructions for have been found on the Si(111) clean
surfaces so far, e.g. 7x7 and 2x1. They have been examined very much intensively, and
their electronic and geometric structures have almost solved by pioneers of surface science.

4.1 Si(111)7x7

Si(111)7x7 surface appears when the clean Si(111) surface is annealed at above 300°C .
The geometric structure of the surface had been investigated for more than 20 years, and now
is considered to be dimer, adatomn, stacking fault(DAS) structure as shown in Fig. 4.1. This
structure consists of 12 adatoms(A), 6 rest atoms(R), 1 corner hole atom(C), 18 dimers(D)
with stacking fault(S) in the 7x7 unit cell . By this reconstruction the numbers of the dan-
gling bonds are reduced to 19(adatomn-+rest atom+ corner hole atom) from 49 of ideal surface.
The theoretical band calculation of the model[l] revealed that the binding energy level of
the adatoms is higher than that of the rest atoms. Because of the higher binding energy
of the adatoms, electrons of adatoms transfer to the rest atoms and the surface state band
of the adatoms becomes half filled and the 7x7 surface has metallic electronic state. This
results of the higher binding energy of the rest atoms than adatoms are strongly supported
by the STM images of Fig. 4.2 in which the filled image of higher sample bias(b)(—0.8eV)
and that of lower sample bias(a)(—0.35eV) correspond to the positions of the rest atoms and
adatoms, respectively|2]. The bright spots of (c) at sample bias of —1.7eV, are considered to
be the back bonds state of the adatoms. Photoelectron spectroscopy had, of course, helped
to understanding the electronic structures of this 7x 7 surface. Figure 4.3 shows the ARPLS
spectrum at surface normal of the 7x7 surface. Two surface states labeled .5, and S, are
observed and they correspond to the adatom states which is half filled and indicate the
metallic state, and rest atom state which has higher binding energy than adatom state as
mentioned. Another surface state .S3 which is assigned as the backbond state of the adatoms
also locates at [7g~1.8eV but merged into the strong bulk state in the normal spectrum.
The experimental band structure of the surface(Fig. 4.4) shows the relatively flat dispersions
of the Sy, 52, and 53 states and the 5y state indicates the sign of the metallic surface state
at every wave number.
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Fig. 4.1: Geometric structure of Si(111)7x7 surface. This structure is called DAS model,
which consists of 12 adatoms(A), 6 rest atoms(R.), 1 corner hole atom(C), 18 dimers(D) with
stacking fault(S) in the 7x7 unit cell

34



(a)

Fig. 4.2: STM images of Si(111)7x7 surface obtained by the Current-Imaging-Tunneling-
Spectroscopy mode from ref.{2]. These images correspond to the electronic state of
(a) Ep=0.35eV(adatom state), (b)0.8eV(rest atom state), and 1.7eV(back bond state of

adatoms).
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Fig. 4.3: ARPES spectrum of the Si(111)7x7 surface at normal direction which are measured
by ourselves. Adatom surface state(.5;) and rest atom surface state(S,) are observed.
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Comparing to the ARPES results, the results of SCLS measurement of the surface has
been controversial problem. As seen in the previous results(Fig. 4.5) the surface sensitive Si
2p spectrum of the surface has a small bump at lower binding energy than main peak. This
spectrum had been fitted by curve fitting into two surface(S1, 52) and one bulk(B) Si 2p
components as shown in the figure.

Si 2p core spectrum of Si(111)7x7

- hv=130eV | 1

-

Intensity (arb.unit)

[N S N T NN TN A N T TN NN NN AN T S A N

101 100 99 98
Binding energy (eV)

Fig. 4.5: Surface sensitive Si 2p core spectrum of the 7x7 surface measured at hry=130eV
by ourselves. The spectrum is decomvoluted into two surface(S1 and $2) and one bulk(B)
components by curve fitting

Miller, Hisieh and Chiang|3] assigned the S1 and S2 component as adatoms and other
surface atoms from the peculiarity of the adatom state. On the other hand, Karlsson et al.[4]
assigned that the S1 is rest atom which shift from the bulk Si 2p position because of the
charge transfer from adatoms referring to aforementioned theoretical calculation[1]. They
considered the S2 consists of the adatoms and pedestal atoms of adatoms from the intensity
ratio of the §2 to 51 referring to the number of the adatoms+pedestal atoms and rest atoms.
Recently Carlisle et al.[5] have performed the Si 2p core spectrum measurement by photons
of many excited energies using SR and observed the oscillation of the intensity of these
surface components(S1 and $2). Then they applied the Extended X-ray Absorption Fine
Structure(EXAFS) analysis to the oscillation of the surface core components and concluded
that the §1 and S2 are arisen from adatoms and rest atoms, respectively. This analysis had
seemed to terminate the controversial problem of the assignment of these surface component.
Very much recently, however, several groups|6, 7, 8] have reported the high energy resolution
Si 2p core spectra of 7x7 surface by cooling down the sample to about 100K to reduce
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the phonon broadening effect. The another shoulders are observed in their surface sensitive
spectrum as shown in Fig. 4.6, and they deconvoluted the core spectrum into one bulk and
four surface components. The intensities of these surface components are proportional to

Si(111) -7x7 ‘ hw = 136 eV
Si2p

(b) binding energy rel. Si 2p,, (eV)

Fig. 4.6: Surface sensitive Si 2p core spectrum with high energy resolution obtained by
cooling down the sample about 100K from ref.[6]. New shoulders which were not seen in
Fig. 4.5 are observed.

the number of the surface atoms such as adatom, rest atom, dimer atom, and pedestal
atoms. The S1 has been assigned as the rest atoms by these high resolution measurement.
At present the assignment of these studies are considered to be more reasonable and the
assignment based on the EXAFS analysis are considered to be questionable since the analysis
was assumed only two surface component in the spectrum.

4.2 Si(111)2x1

The other surface structure of the clean Si(111) surface has 2x1 periodicity and appears
when we cleave Si crystal along the Si(111) surface in vacuum. The electronic and geometric
structures of this surface were also investigated intensively, and almost have been solved.
The surface structural model was proposed by Haneman[9] at first considering two kinds of
surface Si atoms which are located upper and lower site from the ideal surface position in the
2x1 unit cell. By moving these two surface atoms upward and downward, the bonding angle
of the lower surface Si atoins become flatter than that of ideal surface(sp® configuration) and
the bonding character becomes sp? like character as shown in Fig. 4.7. On the other hand
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the bonding angle of upper surface Si atomns becoine steeper than ideal one and bonding
character becomes p? like state. As seen in Fig. 4.7 the binding energy of the dangling
bond at sp? state is lower than that at p? states, that the electron of the atoms at sp? state
transfers to the atoms at p*® state. This model can explain the SCLS results{10] in which

(D) con

sp? P

()

Idedal surface Haneman model

Fig. 4.7: (a) Ideal surface and Haneman model of the Si(111)2x1 surface. (b) Schematic
diagram of the binding energy of dangling bonds for different bonding angles are also pre-
sented.

the two differently charged surface components shifted to lower and higher binding energies
compared to the bulk component(Fig. 4.8).

However, the band dispersion derived from the Haneman model could not explain the up-
ward dispersion with dispersion width of about 0.5eV measured by ARPLES measurement[11].
To understand the experimental band structure Pandey[12] have proposed the new model
for the 2x1 surface which consistent of 5 and 7 membered rings as shown in Fig. 4.9. The
two dangling bonds of 7-membered ring form the m-bonded chains along [101] direction. In
Fig. 4.10 calculated band structure based on the m-bonded chain structure[13] and experi-
mental dispersion|11] of the Si(111)2x1 surface are presented. The agreement between the
calculated results and experimental ones are fairly good and the structure of the 2x1 clean Si
surface is now considered to be the Pandey’s model. When the atoms making the m-bonded
chain structure become asymmetry, total energy of the surface is more stable because of the
same reason of the Haneman model. Thus one of the Si atoms making m-bonded chain, pro-
jected upward and are charged negatively and the other Si atoms dented downward and are
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Fig. 4.9: Pandey model of the Si(lil).?xl surface. The dangling bonds of 7-memebered ring
form w-bonded chains along {101] direction.
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Fig. 4.10: Dispersion of the surface state of Si(111)2x1 observed by ARPES measurement

from ref.[11]. The results of the band calculation for the Pandey model[13] are also incorpo-
rated.



charged positively. The SCLS results of Si(111)2x1 surface can be understood by this charge
redistribution. This is one of the good example indicating that comparing ARPES measure-
ment and calculation is very important to investigate the surface structures as well as the
electronic structures. Inversely this indicate that the assignment of the surface component
on the SCLS measurement is accompanying the some difficulties.
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Chapter 5

Photoemission studies of
Alkali-metal- and Ag-induced
Si(111)3x1 surfaces:
Si(111)3x1-Na, Si(111)3x1-Rb,
Si(111)3x1-Ag

5.1 Introduction

As mentioned already in the previous chapter, the alkali metal/semiconductor interfaces
have been the subject of intense interest from both fundamental and application points of
view. The large work-function reduction is one of the major issues of these systems and
applied to making a good electron source. On the other hand, these adsorbate systems are
expected to promote fundamental understanding of general metal /semiconductor interfaces,
because only one s valence electron of the alkali atom is expected to take part in the bonding
to the semiconductor substrate. Noble metals such as Cu, Ag, and Au have also only one
s electron in their most outer shell and can be another candidate of adsorbate which help
understanding the bonding properties of metal /semiconductor interfaces as discussed follow-
ing sections. In spite of the simplicity of these alkali metal or noble metal/semiconductor
systems, however, many issues are still controversial.

Among these systems, alkali metal or Ag induced Si(111)3x1 reconstructed surfaces
have been studied intensively in these days to understand their electronic and geometric
structures. The alkali metal induced Si(111)3x1 reconstructed surfaces were first found by
means of the reflected high energy electron diffraction(RHEED) measurement for most of the
alkali metal adsorbates (Li, Na, K, Rb, and Cs)[1]. For the Ag/Si(111) system a similar 3x1
reconstruction has also been observed when we adsorb the Ag on annealing Si(111) surface[2]
at adequate temperature. As shown in Fig. 5.1 this Ag induced 3x1 surface changed into
6x1 surface at T.=220°C reversibly. However the local structures of them are considered
to be almost the same and | use the expression of “3x1-Ag” as the 6x1-Ag surface in this
thesis. In spite of similar electronic state of gold to silver, however, gold does not induce the
3x1 reconstruction.

Until now many experimental suggestions for the geometric and electronic structures of
the 3x 1 surface have been reported and a lot of structural models for the 3x1 reconstruction
have been proposed. Any consensus of the surface structure, however, has not been achieved
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Fig. 5.1: Phase diagram of the Ag/Si(111) system from Ref.[1]
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yet.

The scanning tunneling microscopic (STM) images of the filled states of the Si(111)3x1-
Na[3], -K|[4], -Li[5], and -Ag[5] surfaces show a similar bright zig-zag chains consisted of two
atoms in every three atomic lines lying along the [101] direction. Fan and Ignatiev(6] sug-
gested that these surfaces were essentially identical from the low energy electron diffraction
(LEED) I — V curves of the 3x1-Li, Na and Ag surfaces. In addition the similarity of the
I — V curve in different adsorbates which have different cross sections implies that the re-
construction is realized by the rearrangement of Si substrate. There is another experimental
suggestion that the 3x1-AM surface is inactive against oxidation compared with the 7x7
clean surface [7] by their Auger electron spectroscopy(AES) measurement contrary to the
general tendency of AM making adsorbed surface active.

As for the coverage of the 3x 1 surface, it was considered to be 2/3ML from the RHEED-
Total Reflection Angle X-ray Spectroscopy(TRAXS)[1] and STM images[3] at first. Accord-
ing to Tikhov et al.[7], however, only the coverage of 1/10 of saturate coverage of Na/Si(111)
was required to make 3x1 surface. Fan and Ignative[6] also suggested from their AES mea-
surement that only small amount of AM as a contamination level(0.01ML) can realize the
3x1 surface. As will be discussed next section of my thesis, our X-ray photoelectron spec-
troscopy (XPS) data[8, 9], however, led to the conclusion that the saturation coverage of the
3x1-Na was 1/3ML. Recently, some experimental results which support the 1/3ML coverage
of 3x1-AM and Ag have been reported by several groups[10, 11, 12, 13].

Regarding to the electronic structure, there were not so many studies so far. The scanning
tunneling spectroscopic(STS) current-voltage (I — V') curve measurement|3] indicated that
the Si(111)3x1-Na surface was semiconducting with an energy gap of about 0.7~1.0eV.
According to the Electron Energy Loss Spectroscopic(EELS) measurement|7] on the 3x1-
Na new loss peaks at 11.9 and 3.7eV were appeared but reasonable assignment of the peak
had not been done. As for the electronic structure of Si(111)3x1-Ag, there is no studies at
present as far as I know.

To obtain the further information of the crystal structure and the bonding character of
these surfaces I have performed the surface sensitive Si 2p core photoelectron spectroscopy
for the Si(111)3x1-Na, Rb, and Ag surfaces and discussed about their surface core level
shifts (SCLS) as well as the difference between these surfaces. In addition I describe about
the results of our ARPES measurement of the 3x1-Na[14] and discuss about the electronic
structure of the surface precisely comparing to the recently reported several theoretical band
calculations(15, 16, 17].

5.2 Experimental

All of the present experiments were performed at the Institute for Solid State Physics(ISSP)
beam line BL~18A of Photon Factory of National Laboratory for High Energy Physics. Both
sample preparation and measurements were carried out in an ultra-high-vacuum (UHYV)
chamber with the base pressure of 2x10~"Torr. Silicon wafers (P doped, n-type, p=2.4-
4.0Q2%cm) were cleaned by repeated resistive-heating up to ~ 1250°C for five seconds in the
UHV chamber. The cleanliness of the sample was checked by the clear 7x7 LEED pattern
and the lack of O 1s and C 1s components in the XPS spectra. The 3x1 reconstructed
surfaces were realized by Na or Rb deposition onto the clean Si(111)7x7 surface at the
substrate temperature of about 500°C . Alkali metals(Na and Rb) were evaporated from
thoroughly out-gassed chromate dispensers (SAES Getters) under a pressure of less than
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5% 10~ Torr. The distance between the AM dispenser and the Si wafer was about 3cm. To
obtain a high quality(=homogeneous) 3x1-AM surface, we stopped the AM exposure and
the Si heating at the same time. If the heating(exposure) continued further after the stop
of the exposure(heating), the obtained 3x1 surface will accompany less(more) AM than the
saturation coverage of the perfect 3x1 surface. The quality of the reconstructed surface was
ascertained by the bright 3x1 LEED spots without any other spots. In accord with the
three-fold symmetry of the Si(111) substrate, the LEED patterns indicated the existence of
three equivalent 3x1 domains rotated by 120° from each other in the azimuthal angle. To
evaluate the coverage of this surface we have checked the ratio of the intensities of the Na 1s
core photoemission and the Si LVV Auger peaks in the XPS spectra. We also checked the
work function change of the 3x1-Na surface. The work function change was estimated by
the secondary electron cut off energy of the PES spectra. The position of the Fermi energy
was estimated by ARPES spectra of the Ta sheet which was used to attach the Si wafer onto
the sample holder. The precise photon energy of the synchrotron radiation was obtained by
measuring the difference of the two kinetic energies corresponding to the Fermi level excited
by the first and the second order photons.

The Si 2p core spectra were measured with the angle integrated spectrometer (VG-
CLAMII) in order to reduce the photoelectron diffraction effect. In the core level spec-
troscopy of the Si(111)3x1-Na, the surface sensitive measurements were done at the photon
energy of hy=130eV where the kinetic energy of the Si 2p is about 27eV and mean free path
of the Si 2p photoelectrons is very short (~4A) and the spectra well reveal the contribution
of the surface Si 2p emission as discussed in the chapter2 section2.1. For the bulk sensitive
measurements we used hv=110eV at which the mean free path is estimated to be ~ 20A.
The overall energy resolution(full width of half maximum:FWHM of the Si 2p core) of the
surface sensitive measurement of the 3x1-Na was ~ 0.28eV.

In the measurement of the Si(111)3x1-Rb and -Ag surfaces we used the He cryostat to
cool down the sample temperature referring to the recent high energy resolution measurement
in which the sample temperature are cooled down to reduce the phonon broadening effect
and achieved high resolution measurement of Si 2p core spectrum. After making the 3x1
surfaces the samples are cooled down to about 75K by using He cryostat immediately. In this
measurement of the 3x1-Rb and Ag, I used the photon energy of hv=133eV, 125eV, 115eV
to change the surface sensitivity for the precise analysis of the core spectra. The photon
incidence angle and the photoelectron detection angle for the core level measurements were
45° and 0° from the surface normal direction. To increase the photoelectron intensity from
surface contribution we also use the configuration of the photoelectron detection angle of
60° from surface normal for the measurement of Si(111)3x 1-Ag surface.

For the ARPES measurement we used several photon energies (18.0, 21.2, 23.0, and
51.0eV) in order to reliably determine the surface state. The analyzer was horizontally ro-
tated for the ARPES measurement. The photon incidence angle was basically 45° from the
surface normal. We changed the incidence angle from 45° to 35° , only when we measured
the spectra for the 6, beyond 40° in order to prevent the reflected synchrotron radiation(SR)
beam from entering directly to the analyzer. The SR is linearly polarized in the horizontal
plane and the incident light was p polarized. The configuration of the ARPES measurement
is illustrated in Fig. 5.2. The accurate surface normal direction was estimated from the
symmetry of the observed dispersion around the I' point. The overall instrumental angu-
lar and energy resolutions of the ARPES measurement were about +0.5° and 150meV at
hy=18.0eV.
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Fig. 5.2: Schematic diagram of the ARPES measurement configuration

5.3 Results

5.3.1 Coverage and work-function change of 3x1-Na

To investigate the AM coverage on the Si(111)3x1 surface I have performed XPS of
the Si(111)3x1-Na and Si(111)67x7-Na surfaces (Na deposited Si(111)7x7 surface at room
temperature). The filled squares and circles in Fig. 5.3 show the results of Nals/SiLVV AES
peak intensity ratio in the XPS spectra and the work-function for the Si(111) surface, exposed
to the evaporated Na at room temperature (i.e. §7x7-Nacase). The abscissa is the integrated
exposure time of Na onto the clean Si(111)7x7 surface. The Na/Si peak intensity ratio
increases monotonously and almost saturates at about 1.1 ~ 1.3 after 10 minutes. For the
3x1-Na surface, this ratio is ~ 0.34+£0.08 as indicated by an open square. (Its horizontal
position has no particular meaning.) Hence, if we consider the saturation coverage of Na in
the 67x7-Na structure as about 1IML{1, 18], it is immediately concluded that the saturation
coverage of the 3x1-Na surface is close to 1/3ML. Recently, some experimental results which
support the 1/3ML coverage have been reported by several groups using several experimental
techniques(10, 11, 12, 13] and the coverage of the 3x1-AM has been considered to be 1/3ML
at present.

Seeing the work-function change of the Na/Si(111)7x7 surface, the work-function de-
creases monotonously until about 6 minutes, where the minimum value is 2.18eV, and then
it increases again and saturates at ~ 2.46eV after 10 min. The value of the work function of
the 3x 1-Na surface(3.954+0.16eV) is indicated by an open circle for comparison purpose. The
small change of the work-function (A¢, ~0.6eV; from 4.6eV on the clean surface to 3.95eV
on the 3x 1-Na surface) in this study differs from that reported by Jeon et al.(Ap,=1.6eV)|3].
We consider that the disagreement between our result and that of the STM|3] study is due
to the low annealing temperature (360°C) of them which may be accompanied by more
adsorption of Na and more reduction of the value of the work function than that at the
saturation coverage at 500°C. According to our measurement of the Auger electron spectra,
the amount of the adsorbed alkali metal of the 3x 1 surface at 360°C was more than the satu-
ration coverage. The A¢g, presently observed for the 3x1-Na surface (0.6eV) is even smaller
than the value corresponding to the 1/3ML exposure in the initial stage of the §7x7-Na
surface (~2.0eV at 3.3min). This means that the electric dipole moment induced by each
Na atom on the 3x1-Na surface is smaller than that on the §7x7-Na surface.
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5.3.2 SCLS of Si(111)3x1-Na

In Fig. 5.4 are summarized the results of the surface sensitive photoelectron spec-
troscopy of (a)clean 7x7, (b)3x1-Na and (c)67x7-Na surfaces. Each spectrum is normalized
at the highest peak. The dots are experimental data points corrected for the secondary-
electron-background. The experimental spectra were fitted by means of a nonlinear least-
squares method with considering spin-orbit doublet components convoluted by Gaussian
(experimental energy resolution) and Lorentzian (life-time broadening) functions. We deter-
mined the widths of the Gaussian and the Lorentzian as common parameters for all spectra
in the fitting procedure. On the other hand the branching ratios were allowed to vary among
these spectra considering the final state effect. All spectra can be well fitted with three dou-
blet components. The parameters used here are tabulated in Table 5.1. The blue solid and

Table 5.1: Table5.1 Fitting parameters used for the line-shape analysis and the values of the
bulk core level shifts(from the bulk component of the 7x7 clean surface) and the surface
core level shifts(from the corresponding bulk component of each spectrum) as well as the
intensity ratio of the surface components compared with the bulk component. A positive
value of the shift represents a shift to larger binding energies. The estimated number of
surface atoms in the 1x1 unit cell(f,) is also given.

(a) (b) (©)
77T  3x1-Na 67x7-Na
Spin-orbit splitting (eV) | 0.608 0.608 0.608
Branching ratio (2p;/2/2ps/z) 0.600 0586 = 0.541
Lorentzian width (eV) | 018 0.18 0.18
Gaussian width (eV) | 0.28 0.28 0.28
Bulk component(B)
Bulk core level shift (eV) — —0.131 0.007
Surface component(51) ~
Core level shift (ev) | —0.716 —0437 -0.341
Intensity ratio 0.055 0.425 0.332
Surface component(52)
Core level shift (eV) | 0.314 0.267 0.197
Intensity ratio 0.488 0.446 0.318

broken curves(red and green) in Fig. 5.4 represent the bulk (labeled B) and surface (labeled
51, §2) components, respectively. The doublets labeled S are interpreted as the surface
contribution because of their intensity reduction in the bulk sensitive spectra (at hv=110eV,
Fig. 5.5). Each solid curve which is the sum of the surface and bulk contributions, reproduces
the experimental spectrum very well.

The shape of the spectrum of the 7x7 clean surface (Fig. 5.4(a)) is very similar to the
results of other groups [19, 20]. As mentioned already, according to recent high energy
resolution spectrum of the 7x7 surface[21, 22, 23] the S2 peak include some different kinds
of the surface component such as the adatoms and pedestal atoms of adatoms but in our
spectrum in finite energy resolution we decomvolute it only one surface component as .52.
Thus I consider that the S1 is the contribution from the rest atoms (6 atoms) and the 52
is that from the adatoms (12 atoms) as well as the atoms which are bonding with adatoms
(36 atoms) in the DAS model. The intensity ratios and the surface shifts in Table 1 support
this interpretation.
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Fig. 5.4: Surface sensitive Si 2p core level spectra of (a)Si(111)7x7, (b)Si(111)3x1-Na and
(c)Si(111)87x 7-Na surfaces. Every spectrum can be fitted with one bulk(B) and two surface

components(S1 and S2).
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Fig. 5.5: Bulk sensitive Si 2p core level spectra of (a)Si(111)7x7, (b)Si(111)3x1-Na and
(c)Si(111)87x7-Na surfaces.
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With regard to the energy position of the bulk Si 2p core component, we notice that it
is shifted appreciably toward smaller binding energies (by —0.13eV) for the 3x1-Na surface,
but it is hardly shifted for the §7x7-Na surface. Namely the valence band maximum of this
n-type sample further bends by 0.13eV toward the Fermi level on the 3x1-Na surface in
contrast with the §7x7-Na surface.

As for the surface components the intensity ratio between the S2 and the 51 components
becomes almost comparable in both the 3x1-Na and §7x7-Na surfaces. We also notice that
the intensity of the S2 component of the 7x7 clean surface which is ascribed to the adatoms
has been much reduced on the §7x7-Na surface. According to the UPS study of the 7x7
surface adsorbed with Li and K [24],the adatom dangling bond state likely disappears at the
saturation coverage. For the Cs adsorbed surface, the adatom dangling bond is terminated
by the Cs atom at the first stage of the adsorption [25]. On this analogy we think that the
tendency of the reduction of the §2 component on the §7x7-Na surface may be due to the
Na adsorption on the adatom dangling bonds.

One notices that the total S1 and S2 peak intensity (S1+.52) of (b) is appreciably larger
than that of (c). This fact suggests that the number of surface Si atoms with electronic
characters different from those of the bulk Si atoms, is more on the 3x1-Na surface than
on the §7x7-Na surface. The number of the surface Si atoms in a 1x1 unit cell (6,) for
each surface is estimated from the intensity ratios of the surface components by well know
attenuation model as mentioned in section2.2 and given in Table 5.1. For this estimation
we used the values of the average spacing between the Si layers as 1.57A(% of the distance
between the 1st layer and the 3rd layer of the ideal Si(111) surface) and the mean free path
of 3.94 for the surface sensitive measurement.

For example, 0, in the 7x7 clean surface is experimentally evaluated as 1.06. If we
assume the number of surface Si atoms of the 7x7 surface as 54 (adatoms + pedestal atoms
+ rest atoms = 12 + 36 + 6 = 54) in the 7x7 unit cell(49 atoms), the §, should be 2. This
theoretical value (Z—% ~1.10) is in good agreement with the experimental value (1.06). From
the 6, values we estimate that the number of surface atoms is about 4 (4.23 = 1.41 x 3) for
the 3x1 surface in the 3x 1 surface unit cell, and about 58 (58.3 = 1.19 x 49) for the §7x7
surface in the 7x7 unit cell.

With respect to the electronic characters of these surface Si atoms, the values of the
surface core level shifts (SCS) of both S1 and 52 components of (b) have larger absolute
values than those of (c). This result indicates that the amount of charge transfer from the
Na atoms to the surface Si atoms or between different kind of surface Si atoms is larger for
the 3x1-Na surface (b) than for the §7x7-Na surface(c).

5.3.3 SCLS of Si(111)3x1-Rb and -Ag with high energy resolu-
tion

High energy resolution core level spectroscopy
Referring to the recent high energy resolution core spectroscopy measurement of the
Si(111)7x7 surface by cooling down the sample at about 100K, I have attempted to apply
the high energy resolution method to the measurement of the 3x1-Rb and Ag surfaces. I
have cooled down the sample about 75K after making the 3x1-Rb and Ag samples and shut
the slit of SR light as possible as I can to improve the energy resolution of the light.
Figure 5.6 shows the results of the high resolution surface sensitive photoelectron spec-
troscopy of the Si 2p core for clean Si(111)7x7 surface recorded by hr=133eV. Seeing the
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Fig. 5.6: Si 2p core spectrum of the Si(111)7x7 in high energy resolution mode recorded by
hv=133eV at Ts=75K.
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spectrum we can find some new shoulders (indicated by arrows) which could not be de-
tected by previous room temperature measurement of 7x7 surface(Fig. 4.5) because of the
reduction of the phonon broadening effect and indicating the achievement of the high resolu-
tion measurement. I fitted this spectrum by curve fitting procedure. The experimental data
points(dots) are fairly reproduced by the fitted curve(solid curve) in each spectrum. I needed
four surface(broken curves) and one bulk(blue solid curve) components to fit the 7x7 surface
spectrum. These values of shifts are consistent with those of previous studies[22, 23, 21] and
the intensities are close to the results of Paggelet al[22]. The fitting parameters is repre-
sented in Table5.2 and very similar to those estimated by Paggel et al.[22], but little bit
different from those by Karlsson et al.[23] or LeLayet al.[21].

Table 5.2: Fitting parameter of the high energy resolution spectrum of Si 2p core of
Si(111)7x7 surface :

Spin-orbit splitting (eV) 0.608
Branching ratio(2p; /2/2ps/2) 0.500
Lorentzian width (eV) 0.180
Gaussian width(B) (eV) 0.137
Gaussian width(S) : (eV) 0.293
Surface component(S;)

Core level shift (eV) 0240

Intensity ratio(S1/B) 2.980
Surface component(S,)

Core level shift (evV) -0.702

Intensity ratio(Sz/B) 0.313
Surface component(S3)

Core level shift (eV) 0.527

Intensity ratio(Ss/B) 0.561
Surface component(Sy)

Core level shift (eV) —0.064

Intensity ratio(Ss/B) 2.735

St 2p core spectra of Si(111)3%x 1-Rb and -Ag

Figures5.7 and 5.8 show the Si 2p core spectra of the Si(111)3x1-Rb and -Ag taken at
some different photon energies(hv=115, 125, and 133eV) and Ts=75K. Though we can fit
the spectra of the 3x1-Na by two surface and one bulk components, however, we need three
surface and one bulk components to best fit the spectrum of the Si(111)3x1-Rb as shown
in the Fig. 5.7. Therefore there are at least three kinds of surface Si atoms on the 3x1-Rb
surface. The directions of the shifts of two surface components, S1 and §2, are negative
and positive consistent with the case of the 3x1-Na surface. The amount of shift of the
53 is very little(—0.105eV) and the same component may merge into the bulk component
in the spectrum of 3x1-Na surface. From the intensity ratio of the 51, 52, $3 and B we
estimated the number of surface atoms. In the Table5.3 I presented the fitting parameters
and estimated numbers of surface Si atoms. As presented in the table S1, 52, and S3
correspond to 1.56, 1.33, and 2 surface Si atoms in the unit cell. The valence band bending
of this 3x1-Rb surface compared to the Si(111)7x7 surface is estimated from the bulk core
level shift as 0.06eV toward the Er and more smaller than that of the 3x1-Na surface(0.131).

On the other hand we need two surface components and one bulk component to fit the
Si(111)3x1-Ag surface without inconsistency between different spectra in different surface
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Fig. 5.7: Si 2p core spectra of the Si(111)3x1-Rb surface recorded by hy=115 and 133eV at
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sensitivity as shown in Fig. 5.8. The fitting parameters are also tabulated in Tabled.3.

Si 2p of Si(111)3x1-Ag T.=75K

Intensity (arb. units)

ission

Photoem

U TN N WK T T OO AU T YOG TR TN AN OO NN NN AR RN

101 100 99 98
Binding Energy (eV)
Fig. 5.8: Si 2p core spectra of the Si(111)3x1-Ag surface recorded by hv=115, 125, and
133eV at Ts=T75K.

As seen in the Fig. 5.8 and Table5.3 the position of 51 component is very close to the
bulk position compared to the AM induced 3x1 surface and the intensity of the S1 is very
much larger than S2 component. The intensity of the S1 is larger than the bulk component
in the surface sensitive(hy=133eV) spectrum. The estimated numbers of the surface atoms
on this surface is about 4.2 and 2.8 in the surface unit cell as shown in Table5.3. On this
3x1 surface the band bending toward Ep is 0.107eV and smaller than that of 3x1-Na(0.131)

but larger than 3x1-Rb(0.06).

Rb4p and Ag 4d core spectroscopy In addition to the Si 2p core spectroscopy we also
measured the Rb 4p core and Ag 4d core spectra. Figure 5.9 shows the results of the core
measurement of these adsorbates. To obtain the pure information of the adsorbate in the
case of the 3x1-Rb surface we annealed the Si(111)3x 1 surface little bit and make the mixed
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Table 5.3: Fitting parameters of the Si(111)3x1-Rb and 3x1-Ag surfaces

(a)

(b)

3x1-Rb 3x1-Ag

Spin-orbit splitting (eV) 0.605 0.605
Branching ratio(2p1/2/2ps/2) 0.500 0.500
Lorentzian width (eV) 0.180 0.180
Gaussian width(B) (eV) 0.269 0.213
Gaussian width(Sy,.52) (eV) 0.407 0.382
Bulk core level shift (eV) —0.06 —0.107
Surface component(S7)

Core level shift (eV) —0.249 —-0.016

Intensity ratio(S,/B) 0.37 2.47

Number of atoms in unit cell 1.56 4.2
Surface component(S;)

Core level shift (eV) 0.445 0.381

Intensity ratio(Sa/B) 0.49 1.55

Number of atoms in unit cell 2.0 2.8
Surface component(.S3)

Core level shift (eV) —0.105 —

Intensity ratio(S3;/B) 0.32 —

Number of atoms in unit cell 1.33 —

surface of the 3x1-Rb and 7x7 clean surfaces. By doing that the observed photoelectron
of Rb restricted to only from the 3x1 surface. As seen in the figure each spectrum contain
no shifted peak and could be fitted with only one component of the doublet. These results
indicate that the bonding site of Rb and Ag on the 3x1 surface is only one kind and are
consistent with the coverage of 1/3ML.

5.3.4 ARPES of Si(111)3x1-Na

normal emission
Figure 5.10 shows the ARPES spectra for the surface normal direction of the Si(111)7x7
clean surface and the Si(111)3x1-Na surface measured at hy=21.2eV.

The broken vertical line indicates the Fermi level position. As mentioned before, in the
spectrum of the 7x7 surface, the adatom dangling bond state(“.S7*™), which is crossing the
Fermi level, and the rest atom dangling bond state(“S;*™” binding energy(L2z)=~ 0.9eV) are
clearly seen. The adatom back bond state of the 7x7 surface (Fp~ 1.7eV) cannot be clearly
recognized due to the strong intensity of the bulk state(“B”) for the normal emission. Other
peaks at Fp= 4.05, 2.99, and 2.53eV and the shoulder at Eg=4.61eV are also observable in
the 7x7 spectrum(marked by wedges).

In the spectrum of the 3x1-Na surface, the“S7T*™ and “S3*™" states disappeared and
other peaks or shoulders labeled “a”, “b”, “¢”, “d”, and “e” appeared at Fp=1.34, 1.66,
2.98, 3.90, and 4.26eV, respectively. In this spectrum of the 3x1-Na we can no longer see
the sign of the metallic character like the “S]*7” state. Among these peaks and shoulders of

the 3x1-Na surface, the peak “b” is thought to be a bulk state which is of the same origin
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Fig. 5.9: Rb 4p and Ag 4d core spectra of Si(111)3x1-Rb and -Ag surfaces
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as the peak “B” of the 7x7 spectrum, because the states “b” and “B” have similar large
dispersions(it will be shown later in Fig. 5.13 and Fig. 5.14). The shift of the peak from
Fp=1.85eV(peak “B”) of the 7x7 surface to Fg=1.66eV(peak“d”) of the 3x1-Na surface
in the normal emission is thought to be due to band bending. The amount of the shift
(—0.19eV=1.66—1.85eV) is comparable with the band bending(—0.13eV) estimated by the
Si 2p core measurement.

Surface Brillouin zone
Figure 5.11 shows the surface Brillouin zone(SBZ) of the 3x 1 surface (thick broken lines)
as well as those of the 1x1(solid lines) and the 2x1 surface(dotted lines).

[112]  [101]

— 1x1

--- 3x1
—{112)
—=nq10) S 1()
S—0l)
£z2253{101] 3><1(B)

Fig. 5.11: (a)Surface Brillouin zones(SBZ’s) of the 3x1 surface as well as that of the 1x1
surfaces.

We performed the ARPES measurement along the [112] and [101] directions which cor-
respond to [' —M and [' —K directions of the 1x1 symimetry, respectively. [ is common to
the 1x1, 2x1 and 3x1 SBZ’s and the symbols M and K indicate the symmetry points of
the 1x1 SBZ. The symbols A, B, C, D, E, ', G and H are the symmetry points of the
3x1 SBZ, which is shown by thlck broken lmes labeled( ), named tentatively. The symbols
J, J, and K’ are the symmetry points for the 2x1 SBZ. Because the present sample has
three equivalent 3x1 domains, we have to consider other two equivalent SBZ’s(thin broken
lines, labeled (2) and (3) in Fig.1). Consequently, each dispersion measured along the [112]
or the [101] directions is the mixture of those arises from two kinds of domains. That is the
measurement along the [112] direction corresponds to the ' =C —T' —C ...symmetry line
as well as the [ —=E —F —E —~I' ... symmetry line of the 3x1 SBZ. In the same way, the
measurement along the {101} direction corresponds to the T’ -D-G-E~-H-F-H-E.
symmetry line and the ' ~G —H —A (=B )-E —=D —C —D —E ... line at the same time. We
defined the dispersions obtained in the measurement along [1 1‘2] and {101} directions in the
SBZ(1) domain, which are along T'-C -T'-C ... and I'-D -G -E-H -F ... directions(indicated
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by solid arrows), respectively as the 3x 1o dispersions. As the same way we defined the 3x1[3
dispersions as the dispersions along [112] and [101] directions for SBZ(2), which reduced to
those along ' -E -F -E ... and I'-G -H -A (=B )-E -D -C directions for the SBZ(1) domain
as shown by broken arrows in Fig. 5.11. By this definition the measured dispersions along
[112] and [101] directions arisen from SBZ(3) domain correspond to that of 3x1f and 3x 1«
dispersions, respectively, as shown in Fig. 5.11.

Angle resolved photoemission spectra
Figure 5.12 show the typical angle resolved spectra for [112] and [101] directions measured
at hv=18.0eV. In the figures, the vertical bars show the states assigned to the surface states
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Fig. 5.12: ARPES spectra of the Si(111)3x1-Na of (a)for [112] and (b) for [101] directions
recorded at hv=18.0eV.

of the 3x1-Na surface as well as other prominent peaks which are thought to be bulk like
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bands of the substrate. The precise energies of these peaks and shoulders were determined
by taking the minimumn positions of the second energy derivative spectra(8]. These spectra
show that there is no appreciable density of states(DOS) at the Fermi level(broken vertical
lines). Other spectra taken at hvy=21.2, 23.0 or 51.0eV neither showed any signal of DOS
at the Fermi level. Therefore the 3x1-Na surface is not metallic as the 7x7 surface but
semiconducting. This semiconducting character of the 3x1-Na surface is consistent with
the results of the STS I — V curve measurement[3] for the 3x1-Na surface and our ARPES

measurement for the 3x1-K surface|8].

Band maps
Figures 5.13 and 5.14 show the band maps of the 3x1-Na surface for hy=18.0eV and

21.2eV obtained from the ARPES spectra. The left- and right-hand sides of the figures show
the dispersions along the [112] and [101] directions.
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Fig. 5.13: Band map of the Si(111)3x 1-Na surface for hv=18.0eV. The positions and the
intensity of the peaks and shoulders are shown by filled circles changing their sizes by three
grades. The left- and right-hand sides of the figure show the dispersions along the [112] and
[101] directions.

We do not present the band maps for hv=23.0eV and hv=>51.0eV because of the scarcity
of the measured data points. We have also presented the band maps of the 7x7 surface for
hv=21.2eV in Iig. 4.4 in the sectiond.l for comparison. The ordinates show the binding
energy relative to the Fermi level. The bottom and the top abscissa correspond to the wave
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Fig. 5.14: Band map of the Si(111)3x1-Na surface for hv=21.2eV. Other parameters and
rotations are the same as in Fig. 5.13.
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number and the position of the symmetry point. Along with the 1x1 symmetry points, the
aforementioned two sets of the 3x1 symmetry points (3x1(a) and 3x1(3)) are presented.

In these figures, the data positions are represented by filled circles. The size of the circles
in three grades represents the intensity of the peaks or shoulders in the ARPES spectra.
The shaded area corresponds to the bulk band projection taken from ref.[26]. The energy
position of the valence band maximum(VBM) from the Fermi level(Er), Ep(VBM), was
estimated from the relation, Er — Eg(VBM) = Ep — Ep(Si2ps/2)—98.74eV, which was
proposed by Himpsel et al. for the Si(111) surface[27]. We can know the binding energies of
the Si 2p3/, core level of the 3x1-Na surface as 99.16eV, and of the 7x7 surface as 99.29eV,
from our measured core level spectra. Therefore the energy difference between the IFermi
level and the VBM is Er — Eg(VBM)=99.16—-98.74=0.42eV for the 3x1-Na surface and
09.29—-98.74=0.55¢eV for the 7x7 surface.

Assignment of surface states

According to Figures 5.13 and 5.14 we can easily find several surface states which exist
in the band gap of the bulk band projection. Since there are three 3x1 domains on this
sample we have to be careful to count the number of the surface states and to determine the
directions of the observed dispersions. Otherwise we may regard the same surface state which
appears in the different directions as different surface states. Fortunately the symmetry point
of E in the direction of [101] has the same wave number in both 3x1(a) and () directions
as seen in the top of Figs5.13 and 5.14. Therefore we can easily know the number of surface
states by counting the number of states in the band gap at the E point. At the E point of
Fig. 5.13{101] we can discriminate several surface states which are at Fz~0.8eV(later named
S18), 1.3eV(S2q), and 1.7eV(.S3,), in the bulk band gap. In the region of Ep >4eV with k;
between ~0.8 and 1.5 A1, we can also see another surface state(.S;) in the bulk band pocket.
These surface states are considered to be different surface states and named .5y, 3, 53, and
Ss. In Fig. 5.14[101] we can also see some surface states at Fg~1.3 and 1.6eV near the [
point. There is another surface state in the [’ region larger than 4eV at ky=~0.8, and 1.4
A-1. These surface states are thought to correspond to the S, .S3, and Sy states considering
their binding energies comparing with those of I'ig. 5.13. Comparing the dispersions of these
states in Figs5.13 and 5.14 with those of the 7x 7 surface(Fig. 4.4), it is easily recognized that
these surface states are characteristic to the 3x1 surface. In Fig. 5.14[101], however, the .5
state is not observable at the E point. In addition, it is worth noting that the shape of the
dispersion curve of the .S, state in Fig. 5.13[101] is different from that in Fig. 5.14[101]. This
result suggests that the observed directions of the dispersions are different from each other.
These difference between different photon energy measurements may be the final state effect.

There are also some states which are considered to be resonant states, in the bulk band
projection. The states labeled R; and R, which continue to the S5 state, and Rz continuing
to the Sy state are considered to be resonant states of these surface state.

The energy levels of the Sy, Sz, and Sy states hardly shift(less than the margin of the
energy resolution ~0.15eV) in the measurements at different photon energies, indicating that
these states are real surface states. The surface state marked S3 is somewhat unclear at the
E point in Fig. 5.13[101) and one can not confirm that its 5 does not change with the
photon energy. However the resonant states R; and R, of .53 states do not shift appreciably
with photon energies and we think the S; state is a real surface state. The fair agreement
between the transition positions from the prominent R; and R, states to the more weak and
broad S state and the bulk band projection edges shown in Fig. 5.13 also implies that the
R, and R, states are surface resonant states. This agreement also means that the estimated
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Eg(VBM) is appropriate.

In Fig. 5.13[112] and Fig. 5.14[112] we can see some surface states in the bulk band gap.
These states are considered to be the Sy, S, and 54 states from their energy levels. In
addition, there are some prominent states around Eg=2eV inside the bulk band projection.
We regard these states as well as the state at Fp=1.8eV around kj=0 A~! in Fig. 5.13 having
flat dispersions as the resonant states of the S5 state judging from their energy positions and
absents of the states in 7x7 surface as seen in Fig. 4.4.

Besides these surface states, several bands with bulk character are also seen in both
Fig. 5.13 and Fig. 5.14. Among those bulk bands we labeled clear ones as By and B>. These
structures correspond to “b” of Fig. 5.10. These states have large dispersions as clearly
seen in Fig. 5.12. In a strong contrast to the case of the surface states, similar bands are
seen for the 7x7 surface in Fig. 4.4, which converge to “B” in Fig. 5.10(The B, and B,
states look degenerated at the I point). In addition, the B, and B, states have considerable
energy shifts for different hv due to the dispersions along the surface normal. The amount
of the shift near the I' point was less than 0.27eV for the measurements at hy=18.0, 21.2,
23.0, and 51.0eV. The energy difference was the largest between hy=21.2eV and 51.0eV.
The dispersion or the energy shift of the B, and B, states, for example, obscures the Sy
resonant state near the I' point in Fig. 5.14 due to the mutual overlap. Thus confirmed
surface states, resonant states and prominent bulk states are labeled as Sy, So, S3, S4, B,
and B, in Fig. 5.12, in which the surface states and the resonant states were traced with
dotted lines.

Besides these states we can also see several states in the small bulk band pockets near the
E point around Eg~3.5¢V in Fig. 5.13[101] and Fig. 5.14[101], which may also be surface
states. Their binding energy shifts of about 0.35eV for different hv are, however, a little bit
too large for surface state and we will no more discuss about these states.

Extraction of the surface states along 3x 1 SBZ

From these dispersion data of Fig. 5.13 and Fig. 5.14 we can confirm that this surface
is semiconducting and has at least four surface states even though the data are mixtures of
three different 3x1 domains. In order to compare them with the theoretically calculated band

dispersions, however, we have to ascertain the true directions of the observed dispersions in
the 3x1 SBZ.

In our assignment we classified the bands of .5, and S, into nine individual parts and
labeled ‘I' ~ ‘IX’ in Fig. 5.13 and Fig. 5.14. From Tig. 5.13 we can know that the states
having 3x1 periodicity in the [112] direction(‘*VI’) is the .52 state along 3x1a direction, since
the state continues to the S state of the [101] direction(‘’). Thus we could obtain the Epys
of the Sy state at I', C and E points. If the S,a state labeled ‘I’ in the Fig. 5.13 was along
the 3x 14 direction, the Ejg of the state at G () point is lower than that at E point. The
dispersion feature of .Sy state labeled ‘111" in Fig. 5.14 is different from that of ‘I’ in Fig. 5.13.
Then the S, of ‘III’ should be along the 3x1a direction. In this case, however, the 'z of
the state ‘111" at G (a) point is higher than that at E point in Fig. 5.14. This inconsistency
was caused by the misassumption that the Sy state labeled ‘I’ is along the 3x 14 direction.
Therefore the S, states of ‘I’ and ‘III” must be along the 3x 1« and 3 directions, respectively.
From the assignment we could know the Eg of the Sy at almost all the symmetry points.
After the assignment we considered all the combinations of the sorts and directions of the
remaining surface states and compared the energy levels of them at major symmetry points
. Then we determined the true energy levels of each surface state at each symmetry point
without any inconsistency.
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Consequently, the directions of the observed dispersions were determined as indicated in
the Fig. 5.13 and Fig. 5.14 by S1a, S$1 ...etc. and we could know the E of the 51, 52 and
S5 states at most of the major symmetry points. We did not determine the binding energy
of the Sy state at any symmetry points due to the limited data points.

Figure 5.15 is a summary of the extracted dispersions of the S1, S2, and .53 states along
the boundary of the 3x1 SBZ. The filled circles, filled triangles and asterisks in Fig. 5.15 are
the data points of hv=18.0eV([101], 21.2eV(101], and 51.0eV([101], respectively. The empty
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Fig. 5.15: Summary of the extracted dispersions of the surface states of Si(111)3x1-Na
surface along 3x1 SBZ. The filled circles, filled triangles and asterisks are the data points
of hv=18.0eV[101}, 21.2eV|[101], and 51.0eV[101], respectively. The empty circles, empty
triangles and crosses indicate the data of hv=18.0eV[112], 21.2eV[112], and 23.0eV[112].

circles, empty triangles and crosses indicate the data of hv=18.0eV{112}, 21.2¢V{112], and
23.0eV[112](The measurement was done only along the [112] direction for hv=23.0eV and
only along the [101] direction for hv=51.0eV). For Sy and 9, states, we also labeled ‘I'~‘IX’
which corresponds to each part of the dispersion of Fig. 5.13 and Fig. 5.14. We can notice
that the data points of both the .97 and .S, states from different hv measurements are in fair
agreement. As for the S3 state, however, the energy positions for different hi’s are relatively
scattered compared with those of the S, or S; state. The scatter of the data points may be
due to the wide adoption of the observed states even in the bulk band-projection region of
the [112] direction as the surface resonant states of S3, and we cannot remove a possibility
that some of the data plotted in Fig. 5.15 as the S5 states are not from true Sz states.

Band widths of the surface states

I'rom Fig. 5.15 we can estimate the possible band widths(W) of these surface states as
W (51)>0.50eV, W(S,)>0.71eV, W(S3)>0.44eV and W(S4)>0.30eV, respectively although
some ambiguities still remain about the observed dispersions in the cases of the S3 state.
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5.4 Discussion

5.4.1 Assignment of the surface states S; and S; of ARPES

Seeing the dispersion feature of the S; state in Fig. 5.15, the S; has a characteristic upward
dispersion from T to H point(corresponding to I' to J direction of the 2x 1 SBZ; see Fig. 5.11)
reminiscent the famous dispersion of the 7-bonded chain state[28] of the Si(111)2x1 surface
as mentioned in sectiond.2. This characteristic surface states has been also observed on the
3x1-K surface[8]. The band width between I' and A points of 0.47eV is also almost the
same as to that of the m-bonded chain of the Si(111)2x1 surface which are estimated as the
0.58eV[29] or 0.47eV[28]. From these results we propose the existence of the 7-bonded chain
structure on the 3x1-Na surface. According to the experimental [30, 31} and theoretical[32]
studies for the alkali metal adsorbed Si(111)2x1 cleaved surface, the w-bonded chain is
unstable against Na adsorption whereas it is stable with K adsorption. We think that the
configuration difference between the alkali metal adsorbed 2x1 and 3x 1 surfaces may explain
the difference of the stability of the m-bonded chain between these two surfaces.

In contrast to the Sy state, the .S, state has a downward dispersion by the amount of
~0.45eV from I' to A point(corresponding to the direction of I' —K of the 1x1 SBZ). The
energy range of this state is around 1.0eV~1.5¢V below Epr. According to the theoretical
calculations(33, 34, 35] and ARPES measurement(36] for the Si(111)1x1-Na surface with
IML of Na coverage, the Si 3p state bonding with the Na atom has a similar downward
dispersion along I' —K direction of the 1x1 SBZ with the band width of ~0.5eV[34]. From
the similarities of the energy levels and the dispersion feature of the .5; state to those of the
Na-Si bonding state of the Si(111)1x1-Na surface, we assign the S, state to the Si 3p-Na 3s
bonding state.

5.4.2 Model of the Si(111)3x1 surface

From the results of the coverage estimation, SCLS and ARPES measurements the model
of the Si(111)3x1 requires following terms.

From the coverage and work function estimation, The coverage is 1/3ML. The dipole
moment of the surface is small.

From the SCLS ineasurement, The surface has at least two kinds of surface Si atoms
positively and negatively charged. The surface should explain the intensity of the surface
components. .

From the ARPES measurement, The model has m-bonded chain structure and Si-Na
bonding state. The surface electronic state is semiconducting. The surface has at least four
surface states.

From the other experiments such as STM, AES, LEED, and so on, The surface explain
the STM images. The surface is passive against oxidation(=has small amount of dangling
bonds). The reconstruction of the substrate Si has been occurred.

Considering these terms we proposed three types of structural models for the Si(111)3x1
surface having m-bonded chain structure with 1/3ML coverage. The model of Fig. 5.16(a)
has a ring consisting of 5 Si atoms on the ideal surface as seen in the side view of (a). So we
named this the 5 membered model. In the same way we named the models of (b) and (c) the
5-6-7 model and 5-7 model, respectively. The dangling bonds are represented by the ovals
in the figures and those associated with the A and B atoms are omitted in the top views for
simplicity. The filled circles stand for the AM atoms. The thick solid lines show the unit cell
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Fig.‘ 5.16: Models of the Si(111)3x1 surface proposed from our ARPES and SCLS results.
(a)5-membered ring model, (b)5-6-7 model, (c)57 model.
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of the 3x1-Na surface. Therefore the coverage of Na in these models is 1/3ML. The location
of the Na is tentatively assumed to be at the Ty site in both (a) and (b). In (c) we assume
that the Na atoms sit on the site where the dangling bonds gather up so as to terminate
them. As seen in the figure the atoms A and B of these models make the m-bonded chains
as the Pandey’s model for the Si(111)2x1 surface|[28].

5.4.3 Assignment of the surface components of the SCLS

In these models we can also explain the results of SCLS. As mentioned in section4.2, the
surface atoms making m-bonded chain become asymmetry because the asymmetry structure
is stable than symmetry m-bonded chain and the charge transfer between these surface
atoms occurs. Thus the model is consistent with the SCLS data if we consider the §1 and
52 components which shift lower and higher binding energies from the bulk component B,
are the surface atoms making n-bonded chains projected upward and bumped downward,
respectively(correspond to A and B atom in Fig. 5.16(b)). Figure5.17 is the summary of
the values of SCLS of Si(111)2x1 clean surface and those of the 3x1-AM and 3x1-Ag
surfaces. The energy difference between S1 and S2 of the Si(111)2x1(0.89eV)[37] is almost
comparable to that of the Si(111)3x1-Na(0.70eV) and Rb(0.80eV) surfaces.

SCLS of Si 2p3»

-1.0
- S2 i
05 .
3 [ -5 ]
— 0.0 : eremeemememe . Bullk ~
L] [ ABF080V  AR=0708V : AR-0.806V N
N _  ABO4leV i
0.5 S1 ]
1.0L i

3x1-Rb  3xI-Na 2x1  3xl-Ag
Fig. 5.17: Summary of the SCLS of Si(111)2x1, 3x1-AM and 3x1-Ag surfaces.

The estimated numbers of the surface components, however, was about §1:52=2:2 for
both 3x1-Na and Rb in the unit cell and seems to conflict to the aforementioned assignment.
Seeing the model atoms D which is bonding with AM should be negatively charged because
of the charge transfer from AM. Therefore we consider that the S1 state shifting lower Eg
include the D atoms too. If one of the other surface atoms such as C, E and F charged
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positively and shift higher binding energy as same as that of B atom the number of the
surface atoms can be 2:2 on the 3x1 surface.

Remaining problem is the existence of the §3 state on the 3x1-Rb. The shift of this 53
state is very small and almost the same energy level to the bulk energy level. C, or E or F
atoms can be the candidate of the atom which contribute to the §3 component because these
atoms are considered to be more bulk like comparing to A, B, and D atoms. Therefore we
think the .53 component may correspond to one of these atoms. The absence of the 53 state
on the 3x1-Na surface may be due to the overlapping of the 3 state with the B component.

The estimated numbers of the surface Si atoms on 3x1-Ag surface of §1:52=4.2:2.8,
however, seems not to be consistent with the models. However, even if we measure the
core level spectrum by angle integrated analyzer some ambiguities of the measured intensity
because of the PED effect must remain and the 16% of larger number of surface atoms
derived from 52 state may be not so considerable. And we consider that the shift of the
S1 and §3 components on the 3x1-Ag surface is very close and merged into each other. If
we consider like this, S1 component of the 3x1-Ag surface is corresponding to the surface
atoms of B,C,D and F. The another remaining problem is the inconsistency of the energy
difference between S1 and S2 of the Si(111)3x1-Ag(about 0.41eV) and those of 3x1-AM
and 2x1 surfaces. If the surface structure of the 3x1-Ag is the almost the same structure
of the 3x1-AM as suggested by the LEED I —V curve[6] and STM[3, 5] measurements this
results may indicate that the charge transfer of asymmetric nm-bonded chain structure should
be small on the 3x1-Ag surface and suggested that the asymmetry is restrained by the Ag
atoms.

On the basis of the models, the Na atoms terminate the remaining dangling bonds of the
atoms labeled D(and C in the model (c)) on the 3x1-AM surface, and the semiconducting
electronic property of this surface can also be interpreted within one electron approximation.
The absence of the dangling bond is also consistent with the inactivity against oxidation[7]
of the 3x1-AM surface. In addition, the result of the small dipole moment on the 3x1-
Na surface can be consistently explained by these models especially by model (a) and (c).
As seen in the side view of these models, the distance between the AM layer and the top
Si layer is very short, and the electric dipole moment perpendicular to the surface is very
small. In the case of the §7x7-Na surface, however, the dipole moment should be much
larger, because the Na adsorption site is thought to be the ontop site of the first layer Si
atom, which means the distance between the Na layer and the top Si layer is long and the
electric dipole moment perpendicular to the surface must be larger than that of the 3x1-Na
surface. The small dipole moment may suggest that the bonding angle of AM is tilted on
the surfaces.

At a first glance, our new models seem to conflict with the results of STM measurement|3,
5]. But STM images do not always show the atomic images. If we consider that the zigzag
image of the filled state in the STM [3] corresponds to the combination of the electronic
state of the m-bonded chains of Si and Si atoms influenced by AM or Ag atoms, it will not
be inconsistent with our results.

5.4.4 Comparison of our ARPES results with recent theoretical
works

Comparing to experimental works theoretical studies of these 3x1 surface has been rel-
atively behind. Recently three different theoretical works, however, have been reported.
Fortunately, these theoretical studies{15, 16, 17] support our proposed models basically and
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further more helping to decide which model is the most plausible one. Here we compare
these theoretical results with our ARPES data and discuss about the most plausible model
for the 3x1-AM surface at present.

Jeong and Kang calculated the equilibrium structure and energy bands for the Si(111)3x1-
Na surface at two different coverages, 1/3ML and 2/3ML, using a pseudopotential density-
functional total-energy method{15]. They considered the simple Na-overlayer model on the
relaxed bulk-terminated surface proposed by Jeon et al., and they proposed that the largely
corrugated bulk-terminated surface with 1/3ML of Na on the Ty site as the equilibrium
structure. According to their calculation, two occupied and two unoccupied surface states
exist on the surface. These states originate fromn the three Si dangling bonds(two occupied
and one unoccupied states) and one Na 3s orbital(unoccupied state). We incorporated their
dispersions(dashed curves) with our extracted dispersions(solid curves and marks) of the .S,
and .S, states in Fig. 5.15. We reproduce their results taking the reference point at the VBM.
As seen in the figure, the two calculated occupied surface bands have very flat dispersions
with small dispersion width in contrast to the relatively large upward and downward disper-
sions of the experimentally derived S; and S, states. The difference in dispersion features
between our results and Jeong and Kang's calculation indicates that the simple Na-overlayer
model on the relaxed bulk terminated surface does not satisfactorily explain the 3x1-Na
surface.

On the other hand, Erwin has performed the first-principle total energy calculations for
several models with several alkali-metal-atom adsorbates|16] and determined the most stable
model and equilibriuin structure. The surface models employed for his calculation are 1)the
extended Pandey chain model[16](=5-6-7 model[9]), 2)the Seiwatz chain model[38](= Smem-
bered model|(8][9][12]), 3)the simple missing top layer model|5], 4)the bulk-terminated surface
model|3] and 5)the substitutional models of the extended Pandey model(=5-7Tmodel[9]) and
Seiwatz model in which the alkali metal atom substitutes for the surface silicon atom in
the six-membered ring. According to his calculation, the bulk-terminated surface model is
not the most stable one, being in agreement with our aforementioned discussion, but the
extended Pandey chain model(= the 5-6-7 model) is the most stable one.

According to the Erwin’s calculation, the m-bonded chain becomes asymmetric, because
the charge of the A atoms transfers to the B atomns due to the alkali metal adsorption. This
is consistent with our assignment of the SCLS results. Further more his calculated STM
images of the 5-6-7 model is also consistent with that of observed STM images having bright
zig-zag chains. From his calculation, this surface is expected to have two occupied surface
states in the bulk band gap; one of which is arising from the Si atoms in the m-bonded chain
and the other from the Si atom bonding with the alkali metal in the six fold ring . We have
also plotted these two surface bands(dotted curves) in Fig. 5.15. Comparing the results of
the Jeong and Kang's calculation, Erwin’s dispersions and our experimental results are in
fair agreement. The upward and downward dispersion features of the .S; and S, states are
qualitatively reproduced by his calculation. These two states of his calculation are crossing
at about the middle of G and H point as shown in the figure. According to our assigniment
of the surface states the energy of S at C and at [ is lower than that of S, state and they
are reversed at H point as shown in Fig. 5.15. Hence the S, and .S, cross each other between
[' and H points, which is consistent with Erwin’s result though it is not evident that the
crossing point is at the mid point of T and I points or not. The higher Eg of Sy than S»
state at C point is also supported from their down ward and upward dispersions from E to
C point. This dispersion feature also accompanies another crossing point between E and C .

Comparing the data quantitatively, the dispersion width of the calculation, 0.6eV, for
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the m-bonded chain state is a little bit larger than that of the .S) state(~0.47eV). The
calculated band width for the S, state between ' and A (0.69eV) is also a little bit larger
than that of the S; state(0.40eV). In addition the minimum energy gap of the 3x1-Na
surface estimated from the smallest £p of the S; state at A point is 0.91eV, which is larger
than the calculated band gap of 0.42 eV. This calculated value is also smaller than the STS
I — V curve measurement(E; = 0.7~1.0eV)[3]. If we consider the usual tendency of the
underestimation of the gap in the LDA calculation, however, the discrepancy may not be so
serious. One of the most serious discrepancies is that the observed dispersion of the S; state
is relatively flat from B point to E point in contrast to the clear downward dispersion of the
calculation. His result suggests that the energy difference between the two occupied surface
states is very small at E point(~0.05eV) in contrast to our result (~0.5eV). Notice that I
point is the special point where there are no ambiguities of the observed direction and the
discrepancy is not due to the miss assigniment of the observed direction of the S; state.

Very recently Jeong and Kang[17] reported another calculation for the 3x1-AM surfaces
using the same method to the previous calculation|[15]. They also calculated the dispersions
for the 5-membered ring model and 5-6-7 model along the whole 3x1 SBZ. Strangely, the
results of them are different from those of Erwin’s calculation. They concluded that the
most stable model is the 5>membered ring model.

In Fig. 5.18 their dispersions of Smembered and 5-6-7 models are plotted by dashed and
dotted curves with our experimental results. Their result shows that there are two surface
states for both the 5-membered ring and 5-6-7 models. As seeing the figure the two surface
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Fig. 5.18: Calculated dispersions for 5-memebered ring and 5-6-7 models by Jeong and
Kang[17] compared to our experimental dispersions.

bands of 5-membered ring(dashed curves) are roughly parallel in each other and the band
width of these surface bands are 0.40eV and 0.30eV, respectively. Contrarily, the bands of the
5-6-7 model(dotted lines) cross each other at the mid of G and H (almost the same position
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to the crossing point of Erwin’s calculation), and B and E points. The most conspicuous
discrepancy between their result and the Erwin’s one is the higher binding energies of their
calculated bands at I' point. Because of the high Eg’s, the band width of the surface band
which is corresponding to S; state is estimated as 0.97eV and the discrepancy between
the calculation and our experiment becomes large and the discrepancy led the authors to
conclude that the 5membered ring model is more suitable to explain the experimental
results[17]. The double crossing feature of their calculation for the 5-6-7 model, however,
is qualitatively consistent with our experimental results, and the parallel feature of that for
the 5membered ring model is different from the experimental results. From these results
we believe that the 5-6-7 model(=extended m-bonded chain model) is more plausible than
the 5-membered ring although the discrepancy between Erwin’s calculation and Jeong and
Kang'’s one is not evident.

5.4.5 Assignment of the surface states S5 and 5; of ARPES

Although there are no predictions or information about the S3 and S, states by calcu-
lations, we think that these states are the o bond states of the surface Si atoms. There
are many o bond states of the surface Si atoms(the thick bonds in Fig. 5.16) which are in
different conditions from that in the bulk. Among them, the bonds between A—B, B—E,
A—C and E—F atoms of 5-6-7 model are considered to be in different conditions from that
of the normal bulk bonds. We think that the S3 and S, states may correspond to these o
bond states. The litter of the data positions of the S3 state may be due to the mixture of
the some o bond states.

5.5 Summary

To investigate the surface crystal and electronic structures of the Si(111)3x1-Na, Rb, and
Ag surfaces we have performed surface sensitive Si 2p core level photoelectron spectroscopy,
angle resolved photoelectron spectroscopy(ARPES) and determined the surface core level
shifts(SCLS) of these surfaces and surface state band dispersion of the Si(111)3x1-Na surface
experimentally. As a result I have found the saturation coverage of the 3x1-Na as 1/3ML.
The SCLS results show the existence of at least two kinds of surface Si atoms charged
positively and negatively on these surfaces. The ARPES results indicate that there are
at least four occupied surface states on the Si(111)3x1-Na surface, and the surface is the
semiconducting. One of the surface states, S; have the characteristic dispersion being similar
to that of the m-bonded chain structure of the Si(111)2x1 surface. From these results I
proposed three types of surface structural models. I have also compared the experimental
dispersions with the theoretical ones which are recently reported by Jeong and Kang[15, 17],
and by Erwin[16]. By comparing them I can exclude the overlayer model on the bulk
terminated surface for the 3x1 surface from the discrepancy between our results and the
calculation[15]. The calculated dispersions[16, 17] for our previously proposed 3-6-7 model
show a qualitative agreement with the experimental dispersions suggesting that the 5-6-7
model is most plausible for the 3x1-AM surface among the so far proposed models. The
quantitative discrepancy between the calculations and our experimental results may require
the modification of the model or other new model with m-bonded chain structure. Some
discrepancy between AM induced 3x1 surface and Ag induced one are observed in the SCLS
measurement suggesting the different surface structure or some modified structure of the
3x1-Ag surface compared with that of the 3x1-AM.
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Chapter 6

Photoemission studies of Au induced
various reconstructions on Si(111)
surface:

Si(111)5x2-Au, Si(111)a-v3xVv3-Au,
Si(111)p-v3xv3-Au, Si(111)6x6-Au

6.1 Introduction

Gold adsorbed Si(111) surface shows a full variety of surface reconstructions. As shown in
the Fig. 6.1 depending on the Au coverage and the temperature of Si substrate, Si(111)5x2(5x1)-
Au(abbreviated as 5x2-Au hereafter), a-v/3xv3-Au, -v/3x/3-Au(abbreviated as a- and
(-v/3-Au hereafter), and 6x6-Au reconstructions have been found by means of RHEED
studies[1]. Among these reconstructed surfaces the v/3 x v/3-Au structure has been stud-
ied most intensively. One of the interests about this surface is its difference from the
Si(111)v/3x+/3-Ag surface[2] despite the electronic resemblance between Ag and Au atoms.
As mentioned already in sectionl.1, the scanning tunneling microscope(STM) images of the
V3 x v/3-Aul3], for example, reveal a single bright spot in each v/3x+/3 unit cell in contrast
with the two spots seen in the Ag-induced /3 x +/3 surface[4]. This difference in the STM
image suggests the difference in surface electronic structure between the v/3-Au and that
of the v/3-Ag surfaces. Karlsson et al. also suggested the electronic structural difference
between these two surfaces by their ARPES results[5, 6].

For the atomic structures of the v/3xv/3-Ag surface, the honeycomb chained trimer(HCT)
model[7] with IML Ag coverage has been strongly supported both experimentally[8] and
theoretically[9] recently. On the contrary, there is no consensus about the atomic struc-
ture of the v/3-Au surface at present. Even the exact coverage of gold on this surface is
still controversial. There are several coverage estimations such as 2/3ML[1], 0.77ML[10],
0.8ML([5] 0.8ML-0.95ML|[11], and 1ML[12, 13], and numerous models have been proposed so
far. Recent total energy calculation|[14] suggests that the conjugate-HCT(CHCT) model is
the most stable among the previously proposed models with 1ML Au coverage, and some
experiments have also supported this model[15, 16, 17].

In addition, it is known that there are two different phases for the v/3-Au surface called as
a- and (-v/3-Au, respectively[1]. The a- and -v/3-Au phases are the low and high coverage
phases. We showed the photographs of the LEED patterns of the (A)5x2-Au, (B)a- and
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(C)B-v/3-Au, and (D)6x6-Au surfaces in Fig. 6.2. The LEED pattern of a-v/3-Au shows

Fig. 6.2: LEED patterns of the (A)5x2-Au, (B)a-v/3-Au and (C)f3-v/3-Au, and (D)6x6-Au
surfaces.

diffuse 1/v/3 spots, in contrast to the sharp 1/v/3 spots of the -v/3-Au surface accompanied
by the ring-like streaks. In most of the previous studies, however, the difference between the
a- and §-v/3-Au had been ignored and the intermediate phase between a- and §-v/3-Au was
called merely the v/3x/3-Au structure. This is one of the reason why the study of v/3-Au
surface is having a hard going.

Another interest of the v/3x /3-Au surface is the phase transition to the 6x6 surface with
increasing Au coverage from a-v/3-Au or with holding the temperature at around 400°C from
[-v/3-Au(see Fig. 6.1). From the LEED measurement, Higashiyama et al.[12] suggested that
the v/3-Au is the precursor of the 6x6-Au surface. The STM study([11] suggests a strong
relation between the density of domain walls on the V3 x /3 surface and the formation of the
6x6 reconstruction. The in-plane X-ray diffraction study[18] also implies that the domain
walls may contribute to the formation of the 6x6 surface. On the other hand, from the
impact-collision ion-scattering spectroscopy (ICISS) measurement Huang et al.[10] proposed
the mixed structure of the 70% of honeycomb and 30% of centered honeycomb for the v/3-Au
structure and the 25% of former and 75% of latter for the 6x6-Au structure.

As for the 5x2-Au surface, there is not so much information compared with the v/3 x /3
Au surface. Although the coverage of this surface is considered to be about 0.4ML—0.5ML[19,
20, 21], some researchers suggested higher coverages|2, 10, 11]. The STM images|20, 22, 23,
24] of the filled state of the 5x2-Au surface show the bright spots forming a ”Y” shaped unit
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and this unit is slightly skewed. Besides these ”Y” units, some other large bright spots called
" protrusions” [23] have also been observed on this surface. Some STM study, however, re-
ported that the sample prepared at low temperature(under 500°C ) shows no protrusion[25].
Although a few structural models have been proposed for this surface[21, 22, 26, 27|, there
are no consensus about the surface structure at present.

Comparing to above mentioned large number of structural analysises[10]-[27] few stud-
ies of surface electronic structure of these Au induced Si(111) reconstructed surfaces are
available[28, 29, 5, 30]. The electronic structure of the V3x+/3-Au surface have been in-
vestigated by angle resolved photoelectron spectroscopy(ARPES)[5, 29] and angle resolved
inverse photoemission spectroscopy(ARIPES)(30] so far. Houzay et al. performed ARPES
study along I’ -K/ -M’ of the /3 x /3 surface Brillouin zone(SBZ)(See Fig. 6.3) and found the
dispersive two surface states having the s character. On the other hand three surface states
along the ' -M’ and two surface states along I' -K/ -M’ are observed by Karlsson et al.. By
the ARIPES study the prominent unoccupied states at binding energy(Eg) of —2.0eV were
observed on the surface. Their observed surface is considered to be the near structure to a-
/3 surface judging from the condition of their surface preparation. These studies, however,
did not distinguish the a- and -/3 surfaces. Collins et al.[31] reported the one dimensional
metallic surface states on the single domain 5x2 surface by means of ARPES measurement.
For the 6x6 surface there have been no studies of ARPES measurement as far as we know
but aforementioned ARIPES study suggest the metallic character of the surface.{30]

In order to understand the atomic and electronic structures of these complex surfaces
we have performed surface sensitive Si 2p core photoelectron spectroscopy for these recon-
structed surfaces and determined the SCLS, which give us hints to their surface reconstruc-
tions and their bonding properties. In addition I report the results of ARPES measurements
for all of the Au induced Si(111) reconstructions. I determined the surface states dispersions
of each surface experimentally and discuss about the properties of electronic structures of
these surfaces systematically. In these experiments I also distinguished the a- and 3-v/3-Au
surfaces and discuss about the electronic and geometric structural differences of these two
surfaces.

6.2 Experimental

The measurements of the Si 2p core level spectroscopy were carried out at the beamline
BI-18A of the Photon Factory(PF) in the National Laboratory for High Energy Physics.
An n-type Si(111) single crystal wafer(P doped 2.4-4.02cm) was cleaned by direct current
heating up to 1250 °C under a base pressure of 2.0x10~Torr. The sample cleanliness
was checked by LEED and XPS. Au was evaporated onto the surface from a thoroughly
out gassed tungsten spiral filament under a pressure of less than 3x10~%Torr. The amount
of the deposited gold and the deposition rate are monitored by quartz oscillator. After
Au deposition, the sample was annealed at adequate temperatures to make reconstructed
surfaces. The condition of the sample preparation, amount of the deposited gold and the
annealing temperature of each reconstruction are tabulated in Table 6.1.

Since the quarts oscillator was located at not the same distance from the Au evaporator to
the sample, these values of the deposited gold mean only the relative coverages. Consequently
we have obtained clear LEED patterns of the 5x2, a-v/3, §-v/3, and 6x6-Au surfaces as
shown in Fig. 6.2. When we make a new sample we heated the previous sample up to
1250°C by direct current heating so as to remove the gold from the substrate.
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Table 6.1: Conditions, amount of deposited gold and annealing temperature, of the prepa-
ration of the samples. The value of the deposited gold means only the relative coverage of
Au. The absolute coverage of each surface which is derived from the relative coverage and
the coverage of the 5x2-Au suggested by the studies so far is also shown. The values in the
parentheses are the coverages when we consider the “protrusions” of the 5x2-Au as gold
atoms

5x2-Au V3 x V3FAu (/3 x V/3FAu 6x6-Au
Annealing 750°Cx10sec  800°Cx10sec 600°Cx5sec  800°Cx5sec+300°Cx 2sec
Coverage of Au 0.7A 1.6A 2.1A 2.1A
Absolute coverage(ML) | 0.40 (0.45) 0.91 (1.03) 1.20 (1.35) 1.20 (1.35)
0.50 (0.55) 1.14 (1.26) 1.50 (1.65) 1.50 (1.65)
0.70 (0.75) 1.60 (1.71) 2.10 (2.25) 2.10 (2.25)

As same as that of the Si(111)3x1-AM or Ag surface, the photon incident angle was
45° from the surface normal and the Si 2p core spectra were measured at the sample normal
direction with an angle integrated photoelectron spectrometer(VG-CLAMII) For the sur-
face(bulk) sensitive measurement of the Si 2p core photoelectron spectroscopy we selected
the photon energy of hy=130eV(hv=110eV). In this condition the photoelectron mean free
path is expected to be about 4A(20A) for the surface (bulk) sensitive measurement. The
Fermi level position was determined from the spectrum of Ta sheet of the sample holder.

On the other hand the ARPES measurements were performed at the laboratory. The
n-type Si(111) wafer(P doped 4x20x0.3 mm?® 50Q2cm) was cleaned by direct current heating
up to 1200°C under the base pressure of less than 1x107!° Torr. The sample cleanliness
were checked by RHEED and XPS. Au was deposited onto clean Si(111) surface which was
kept about 500°C . Insitu observed RHEED pattern was changed gradually from 7x7 to
(-v/3 x /3 pattern via 5x2, and a-v/3 x /3 patterns as increasing the amount of Au. When
changing the RHEED pattern to the entire reconstructed pattern from the mixture of the
previous and newly appeared patterns we stopped deposition and after that we annealed the
sample at 700°C x2sec for the case of 5x2 and a-/3 surfaces. When we annealed the §-v/3
surface at about 300°C the pattern changed to clear 6x6 pattern gradually.

The ARPES measurements of these reconstructed surfaces were made using ¢150 hemi-
spherical analyzer VG ADES 400 system with He lamp. The partial pressure of the He was
less than 1x10~% Torr. The photon incident angle was 45° from the sample normal and the
photoelectron was detected along {101}, [112] and [211] directions. The relationship between
measured directions and 1x1 SBZ as well as the /3 x /3 SBZ are indicated in Fig. 6.3.
The energy resolution was estimated as 140meV for the pass energy of 10eV from the Fermi
level cut off of the Ag powder.

6.3 Results and Discussion

6.3.1 SCLS of Au induced Si(111)5x2, a-V/3, #-V3, 6x6 surfaces
Curve fitting

Figure 6.4 shows the surface sensitive spectra (hvy=130eV) of the Si 2p core levels and
the results of the curve fitting, for (a)the Si(111)7x7 clean surface, (b)the Si(111)5x2-Au,
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[112] [101]

Fig. 6.3: SBZ of the V3 x /3 surface as well as that of the 1x1 surface. The observed
directions are also indicated by arrows.

(c)the a~v/3-Au, (d)the #-v/3-Au, and (e)the 6x6-Au surfaces in the order of Au cover-
age, although the coverage of the #-v/3-Au and 6x6-Au are the same. The abscissae and
ordinates represent the binding energies(Fg) of the core levels and the photoemission in-
tensities, respectively. The empty circles are the experimental data points corrected for the
secondary-electron background.

Seeing the row spectra the spectral shapes of a-v/3 and 3-v/3 surfaces are different each
other suggesting the different surface structure from each other and indicating the necessity
of distinguishing these two surfaces. On the contrary the spectra of 4-/3 and 6x6 surfaces
are very similar and suggesting that the local structures of these surfaces are very similar
in each other. At first glance the spectrum of the 5x2 surface is also similar that of the
(-v/3 and 6x6 surfaces, however, seeing the following fitting results the surface is evidently
different from the other surfaces.

In order to analyze these data quantitatively we fitted the experimental data by means
of aforementioned(see section2.2) nonlinear least-squares method with considering spin-orbit
doublet components convoluted by Voigt function(=Gaussian+Lorentzian functions). All
spectra were fitted with one bulk component(blue solid curves, marked B) and two surface
components(red and green broken curves, marked S1 and 52) as seen in Fig. 6.4. In the
figures, the vertical bars indicate the locations and relative heights of the Si 2p; » components.
Each solid curve behind the experimental data points, which is the sum of the surface and
bulk contributions, well reproduces the experimental spectrum. The used parameters and
fitted results are summarized in Table6.2.

Since we take the spectra in R.T. that we cannot see the extra shoulder which we can
observe in the high resolution measurement(see section5.3) because of the finite energy res-
olution of the experiment. Thus we deconvoluted the spectrum of the 7x7 surface into two
surface and one bulk components as same as the previous studies. Consequently the Gaus-
sian width for the fitting of 7x7 surface becomes little bit larger than those of the other
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Fig. 6.4: Si 2p core spectra and the results of the curve fitting, for (a)Si(111)7x7 clean
surface, (b)Si(111)5x2-Au, (c)a-v/3-Au, (d)4-v/3-Au, and (e)6x6-Au surfaces
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Table 6.2: Fitting parameters and results of the SCLS for (a)7x7, (b)5x2-Au, (c)a-v/3x V3
Au (d)B8-v3 x V/3-Au and (e)6x6-Au surfaces.

(a) (b) (c) (d) (e)
Tx7  5x2Au a-v3FAu B-V3FAu 6x6-Au
Spin-orbit sphitting (eV) | 0.608  0.608  0.608 0.608  0.608
Branching ratio(2p; j2/2ps/2) 0.600 0.500 0.500 0.500 0.500
Lorentzian width (eV) | 0.13 0.13 0.13 0.13 0.13
Gaussian width(B) (eV) | 0.37 0.27 0.32 0.27 0.27
Gaussian width(S1,S2) =~ (eV) | 0.39 0.35 0.35 0.35 0.35
Bulk component(B)
Bulk core level shift (eV) — -0.500  —0.565 -0.372 —0.316
Surface component(S,)
Core level shift (eV) | 0.314 0.411 0.342 0.324 0.342
Intensity ratio(S,/B) - 0.488 0.635 0.787 0.504 0.539
Surface component(Ss)
Core level shift (eV) | —-0.716  0.883 0.682 0.573 0.576
Intensity ratio(S2/B) 0.055 0.067 0.259 0.391 0.366
surfaces.

Electronic structure

Figure 6.5 shows a summary of the core level binding energies of the Si 2p3/, of bulk(squares,
B) and surface components(triangles for S1 and inverse triangles for' $2), as well as those
of the Au 4f7/» lines(circles) which are measured at the same time. The Ep of the metal
Au 4f7,2[32] was also given for comparison(double circle). The abscissae at the left and
right hands are the binding energies for Si 2p3/ and for Au 4f7/2, respectively. First we
focus on the bulk core level binding energy shifts(BCLS) of the reconstructed surfaces from
that of the clean 7x7 surface. Seeing the figure we notice that all the bulk peaks(B) of
the reconstructed surfaces shift to lower binding energies compared to that of the clean 7x7
surface. Especially the shifts of —0.50eV for the 5x2-Au and —0.57eV a-1/3-Au are remark-
able. These results indicate that the large band bending of the valence band toward the
Fermi level has occurred on these surfaces. Since the binding energy of the valence band
maximum(VBM) on the 7x7 surface was estimated to be about 0.63eV[33], the VBM’s of
these surfaces are very close to the Fermi level and the p-type inversion layer may be cre-
ated. The results of the surface conductivity change under depositing gold on the §x2, a-
and -3, and 6x6-Au|34] indicated that the surface conductivity of all reconstructed sur-
faces decreased at the first stage of the Au deposition and then their conductivity increased
again(see Tig. 6.6). Hasegawa and Ino[34] explained this change of conductivity on the basis
of the existence of the inversion layer on these surfaces. Our obtained values of the band
bending of the 6x6-Au(~ —0.37eV) and §v/3Au(~ —0.32eV) surfaces, however, seems to
be a little bit small to create the p-type inversion layer on these surfaces. In addition the
amount of the conductivity change of each surface does not proportional to the amounts
of their band bendings. Hence it seems that the interpretation of the conductivity change
needs more investigation in future.

These tendencies of the BCLS shifting lower Fg’s seem to be reasonable considering the
stronger electronegativity of Au(2.4 as the Pauling’s index) compared to that of Si(1.8). On
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the reconstructed surfaces, the Fermi level pinning due to the metallic surface state of the
7x7 can vanish since the dangling bonds can bond to Au atoms, and the Fermi level position
may easily change. Because of the strong electronegativity of Au, the electrons of the surface
region of substrate transfer to Au layer and the valence band of this n-type Si should bend
toward the Fermi level. Therefore the VBM will rise toward the Fermi level and the core
level of the bulk Si will be pulled up at the region close to the surface.

The smaller amount of the BCLS’s on the (-+/3 and 6x6-Au surfaces than those on
the a-v/3 or the 5x2-Au may seem to be strange. Considering the larger amount of Au on
the former surfaces than the latter ones, the BCLS’s of the -/3 and the 6x6-Au surface
should be larger than those of the a-v/3 or the 5x2-Au surface. This behavior, however,
is similar to the work-function change with respect to alkali atom coverage, which is well
explained by the idea of dipole-dipole interaction[35]. Because of the higher densities of Au
atoms on the 3-v/3 and 6x6-Au surfaces the coulomb repulsion forces between electrons of
neighboring Au atoms becomes larger on these surfaces than those on the 5x2 or a-v/3-Au
surfaces and the charge of Au may retransfer to Si substrate. The energy position of the
VBM, however, is strongly affected by the positions of the surface states, especially when
the surface state pins the Fermi level. According to the ARPES studies which are discussed
in following section(6.3.2) on the f-v/3-Au and 6x6-Au surfaces there are metallic surface
state and the state may pin the I'ermi level positions of these surfaces.

As for the SCLS, each surface component for the reconstructed surfaces shifts to higher
binding energies than its bulk component as seen in Fig. 6.4 and Fig. 6.5. These shifts are
also natural considering the stronger electronegativity of Au atoms than that of Si as in
the case of the BCLS. If the surface components are originated from the surface Si atoms
connecting with Au atoms, the valence electrons of Si atoms transfer to the Au atoms because
of the stronger electronegativity of Au. Hence the binding energies of the S1 and S2 become
higher than that of the bulk component(B) since the surface Si atoms have positive charge.
This picture of the SCLS’s are understood more clearly by comparing the SCLS results of
Au/Si reconstructed surfaces with those of aforementioned other surfaces adsorbed by AM
or Ag. Figure 6.7 is the summary of the surface core level binding energy shifts from the
bulk peaks(ALg) of the each surface components(S1, S2 (and .53 for 3x1-Rb surface)) of
reconstructed surfaces. The abscissa represents the value of the Pauling’s electronegativity.
As seen in the figure the AFp of each surface lines almost downward indicating the trend
of positively charged Si on the AM adsorbed Si surface and negatively charged Si on the
Au adsorbed Si surfaces. The surface adsorbed by Ag shows the small value of AFg and is
consistent with the almost the same electronegativity between Ag(1.9) and Si(1.8). Thus we
can roughly understand the tendency of the SCLS by the difference of the electronegativity
of between each atoms.

Regarding the shift of the Au 4f state, simple consideration of the charge transfer from
Si atoms to the Au atoms makes us expect that the binding energies of the Au 4f7/, shift
to lower binding energies than that of pure Au. Seeing Fig. 6.5, however, the Au 4f7/2 of
reconstructed surfaces shifts to higher binding energies than that of the metal Au. Similar
results of the shifts to higher binding energies of the Au 47/, level reacting with Si atoms
has been reported by several groups|36, 37]. Figure 6.8 illustrated the explanation of this
abnormal shift of the Au 4f electrons which are proposed by Lu, Sham and Norton[36].
Firstly, due to their stronger electronegativity, gold receives electrons from Si valence electron
and put them into 6s orbital. On the other hand, to bond with Si atom an s-d hybridization
is formed and gold atom loses its 5d electrons. Since the coulomb interaction F°(4f,cond)
between the Au 4f and the 6s conduction electrons is much smaller than F°(4f,5d) between
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the 4f and localized 5d electrons by about 3eV, the core level of the 4f electron consequently
shift to higher binding energies in spite of net electron increase on Au. Recent total energy

3535 /——\‘—_\} 6s
/\ ~—75d

Si AU Coulomb Potential

4f

2p

Fig. 6.8: Schematic diagram of the electron redistribution at Au/Si interface explained by
Lu, Shum and Norton[36]

cluster calculation[38] and the surface sensitive X-ray diffraction study[39] of the V3-Au
system, however, suggested a charge transfer from gold to silicon atoms and this problem
may require further investigation in future.

Geometric structure

As mentioned already, the characteristic Si 2p core spectrum of each surface reconstruction
is the convolution of some SCLS peaks originating from atoms in different atomic environ-
ment. o

Using the layer attenuation model as I mentioned in section 2.2, we roughly estimated the
number of the surface Si atoms contributing to the surface components from the fitting results
of these Au/Si(111) surfaces. The estimated values of the surface components (numbers of
the atoms in each unit cell of the reconstructed surfaces) are summarized in Table 6.3.

As seen in the table, the numbers of the surface Si atoms on each reconstruction in each
unit cell is about 11.3 and 1.2 for 5x2-Au, 3.5 and 1.1 for a»\/g-Au, 2.4 and 1.9 for ,3-\/§-Au
and 30.6 and 20.9 for 6 x6-Au surfaces. .
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Table 6.3: Numbers of surface Si atoms in each unit cell estimated by the layer attenuation
model The numbers in parentheses for (e) are the amount of the surface Si atoms in a v/3x v/3
unit cell.

(a) (b) (c) (d) (e)
7x7 5x2-Au  a-v3-Au [B-V3Au 6x6-Au
Number of surface atoms
Total of Surface atoms(S; + S2) (ML) 1.06 1.25 1.54 1.42 1.43
(atoms/unit cell) | 52.0 12.5 4.6 4.3 51.5(4.3)
.S} component 4 (ML) 0.95 1.13 1.16 0.80 0.85
(atoms/unit cell) | 46.6 11.3 35 2.4 30.6(2.6)
S, component (ML) 0.11 0.12 0.38 0.62 0.58
(atoms/unit cell) | 5.4 1.2 1.1 1.9 20.9(1.7)

— 5% 2-Au surface

In Fig. 6.9 I show some models of the 5x 2 surface so far proposed by several groups|20, 21,
22]. The crosses, small empty circles, and large empty circles represent the 4th, 2nd and 1st
layer Si atoms of the ideal Si(111) surface. The filled circles represent the positions of the gold
atoms and large shaded ones are so called "protrusions” (labeled P). Parallelograms are the
unit cells of the 5x2 surfaces. These models are based on the idea of simple adsorption of Au
onto the ideal Si(111) surface. The models (A1) and (A2) were proposed by reflection high
energy electron diffraction (RHEED) study of the Si(111)5x2-Au surface and the surface
changed by Li adsorption[21]. From the positions of the bright spots of the filled state STM
image the models (B){20] and (C1)(22] were proposed. In the model (C1) there are also some
small shaded circles which represent the positions of the additional faint spots of the STM
image. It has not been clarified that these additional spots are due to Au atoms or Si atoms
yet. We also show the model (C2)[22] as the variation of (C1) changing the relative position
to the substrate, which corresponds to the case that the first double layer of Si atoms are
removed when the 5x2 surface is formed. As seen in Fig. 6.9, the Au coverage of the model
(A1),(A2) and (B) is 0.4ML and that of (C) is 0.5ML when we neglect the protrusions and
small shaded circles of (C). When we consider the small shaded circles of (C) as Au atoms,
the coverage should be 0.7ML. According to the STM study|[20] each protrusion is separated
by (44+2n)a along the [110] direction(where @ and n are the lattice constant and an integer).
Therefore if the protrusions are Au atoms, the coverages of (A1),(A2),(B) and (C) are less
than 0.45ML and 0.55ML(or 0.75ML for the case that the small shaded circles are Au atoms)
respectively.

In the bottom of Tablef.1 we presented the estimated coverages of the other reconstructed
surfaces which are derived from the ratio of the deposited values and the gold coverages of
the 5x2-Au surface estimated above. The coverages counting the protrusions as gold are
also indicated in the parentheses. When we consider the a-v/3-Au is covered by the well
ordered /3 structure, the coverage should be the integer multiple of 1/3ML. Hence, the
coverages of 1.60 and 1.71ML for the a-v/3-Au, which are derived from the coverages of
0.7 and 0.75ML for the 5x2-Au seems to be unreasonable. The coverages of 1.14 and
1.26ML which are derived from the 0.50 and 0.55ML for the 5x2-Au, are also a little bit too
large. It seems that the coverage of 0.4(0.45)ML for the 5x2 surface leads to the reasonable
coverages of about 0.91(1.03)ML for the a-v/3-Au surface. In this case, the coverage of
the 1.20(1.35)ML for the §-v/3-Au, and 6x6-Au surfaces is almost the same as many other
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I'ig. 6.9: Representative models of the Si(111)5x2-Au surface. The crosses, small empty
circles, and large empty circles represent the 4th, 2nd and 1st layer Si atoms of the ideal
Si(111) surface. The filled circles represent the positions of the gold atoms and large shaded
ones are so called ”protrusions” (labeled P). Parallelograms are the unit cells of the 5x2
surface.



experimental results(1.0ML[11],1.1ML[10],1.4ML|[12, 40] and 1.5ML[13]). Therefore we think
that the coverages of the 5x2, a-v/3, and (-v/3 and 6x6 are 0.4~0.45ML, 0.9~1ML, and
1.2~1.35ML respectively, and the small shaded circles of the model(C) are not gold atoms.

Our SCLS results imply the existence of at least two kinds of surface Si atoms influenced
by Au atoms on the 5x2-Au surface. As can be seen in Fig. 6.4(b) one of the surface
components, 52, has very small intensity relative to that of S1. The SCLS from.the bulk
core level of S2 is larger than that of S1. Thus on this surface there are large amount
of surface atoms which are influenced by Au atoms corresponding to the S1 component
and a small amount of surface atoms which are more strongly influenced by Au atoms
corresponding to .52 component. Considering the small amount of gold and large number of
surface atoms corresponding to 51 the Au on the 5x2 surface should be sitting at the site
where one Au atoms can influence as many Si atoms as possible like a T4 or Hy site. From
the quantitative analysis the numbers of these two kinds of surface Si atoms are estimated as
about 11 and 1 in the 5x2 unit cell. Supposing simply that only the surface Si atoms bound
to the adsorbed Au atoms are influenced by Au, only the atoms labeled “s” are the Si atoms
which contribute to the S1 or 52 component. The numbers of “s” atoms are 8,6,7,5 and 8
for the model (A1),(A2),(B),(Cl) and (C2), respectively. The numbers for (A1) or (C2) are
comparable to the estimnated number of surface Si atoms of S1 component. Assuming the
small shaded circles(“s™) of (C1) and (C2) are surface Si atoms contributing to the surface
component, the numbers of surface Si atoms of (C1) and (C2) are 7 and 10. In this case
the number of (C2) is much closer to the experimental results of 11. The small intensity
ratio of the .52 component($52/51=1/11) can be explained by adopting the idea that the
52 component is originating from the surface Si atoms under the Au protrusions or from
the Si protrusions themselves. We can easily notice, however, that among the “s” atons,
there are some groups of atoms in different conditions. In the model (A2), for example, the
first group of “s” atoms neighbors to only one Au atom and the second group neighbors
to two Au atoms and the third group is surrounded by three Au atoms. The SCLS of
these different conditioned groups would be different each other. Besides the “s” atoms,
the core levels of the Si atoms labeled “d” (with dangling bonds) and labeled “s’” also
would shift differently. Very recently other surface structure for the 5x2 was proposed|27]
by high resolution electron microscopy and heavy-atom holography study. Figure6.10 is the
schematic view of the model. As seen in the figure the numnber of the surface Si atoins
surrounding Au atoms may be about 10(checked by arrows) and if we consider the 52 is
silicon adatom from the peculiarity the small intensity of the .52 is also consistent. However,
the surface structure is more complex than previous ones and also would have many kinds
of SCLS corresponding to different surface Si atoms. Although the finite energy resolution
of the present SCLS measurement may hide the subtle shifts of many surface components,
our SCLS results cannot be explained completely by these previously proposed models. The
more high-resolution experiment or some theoretical suggestion is required.

— V3 x V3-Au and 6x 6‘—Aubsurfaces

As mentioned already the SCLS of S1 and .§2 components of a- and 3-v/3-Au surfaces
are different from each other especially for the $2 component. Contrarily, the SCLS of the
[-v/3-Au is almost the same as that of the 6x6-Au. Thus the atomic structure of the [-
V/3-Au is considered to be very simnilar to that of the 6x6-Au, but different from that of the
a-v/3-Au, and we need to distinguish these two /3 structures as different structures.

Plenty of models have been proposed so far for the /3-Au surface. We show some
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Fig. 6.10: Surface structure model of the 5%2-Au proposed by Marks and Plass|27]

representative models in Fig. 6.11. Each mark has the same meaning as that in Fig. 6.9.
The double circles are the additional surface Si atoms above the 1st Si layer. The paral-
lelograms are the unit cells of the /3 x +/3 surface. These models are (A)Honeycomb[10],
(A”)Centered honeycomb]|10], (B)Modified Triplet Coplanar(MTC){13], (C)Milk stool[41],
(D)Trimer|18], (E)Honeycomb Chained Trimer(HCT)[7] and (F)conjugate HCT(CHCT-1)
model[14]. Among these models only the model (A) has a 2/3ML of Au coverage and the
others have a 1ML coverage.

At first we consider the case that the a-v/3-Au surface is homogeneous. That is the size
of domain size of the surface is very large and the influence of the domain wall region can be
ignored. Assuming the homogeneous surface structure for the a-v/3-Au surface, two surface
components of Fig. 6.4(b) correspond to the two different surface Si atoms in a v/3x /3 unit
cell. The numbers of Si atoms corresponding to each component are estimated as about 3
and 1 for S1 and 52, respectively, as shown in Table 6.3. The models (A),(A’),(C) and (D),
are considered to have two kinds of the surface Si atoms; one of which is connecting with
Au atoms and the other is connecting with those Si atoms and both the number of these
atoms are three. The model(B) is also considered to have two kinds of surface Si atoms; one
of which is connecting with Au atom and the other has a dangling bond. The numbers of
these two types of surface Si atoms are, however, not 3 and 1 but 3 and 2 in the unit cell.
Therefore, it seems that these models cannot explain the SCLS results successfully.

The HCT type model ((E) and (F)) is the most widely supported model for the v/3x+/3
surface, recently. The HCT-1 model(E) is considered to be the correct model of the v/3x v/3-
Ag surface now a days{7]. On the other hand, the CHCT-1 structure is suggested that the
most stable structure among the so far proposed v/3 x v/3-Au surface with 1ML coverage
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by theoretical calculations(14]. These two structures are very similar, and from only the
SCLS measurement we cannot discuss about the difference between them. These models
have also two kinds of surface Si atoms. One is the 1st layer surface Si atoms(double circles)
connecting with Au atoms and the other is the 2nd layer Si atoms connecting with the 1st
layer surface Si atoms. In these cases, the ratio of the 51 to .2 would be 3:3 and inconsistent
with the experimental results of 3:1.

According to the SCLS measurement of the v/3 x v/3-Ag surface|42] there are three surface
components; two with higher binding energies and one with lower binding energy than bulk
component. Herman et al. assigned that the lower binding energy component as the domain
boundary Si and the highest binding energy component as the 2nd layer Si atoms and the
other component as the 1st layer Si connecting with Ag of the HCT-1 model. Neglecting
the domain boundary state of the v/3-Ag surface, the directions of the SCLS and intensity
feature of the two components of the v/3-Ag are qualitatively consistent with our results of
V/3-Au. They explained the smaller intensity of the 2nd layer Si by the attenuation effect of
the photoemission intensity. In the HCT type models, the difterence of the height between
1st and 2nd layer Si are relatively larger than those of (A),(A’),(B),(C) and (D), and we
may have to consider the attenuation effect of the 2nd layered surface Si atoms. Assuming
that the S2 is the attenuated component and considering the attenuation effect, the amount
of atoms corresponding to S2 was adjusted as 0.66ML(=1.98 atoms in the unit cell) by
using the mean-free-path of 3.9Aand the distance between 1st and 2nd layer of 2.16Afor the
CHCT-1 model. Even if we consider the attenuation effect, however, the §1 : §2is 3:2 and
it seems that the SCLS results are not completely explained by these models. The larger
SCLS of §2 than S1 is also strange because charge transfer of .51 should be larger than 52
if we consider the S1 as the 1st layer surface Si atoms connecting with Au directly.

Another idea of the surface structure of the /3 x v/3-Au surface is the mixed structure
of the different structural units. Huang et al. proposed a model of the mixture of the (A)
honeycomb and (A’)centered honeycomb models named “mixed honeycomb model” for the
V3 x /3-Au surface from their ICISS measurement{10]. The intensity ratio of $1:52~3:1 is
roughly consistent with the ratio of the mixed honeycomb model which consists of 70% of
honeycomb and 30% of centered honeycomb structures[10] when we consider the 51 and 52
are due to the surface Si atoms of the honeycomb and the centered honeycomb structure.
The our results of intensity ratio(0.85:0.58) of S1 and .52 for the 6 x6 surface, however, is not
consistent with their idea of mixed honeycomb model(1:3) for the 6x6 structure[10]. Hence
when we consider the homogeneous surface structure neglecting the domain wall effect we
cannot explain the SCLS results of a-v/3-Au surface completely by any so far proposed
models.

Another possible interpretation of the /3 x /3 surface with two surface components
is that one component originates from the Si atoms forming domain walls(assuming to be
52) and the other is those in the domain(assuming to be S1). According to the STM
measurement{11) on the v/3-Au surface there are not a little domain walls. In this case the
surface components inside the uniform domain(51) are only one and we cannot deny the
so far proposed models, (A)~(F), assuming the surface contribution is only from the top
most Si layer. Considering on the basis of this interpretation, the energy difference of the
52 between a- and 3-v/3-Au may suggest the difference of domain wall structures between
these two surfaces and we cannot conclude that the structures inside the each domain(S1)
are different. Almost the same energy shifts of S1 of each surfaces is also consistent with
the interpretation. Nogami et al. observed by STM|11] that the phase transition from the
V3 % /3 to 6x6 surface occurs by ordering the domain walls with increasing the coverage of
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Au. The increase of the relative intensity of the S2 comparing to S1 on the §-v/3 and 6x6
surfaces from the a-v/3 surface is consistent with the STM observation. The slight change
of the intensity ratio between 3-v/3-Au and 6x6-Au may indicate the change of the ratio
of the domain walls because of the ordering of the domain walls. Recently, Falta et al.[40]
studied the domain wall structure of the v/3 x /3 surface by their STM and X-ray standing
wave(XSW) measurements. They explained the domain wall structure by considering two
types of the CHCT-1 model. One has normal Au trimer sitting on the Hj site and the other
has that sitting on T4 site as shown in (F’)CHCT-1’ in Fig. 6.11. According to the total
energy calculation[14] the energy difference between CHCT-1 and CHCT-1’ type surfaces
is so small that the co-existence of these two types of the trimers is not strange. Since
the distance between Au(filled circles) and the topmost Si atoms(double circles) and their
configuration in the (F) and (F’) models are almost the same as seen in Fig. 6.11, the SCLSs
of both surfaces are considered to be very similar. At the domain wall the density of the Au
atom is higher than that inside the walls as seen in the figure, and the SCLS of the Si atom
at the wall will be larger than those inside the wall. The concentration of Au at the domain
wall(heavy domain wall) has been suggested by the STM observation[40] and the estimated
coverage of exceeding 1ML is reasonable because the coverage of the heavy domain wall is
3/2ML.

6.3.2 ARPES of Si(111)5x2(5x1), a-v/3, and (-3 and 6x6-Au
surfaces

Figures 6.12(a) to 6.15(d) show the typical ARPES spectra of the 5x2, a-v/3, §-V/3 and
6x6 surfaces.

The most prominent peaks and shoulders in every spectrum at Ep of 4eV~8eV are Au 5d
states and we labeled them as A, B, C, C’, C”, D and D’. The Eg’s of A and C states at I"
are about 4.2 and 6.2, 4.35 and 6.8, 4.3 and 7.1, and 4.3 and 7.1eV for 5x2 , a-v/3, -3,
and 6 x6 surfaces. These values for a-v/3 surface is comparable to Houzay’s measurement (4.5
and 6.9eV)[29] though the energies are shifted from our data, but little bit different from
Karlsson’s one(4.8 and 6.8eV)|5]. Our data and Collin’s data(4.2 and 6.0eV)[31] for 5x2
surface is also in good agreement. In the region of lower Fg’s than 4eV there are some other
peaks which are thought to be the Au 6s and Si 3s3p bonding states and labeled as E, V|
S,S, S and s.

To easily understand the dispersion features we made band maps {rom the spectra and
represented in Figs. 6.16to 6.19. We determined the peak and shoulders position precisely
by referring the second derivative spectrum of each spectrum. The positions which we
determined are ticked in [Fig.2. In this procedure making band maps we used the values of
5.1, 5.0, 4.9 and 4.9eV as the work-functions of 5x2 , a-v/3 , f-v/3 , and 6x6 surfaces which
were estimated from the cut off energy of secondly electrons.

The filled circles represent the data point and their sizes in three grade indicate the
intensities of peaks and shoulders. We indicated the edges of the bulk band projection[43]
by solid curves.

The valence band maximum(VBM) of the projection of each reconstructed surfaces were
shifted by —0.50, ~0.57, —0.37, and —0.32eV for 5x2, a-V/3, -3, 6x6 from the VBM of
7x7 surface referring to the values of the aforementioned bulk core level shifts.

Seeing these band maps or spectra the A states have relatively small dispersions, 0.2,
0.25, 0.3, and 0.45 for 5x2 , a-v/3 , 5-V/3 , and 6x6 surfaces and are considered to be the
non-bonding Au 5d state. This state seems to accompany relatively weak states labeled B
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in each surface. The states are observed as the shoulders of the peak A in the Fig. 6.12
to 6.15. The states B are almost parallel to the states A suggesting that the B and A are
the same states split into two states by the spin-orbit interaction. The energy difference
between A and B of about 0.6~1.0eV is also comparable to the energy of the spin-orbit
splitting of Au 5d states(about 0.7eV) expected by theoretical and experimental studies of
bulk Au crystal{44].

The states C and D are also prominent and easily observed in Fig. 6.12 to 6.15 of every
surface. Some faint state labeled C’ is also observed in a-v/3 , B-v/3 , and 6x6 surfaces.
On the contrary to A and B, the states labeled C, C’ and D have relatively large and
complicated dispersions and also accompany C" or D’ states especially in a- and [-v/3 and
6 x6 surfaces suggesting that the states are composed of bonding 5d electrons. The bonding
energies(the energy differences of A and C states) are about 2.0, 2.4, 2.8, and 2.8eV for
the 5x2, a-V/3, (-3 and 6x6 surfaces at I' point. The existence of the 5d electrons
making bonding state is consistent with the SCLS results in which 5d electrons are implied
to hybridized with Si 3s3p electrons. By summing up all of the spectra of each reconstructed
surfaces and compared the intensity ratio between peaks A+B and C+D we can know very
roughly how many of 5d electrons of each surface participates in the bonding state although
DOS of some bulk states(will be mentioned, and labeled b) may be included in the intensity
of C+D. As the results the ratios between peaks A+B and C+D are estimated as about
6:4, 6.5:3.5, 7:3 and 7:3 for 5x2 , a-/3 , B-V3 , and 6x6 surface, respectively. The numbers
of the bands around C state of a-v/3 , f-v/3 and 6x6 of three(C, C’ and D) is consistent
the estimated number of the bonded 5d electrons on these surfaces. Seeing the dispersion
feature around C states of the a- and 8-v/3 x /3 and 6x6 surfaces these dispersions have a
turning points or degenerate points at the high symmetry point of /3 x /3 SBZ which are
indicated by dashed lines(labeled K’, M’, and I’ in the figures of /3 surfaces). Especially
the states around K’ points of [211] and {112} directions of a-v/3 are remarkable. The similar
dispersion feature of 6x6 surface to that of 3-v/3 surface implying that the 6x6 surface has
also a V3 x /3 periodicity in the local structure. This similarity of the §-v/3 and 6x6 are
consistent with the similar SCLS of the Si 2p of these surfaces. The prominent parts, labeled
b, continues to C states however, may be the bulk state of the substrate or the resonant
states because there are similar states on the 7x7 surface(see Fig. 4.4). Other dispersions
labeled b in more lower Fp are also the bulk states judged from the same examination.

Now 1 focus on the several surface states in the energy range between Fr and g ~4eV.
Although the dispersion curvature of the states labeled V is similar to the edge of VBM and
may not be surface states the deviation from the VBM especially in the 5x2 surface and
the absence of the state in the 7x7 surface suggests the possibility that V is the real surface
state. Karlsson et al.[5] also found these states V on the v/3 x /3 surface(their measured
sample is considered to be near structure to the a-v/3 phase from their LEED pattern and
conditions to prepare the sample) and assigned them as surface states by their independence
from the photon energy. In the bulk band projection there are another state labeled E in
every surface and from the comparison to the band map of 7x7 surface this state is also
considered to be the surface state. The dispersion feature of this state is similar between
each reconstruction, but that of the 5x2 surface is little bit differ from other surfaces.

In the bulk band gap in the [101] direction the surface states(S) are shown on every
surface. The energy level of these states in different surface is almost the same from the
VBM position. These S and V states of the a-/3 corresponds to the Sz and Sj’ states
observed by Karlsson et al. although our results shift about 0.28eV higher Ep than theirs.
This difference may be due to the different band bending between these two experiments
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because of the different amounts of doping. The dispersion curvature of our observed S
state is also little bit different from that of their S; state. The S, and S,’ states which are
observed Karlsson et al., however, were not observed in our measureme_nt._CoEnparing to
the results for v/3-Au of Houzay et al. which were measured along the I' -K’ -M’ direction
their observed two surface states are fairly agreement with V and E state, respectively.

On the 5x2 surfaces another surface state S’ is also observed and they are also shown
in the [112],[211] directions and around T" in the bulk band projection. In addition V’ state
which is considered to be the same state of the V judging from the energy level is also
observed in 5x2 surface.

On every surface there are faint states(s) lying under the Fermi level and the states are
implying the metallic character of these surfaces. Considering the very small Density of
states(DOS) of these states in their spectra especially on the a-+/3 surface comparing to the
metallic state of the 7x7 surface or the states of other surfaces, however, the states may
be the defect states. Karlsson et al.[5] also observed the dispersionless state lying under
the Fermi level and concluded the states are domain wall states. According to the ARPES
study of the single domain surface by Collins et al.[31], the 5x2 surface is one dimensional
metal along the [110] direction. Thus our results of metallic character along [101] and non-
metallic character along [112] for the three domain 5x2 surface is consistent with their results
although the DOS of the metallic state is very much small. The existence of the s states
at whole angles in 3-v/3 and 6x6 surface strongly implies the metallic character of these
surfaces.

As shown in previous discussion the surface states dispersions of the 5x2 surface is
different from those of other reconstructed surfaces suggesting the different bonding structure
of the 5x2 surface comparing to other reconstructions. And the relatively complicated
surface states on the 5x2 surface is suggesting the complicated surface structure. This
results is conflicting to the SCLS results of only two surface components on the surface and
the Si 2p core spectrum of the 5x2 surface may include many surface components close to
each other. The dispersion feature of the a-v/3 , 3-v/3 , and 6x6 is similar in each other.
The most remarkable difference between a-/3 and (-v/3 is the metallic states, s appeared
in whole direction of the 8-v/3 surface. This result is consistent with the interpretation that
the surface structures of the a-v/3 , -v/3 and 6x6 are almost the same structure having
/3 x /3 periodicity in the domain and the difference between these surfaces are the domain
wall structures as discussed in the subsection 6.3.1

For the accurate assignment of these surface states, however, theoretical band calculations
are eagerly expected.

6.4 Summary

We have performed the Si 2p core level spectroscopy and ARPES measurement for the
Si(111)5%2, a-v/3, f-v/3 and 6x6-Au surfaces and determined their BCLS, SCLS and surface
band structure. From the BCLS of these surfaces large band bendings of VBM toward the
Fermi level were observed, especially on the 5x2 and a-/3-Au surfaces. We could fit every Si
2p spectrum by one bulk and two surface components which shift to higher binding energies
from their bulk peak positions because of the charge transfer from Si to Au atoms. The
results of the SCLS indicated that the surface structures of the a- and G-v/3-Au are different
from each other and suggest the necessity of the discrimination between a- and 8-v/3-Au
surfaces when we study the v/3 x v/3-Au surface. On the other hand the similar SCLS results
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of the /-v/3 and 6x6 structures indicate that the local structures of them are almost the
same. This structural similarity is supported by the similar surface band structures on these
surfaces observed by ARPES measurement.

So far proposed models of 5%2-Au and /3 x v/3-Au surface can not successfully explain
their SCLS results when we consider the uniform surfaces without domain walls. Assuming
that one of the surface component of the /3 x /3 surface is the contribution of the Si atoms
at the domain walls, our SCLS results is consistent with the picture that the ordering domain
wall cause the phase transition from the a-v/3 x /3 to 6x6 surface via ﬁ-\/§ x /3 surface

On every surface the evident of the existence of non-bonding and bonding Au 5d electrons
were observed both in ARPES and SCLS measurement. On the 4-v/3 and 6x6 surface the
DOS at the Fermi level was observed at almost whole wave number indicating the metallic
character of these surfaces. The main difference between a-v/3 and 8-v/3 is this clear metallic
surface states of the -v/3 compared to the very faint states of a3 . Another surface
dispersion of these two /3 surfaces are almost the same and the surface structure of these
surfaces in domain walls may be the same structure. Among these surfaces 5x2 surface
has relatively different and complex surface dispersions from those of the other surfaces
indicating the different bonding character between Si and Au atoms on the surface. This
complex surface dispersion suggests the complex surface structure of 5x2 but conflict to the
SCLS results in which only two surface components exist. This discrepancy may be due
to the finite energy resolution of the SCLS measurement and in the spectrum more surface
components may be included.
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Chapter 7

2D-ARPES of the Transition Metal
Dichalcogenides (17-TaS,, 2H-TaSe,
and 2H-NbSe»)

7.1 Introduction

7.1.1 Preface

In this chapter I describe our 2D-ARPES measurements of the layered transition metal
dichalcogenides(TX,; T:Transition metal, X;Chalcogen) compounds. I first review, the prop-
erties of layered transition metal dichalcogenides compounds related to the interpretation of
our 2D ARPES results. Firstly I describe the crystal structures of the 17- and 2H- poly-
types. Then the electronic structures of these polytypes of TX, are reviewed. After that a
brief explanation about the charge density wave(CDW) phenomena in TX, sample will be
reviewed. After describing the experimental details, I discuss the results of the photoelectron
angular distribution(PEAD) patterns in regard to the band structures and the symmetry
of the electron wave function of the initial state. The difference of the electronic structure
between 17- and 2H- polytypes is also discussed. Then I give results of the photon energy
dependence of the PEAD patterns. Finally 1 briefly discuss about the shape of Fermi surface
of these TX, with referring to the CDW.

7.1.2 Crystal structure of TX,

Basically, crystal structure of TX, consists of X-T-X sandwiches and each X-T-X sandwich
is weakly connected with each other along their hexagonal c-axis by the van-der-Waals force.
Thus these layered compounds, TX, can be easily cleaved. An interesting property of these
layered compounds TX, is that the same compound can often be prepared with different
crystal structures. There are many different types of polytypes such as 17-, 2H-, 3R-, 4Ha-
4Hb- 4Hc-, and 6H- phases. These crystal structures of this layered compounds, TXo,
share in common the X-T-X sandwich sequence of the atomic layers, however, they differ in
the coordination of T atoms, and also in the stacking and registry of successive sandwiches
with respect to each other. In these abbreviated notations, the integer indicates the number
of the X-T-X sandwiches per unit cell along the hexagonal c-axis and T, H, and R denote
the symmetry of trigonal, hexagonal, and rhombohedral, respectively. In my work I have
investigated only the two simplest crystals, namely 17- and 2H- polytypes (ie. 17-TaS,,
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2H-TaSe,, 2H-NbSe;). Their unit cells are illustrated in Fig. 7.1. In the 17~ structure which

T 2H

Fig. 7.1: Unit cells of the crystal structures of the 1T and 2H polytypes of the layered
transition metal dichalcogenides. Cross hatched circles and open circles represent metal
atoms(T) and chalcogen atoms(X), respectively.

has D334 space group, each T atoms is octahedrally coordinated with X atoms. Only one
sandwich is required to define the unit cell in the ¢ direction, and the structure has trigonal
symmetry about the c-axis. To be more precise, the coordination is not quite octahedral,
but due to distortion along the c-axis, is actually trigonal antiprismatic. Another refinement
concerns the positional parameter z defined in Fig. 7.1. The value of z was estimnated as
0.2540.01 namely 1/4 for 17-TaSes, by Bjerkelund and Kjekshus{1]. In the 17- unit cell of
Fig. 7.1 I also indicate the directions of the x,y,z axes and alternative set of axes x’, y’, 2’
which will prove convenient when we discuss about the crystal field splitting in an octahedral
ligand field.

On the other hand 2H- polytype has space group of Dg, and the coordination of the
T atoms is trigonal prisinatic as shown in Fig. 7.1. The unit cell in the ¢ direction spans
two sandwiches, and the crystal point group is hexagonal. As can be seen in Fig. 7.1 each
individual X-T-X sandwich has three fold rotational symmetry about the c-axis. The orien-
tations of alternate sandwiches are separated by a 180° rotation about the c-axis. Namely,
by nonprimitive translation parallel to the c-axis and the 60° rotation, six fold symmetry is
realized. The values of z are estimated as 0.118 and 0.1163 for 2H-TaS, and 2H-NbSe,[2],
respectively. These values are near 1/8 but little bit smaller and it means that the separation
between neighboring unit cells are little bit larger than that of the 17- type crystal.
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7.1.3 Electronic structure

Because of the weak interaction along c-axis, these TXy's have quasi-two dimensional
properties. Thus, the electronic structures of these materials are expected to be quasi-two
dimensional system.

Band structures for these TX, have been presented by a number of authors(3, 4]. First
principles band structures for 17-TaS,, 2 H-TaS, and 2H-NbSe, calculated by Mattheiss[4]
using the augmented plane wave(APW) method are shown in Fig. 7.2, Fig. 7.3, and I'ig. 7.4.

Binding Energy (eV)

Fig. 7.2: Energy band structure of 17-TaS, from ref.[4]

In these TX,; two s and two d electrons of the most outer shell of the T atoms are transferred
to the two X atoms and filled the p state of X atoms that the only one d electron of T atoms
and twelve electrons of X atoms make the valence band of the 17-TX,. For example in
TaS, the occupation of Ta is Ta 5p°5d' and that of S is S 45%4p%. In the results of the band
calculation, at the energy range about 2 to 7eV there exists a group of bands which are
derived primarily from the S 3p orbitals in both polytypes of TaS;. On the other hand the
Se 4p bands are around 1 to 7eV in the 2 H-NbSe, Ta- or Nb- derived 5d or 4d bands which
are occupied by only one electron lie at slightly higher energies. The dashed bands in the
upper portions correspond to the unoccupied Ta(Nb) 6s(5s) and 6p(5p) band. According
to the Mattheiss the five fold Ta 54 band is split into two nonoverlapping subbands. The
three fold lower subband is associated with the ds.2_,2, dyy, and dy2_,2 and the two fold
upper subband is associated with the d,. and d.,. These lower and higher subbands are
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Fig. 7.3: Energy band structure of 2H-TaS, from ref.[4]
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Fig. 7.4: Energy band structure of 2H-NbSe, from ref.[4]

116



loosely refereed to as the “tp,” and “e,” orbitals, respectively considering the octahedral
coordination in the 2/, and 2z’ axes. However, these orbitals are not the exactly true “ts,”
orbitals. The occupied d state consists of the “t>,” like state and is considered to be mainly
the ds.2_,2 orbital. Mattheiss suggested, however, other d,,, and d,2_,2 orbitals are also
strongly represented in the occupied region.

In 2H- polytypes there are twice as many bands as in 17- type crystals and Ta(or Nb) d
bands are split into an eight-fold upper subband and a narrow two fold lower subband. The
latter corresponds roughly to the d3.2_,2 band but other “t,,” like d,,, and d;2_,2 orbitals
are admixed strongly as the same as 17- polytype.

Brillouin zone of the 17" structure is shown in Fig. 7.5 (a). The irreducible wedge of the

(@)

Fig. 7.5: Brillouin zones of the (a)17- and (b)2 H- polytypes. In side of shaded and unshaded
area of (a) are diftferent from each other because of the three fold symmetry of the 17-

polytype.

Brillouin zone is indicated by bold lines in Fig. 7.5 and the symmetry points T', A, L(L’),
M(M'), H, and K are labeled. The perimeters of the rectangles TALM and TAL'M’ are
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fully equivalent to each other by symmetry, but the interiors of these rectangles are not.
Therefore the energy bands are expected to retain the three fold rotational symmetry of the
real-space crystal structure. The k;,ky,k, axes of Fig. 7.5 are parallel to the z, y, z axes
of Fig. 7.1, respectively, so that the unshaded wedges of Fig. 7.5 are the ones which would
correspond to the locations of the nearest-neighbor chalcogen atoms if one were to imagine
a metal atom placed at the origin of & space. However, band dispersion are constrained to
be identical over the BZ surfaces of the two kinds of wedge, one expects some tendency for
them to be similar in the interiors. This tendency is greatly reinforced if one invokes the
approximation of two dimensionality. If the bands were perfectly flat in the k. direction,
the energy bands along I-M would then be identical with those along A-L, and any other
direction parallel to I-AM or I'-M’. Inspection of the band calculation of Fig. 7.2 for the
I'-A, M-L and K-H directions reveals that there is some justification for the assumption of
flatness of the bands along &, in the occupied region. Thus one expect the occupied energy
bands in 17- polytypes to have six-fold symmetry or something close thereto.

The BZ for the 2H- structure is very similar to that for the 17- structure as shown in
Fig. 7.5(b) by the darker shaded area with thick lines. Because of the almost the twice
longer unit cell along c-axis the length of the Brillouin zone along k. direction is about half
of that of 17- structure and the dispersions along k, must be small in 2H- polytypes. Some
calculated bands of 17- and 2H- structure in the Fig. 7.2 and Fig. 7.3 seem to show some
proof of that. In addition, since the crystal has six-fold rotational symmetry there is no
longer any distinction between the shaded and unshaded wedges of Fig. 7.5 (a) in the BZ of
2H polytype.

As mentioned already in section3.3 by the display type analyzer we can measure the
cross section of the band structure of the materials. The two dimensional materials such
as TX, is the most suitable materials to measure the band cross section because the sinall
dispersion along the surface normal direction is expected as mentioned above. Thus we
measured the cross section of the band structures of the TX,(17-TaS, , 2H-TaSe, , 2H-
NbSe; ) precisely and discuss about their band structures as well as the symmetry of the
electron wave function.

In our previous 2D-ARPLES measurement of the 17-TaS; , the observed PEAD patterns
at hv=21.2eV and 40.8eV are little bit different from each other[3] and to measure the
photon energy dependence of the PEAD patterns more precisely we have performed the
2D-ARPES of 17-TaS; in different photon energies(hv=33, 40, 42.5, 49 and 60eV). These
photon energies include the Ta 5p3d resonance photoemission region and we discuss the
resonance photoemission effect to the PEAD patterns.

7.1.4 Charge density wave(CDW)

One of the characteristic physical properties of the low-dimensionality of these TX, is
occurrence of charge density wave(CDW). 17-TaS,, 2H-TaSe,, and 2/1-NbSe; show complex
behaviors of CDW|6] as shown in the Fig. 7.6. For example in 17-TaS, the various CDW
phases exist. The normal 17- phase without CDW, appears in a narrow temperature range
between 543K and 570K and above 570K the 17- structure irreversibly changes into the
2H- polytype. Below 543K the crystal structure is slightly distorted by electron phonon
interaction and incommensurate CDW phase(1T) phase) is appeared. Upon further cooling,
another CDW phase(17; phase) which is called nearly commensurate CDW (NCCDW) takes
place below 350K. The final phase transition to a commensurate CDW phase(173 phase)
occurs at 180K. This phase transition have hysteresis and when we warm up the sample the
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Fig. 7.6: Phase diagram of the charge density waves of T'X,

phase transition from CCDW to a new triclinic phase at 220K and NCCDW occurs again
at 280K. Figure 7.7 is the resistivity change of the 17-TaS, which were used in ARPES
measurement. The resistivity change indicate clearly the hysteresis of the phase transition
and even the small resistivity change due to the transition from triclinic phase to NCCDW
phase.

Most of the measurements described in this thesis were performed at room temperature,
namely NCCDW phase for 17-TaS,, ICCDW phase for 2H-TaSe; and normal phase for
2 H-NbSe2. In addition we also measured the 17-TaS, at below 180K(CCDW phase).

The LEED pattern of the low-temperature phase(CCDW phase) of 1T-TaS,; can be de-
scribed by a commensurate /13 x /13 super lattice, made up of 13 atom clusters which
is called “star of David” which is rotated 13.9° about c-axis with respect to the underlying
atomic lattice as shown in Fig. 7.8[7]. The nearly commensurate CDW phase is now con-
sidered to consists of domains of the commensurate CDW separated by discommensurations
in which the CDW phase changes rapidly[8]. Recently measured STM image in which com-
mensurate domains are ordered in a hexagonal arrays strongly supported this picture of the
NCDW phasel9].

An obvious effect of the low-temperature CDW phase on the electronic structure would
be the back folding of the bands of the undistorted 17- phase into the sialler CDW Brillouin
zone because of the large unit cell of the v/13 x /13 super lattice. Smith and Traum|[10)
observed the considerable density of state(DOS) at Er even the small angle of their ARPES
measurement and discuss about the possibility of the CDW effect. In an empirical tight-
binding calculation with taking the CDW atomic displacements into account, Ta 5d,2 derived
bands decomposed into three submanifolds separated by energy gaps have been found[11]
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Fig. 7.7: Temperature dependence of the resistivity of the 17-TaS, (courtesy of T.Hasegawa).
The hysteresis of the resistivity change is clearly seen.
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and confirmed by several ARPES studies at low temperaturef11, 12, 13|

It is well known that the phase transition from NCCDW to CCDW phase accompany
the metal-insulator transition. The increasing of the resistivity in Fig. 7.7 is one of the proof
of this metal-insulator transition. This metal-insulator transition have also been observed
by several photoemission experiments(12, 13, 14] and the energy gaps have been estimated
as 125meV by Pollakg et al.{12] and 150~200meV by Dadel et al.. This energy gap has
been also expected by the band calculation considering the CDW effect and the largest gap
has been obtained to be 0.2eV[15]. By the inverse photoemission measurement[16], however,
only the linear shift of the electronic structure but no CDW gap was observed within their
experimental accuracy.

The origin of this metal-insulator transition is explained by famous Peierls transition[17]
which is caused by the lattice periodic distortion. Aforementioned electron diffraction
studies|7, 8] suggested the existence of the lattice distortion on the 17-TaS, . In the one
dimensional metal, the wave length of the periodic lattice distortion is 2kr where kg is the
Fermi wave number. By this lattice distortion a band gap appeared at the kz as shown in
Fig. 7.9 and the metal-insulator transition occurs. In the assumption of the free electron,
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Fig. 7.9: Schematic view of the energy gap of the 1D metal caused by lattice distortion of
2kg

by the lattice distortion having 2k periodicity the CDW occurs completely in one dimen-
sional(1D) system but in the two dimensional system(2D) the completeness of the CDW is
worth compared to the one dimensional system. The probability of the occurrence of CDW
is well described by the concept called Fermi surface nesting. Figure 7.10 is the schematic
of the concept of Fermi surface nesting. In the one and two dimensional systems the Ferini
surface is the Fermi point and Fermi circle, respectively, however, we expand these Fermi
point or Fermi circle into three dimensional Fermi surface. In this expansion of the concept
of the Fermi surface, the Fermi point of the 1D metal becomes Fermi surface like a flat plate
and the Fermi circle of the 2D metal becomes IFermi surface like a cylinder. When we move
these “I'ermi surfaces” by 2k, the Fermi surface of 1D metal overlaps completely with the
next I'ermi surface. On the other hand in the 2D metal by 2kr moving the Fermi surface
overlaps with the next Fermi surface only as a line. In the 3D metal the overlapping is only
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Fig. 7.10: Schematic view of the concept of Fermi surface nesting for 1D, 2D and 3D metals



the point. Therefore the Fermi surface overlapping which is called “nesting” is larg

1D metal and smallest in 3D metal and the size of the nesting determine the completeness
or probability of the occurrence of the CDW. The energy gap of the band appears at the
momentum space where the Fermi surface nesting is large.

From Fig. 7.10 one may think that the two dimensional free electron metal hardly cause
the CDW. However, the electron of the real metal is not the free electron and the shape of
the Fermi surface is not always cylindrical. Figure 7.11 is the illustration of the top view
of the 2D metal’s Fermi surfaces with different shapes. If the shape of the Fermi surface is
distorted from the cylinder like shape to the shape like the upper picture of the figure, the
Fermi surface nesting becomes larger and the CDW occurs more strongly.

Well

Poor _Q=2k

Fig. 7.11: Schematic view of the Fermi surface nesting in different shapes of Fermi surfaces

Therefore we can know the completeness or probability of the occurrence of CDW by
knowing the shape of the Fermi surface. As mentioned in the section3.3 by the display
type analyzer we can observe the Fermi surface directly and we can obtain this kind of
information.

At the end of this thesis, I discuss about the Fermi surface of the 17-TaS,, 2/-TaSe,
and 2H-NbSe,, and consider the Fermi surface nesting of these TX3's referring to the CDW.
The temperature dependence of the PEAD patterns of 17-TaS, is also discussed.
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7.2 Experimental details

The experiments are performed at the beamline BL-4 of the SOR-RING constructed by
the staff of SRL-ISSP, the university of Tokyo, in Tanashi, Tokyo. As mentioned in section3.3
the measurements of two dimensional angle resolved photoelectron spectroscopy(2D-ARPES)
were performed with using the two dimensional display type hemispherical mirror analyzer[18]
The samples were cleaved by aforementioned scotch tape method in the preparation chamber
with a base pressure of 1.0x107% Torr and immediately transferred into the main chamber.
The base pressure of the main chamber was 1.5x107!% Torr. These transition metal dichalco-
genides are very inactive against oxidation because of their weak bonding character of the
surface and the clean surfaces remain more than one week in the ultra high vacuum(UHV)
chamber. The quality of the cleaved surfaces was checked by LEED patterns which was also
observable by the display type analyzer using small electron gun inside the analyzer. The
incident angle of the linearly polarized light is surface normal direction thus the light was s
polarized. The range of the used photon energies in this experiment was the 33~60eV which
covers the Ta 5p-5d resonant photo-excitation region and we observed the photon energy
dependence of the PEAD patterns. Since the acceptance cone of the analyzer is & 60° we
can observe the PEAD patterns up to the reciprocal space of 2nd Brillouin zones. The over-
all energy resolution of the measurement was about 250~400meV estimated from the Fermi
level cut off of the Au. The Fermi level positions are estimated from the Fermi edge of the
metallic d bands of the transition metals of the sample in their angle integrated PES spectra
measured by the display type analyzer by means of scanning the detected photoelectron en-
ergies. The PEAD patterns at certain Fp were measured by commercial CCD camera with
fixing the pass energy of the analyzer. It took about 10 minutes to get each image when
we set the shutter speed of CCD camera as 4sec. Only for taking the images of the Fermi
surface in which the photoelectron intensity was rather weak we set the image-sampling time
as long as 20 minutes. All of the presented PEAD patterns in this study are not subjected to
any symmetry operation. We only performed the normalization by dividing the raw image
by the image of the analyzer transmittance. There are several ways to obtain the analyzer
transmittance pattern which is attributed to the asymmetry of the analyzer transmitting
power. One of the ways is summing up the images of signal in different azimuthal angles
by rotating the sample(sample rotating method)[5]. Another way is proposed by Himpsel
et al.[19] that by using the photon energy about 10~20eV higher energies than the true
measurement and detect the structureless secondary electrons’ pattern at the same analyzer
energies to the true measurement. When we measure the very many patterns in relatively
large range of Ep, and the photoemission distribution having very much varieties, more
handy way is also available. The way is only the summing up the obtained PEAD patterns
in different Fg(simple summing up method) though the normalization of the intensities of
the patterns may be needed. This way is easy since we do not need any extra measurement.
This method is, however, available only when the transmittance of the analyzer is not so
much affected in different pass energies. In this study we use the sample rotating method as
well as the simple summing up method. The signal noise ratio(S/N) of our raw data of the
patterns, however, was large enough and the patterns were so clear without the dividing by
the transmittance pattern that the dividing procedure was not so effective and the patterns
hardly changed before and after the dividing process.

For most of the measurements including that of the photon energy dependence of the
PEAD pattern, we took the data at room temperature. In the attempt to observe the Fermi
surface difference between the commensurate and nearly commensurate CDW phases, we
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cooled the 17-TaS, down to about 150K by using liquid nitrogen cooling system.
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7.3 Results and Discussion

7.3.1 2D band structure of the transition metal dichalcogenides

IT-TaS;

Figure 7.12 shows the angle integrated photoelectron spectrum of the 17-TaS; measured
at hy=33.0eV. As seen in the figure, there are two main features, a large broad peak with
some shoulders around 2eV<Ep<8eV corresponding to the S 3p band and a small sharp
peak in the region of the Er < Ep <2eV corresponding to the Ta 5d band. According

hv=33eV
- IT-TaS,

I J 1 | 1 ] 1

Intensity (arb. unit)

i
6 4 2 0
Binding Energy (eV)

Fig. 7.12: Angle integrated spectrum of the 17-TaS; measured at hy=33.0eV for off-
resonance photoemission condition.

to the band calculation of Mattheiss[4], this d band consists of mainly d.2» band which is
half filled. The metallic character of the Ta 5d peak is consistent with the expectation.
We measured at first the PEAD patterns of 17-TaS, at hy=33eV which corresponds to the
off-resonance photoemission condition. The typical PEAD patterns corresponding to the
binding energies between [/p to 6.2eV as indicated in Fig. 7.12 are presented in Fig. 7.13.
The configuration between the electric field of the incident photon(indicated by an arrow)
and the crystal orientation is presented by illustration in the upper right panel. That is
to say, the experimental configuration between the electric field and the crystal structure
of right-handed patterns is rotated 30° from that of left-handed ones. [ determined these
configurations of left- and right-handed patterns as the series of _0 and _30 in this thesis.
In the illustration of the crystal structure, the triangles with thick lines and thin lines
indicate the upper and lower chalcogen layers. Although we did not determine the crystal
orientations of the measurements, from the comparison between observed PEAD patterns
and the simulated PEAD patterns(which are mentioned later), we determined the crystal
orientation of the illustration. The Brillouin zones corresponding to these configurations
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are also illustrated in the upper left panel. In the figures of PEAD, the white region of
the PEAD patterns indicates the region of strong photoelectron intensities. Since the raw
image is recorded on a flat screen as shown in Fig. 7.14, we use the relation of ky=Acosf
to the PEAD patterns of Fig. 7.13 to get the electron distribution patterns in the uniform
momentum space. Therefore the center of the patterns indicates the T' point of the Brillouin
zone(see Fig. 7.5) and the distance from the center of the figure is proportional to the wave
numbers in the momentum space. On the observed PEAD patterns we added the lines of
the BZ of TX, by white hexagon afterward.

In these figures, the binding energy dependence of the PEAD pattern is clearly seen.
These PEAD patterns are mainly attributed to the band structure of the 17-TaS,. Com-
paring gross features of the PEAD patterns of 33.0 with 33_30, the rotation of the PEAD
patterns in accord with the sample rotation by 30° is directly observed for example at £p=1.0
and 1.4eV. (Contrary to the observed PEAD rotation the intensity by the electric discharge
of the MCP which are seen at the bottom of the images does not rotate.) When we further
rotate the sample by 30° (ze. the configuration of _60), the PEAD patterns rotated further
and changed to the flipped patterns of the 33.0 pattern about the plane which is perpendic-
ular to the electric field vector as shown clearly in Fig. 7.15. This is because the reversed
configuration of 33.60 between the crystal structure and the electric field of light to that of
33.0.

The Ta 5d band which disperses from the Fermi level near the region with 1/3 of the
wave vector of the M point to the M point for larger wave vector on the ¥ line in the band
calculation of Mattheiss(I'ig. 7.2) is clearly observed in the PEAD patterns of p=0.2 to
1.8eV in both series of 33.0 and 33.30. In addition, the 5d band dispersion along the T’
line is also represented in the PEAD pattern of Fg=0.2eV to 1.8eV. That is to say the oval
corresponds to the d band around the M point becomes smaller and smaller from Ez=0.2
to 1.8eV. Thus the band calculation seems to well explain the Ta 5d band except that the
dispersion width of the band derived from the experiments is about 1.8eV, which is a little
bit larger than that of the calculation of about 1leV.

As for the S 3p bands the observed PEAD patterns are also in qualitative agreement with
the band calculation. The intensity near the I point for Eg=1.4eV in the PEAD patterns
spreads to the M points with increasing Ep is considered to represent the uppermost S 3p
bands which disperse rapidly from the I" at about 2.3eV to the M point for larger Eg in the
calculation. The long two(one) bright and two faint slips of the PEAD patterns of Ep=2.6eV
in 33.0(33-30) are considered to correspond to the flat dispersion at about Fg~3.4eV around
the M point in the calculation. The drastic changes of the PEAD patterns in higher Ep’s
may represent the intricate band structure of the six fold S 3p bands. It seems that the
I'p’s of the calculated dispersions for S 3p bands, however, are generally higher than those
of experiments by about 0.8eV~0.9eV as far as we compare the PEAD patterns with the
calculated band dispersion of Mattheiss. This rigid shift of the S 3p bands is consistent with
the ARPES results by Smith and Traum[10].

The observed cross sectional view of the band structure seems to have a three fold sym-
metry as far as the shapes of the PEAD patterns are concerned, as typically observed for the
patterns of the Ta 5d band for F5=1.0 and 1.4eV or for the S 3p band at [£5=2.6 and 3.4eV.
The threefold syminetry is considered to reflect the crystal structure of 17- type TX;. This
three fold symmetry of the photoemission intensity of the 17- type crystal was also discussed
by Smith and Traum({10]. In a rigorous sense, however, when we consider the observed PEAD
patterns have only a mirror symmetry. The mirror plane is parallel and vertical to the elec-
tric field vector for the patterns of 33.0 and 33_30, respectively. This symmetry breaking is
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33eV 0 33eV 30 33eV 0 33eV 30

Fig. 7.13: PEAD patterns of the 17-TaS, measured at hy=33.0eV for off-resonance photoe-
mission condition. The configuration between electric field of the incident photon(indicated
by an arrow) and the direction of the crystal are presented by illustration. That is the
configuration between electric field and the sample of right-hand is rotated 30° from that of
left-hand. The Brillouin zone corresponding to each configuration is also presented.
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A=k fan 6
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Fig. 7.14: Schematic view of the relation between observed pattern on screen and the
momentum space. A is the length which is observed on the screen and kj is the wave
number on the k space corresponding to the length of A

due to the selection rule of the dipole transition which is requested by the linear polarity
of the incident light and the symmetry of the wave function of the initial state. Figure
7.16 is the simulated PEAD patterns of 17-TaS, at various Eg for the linear polarity of the
light. In this simulation the wave functions of the initial state and final state are assumed
to be the Bloch state in the tight binding approximation and plane waves, respectively. The
parameters of the base functions of the initial states used in the calculations are obtained
by fitting the band dispersions presently derived from the tight-binding calculation with
those calculated by Mattheiss[4]. The details of the calculation have been described in our
previous papers[5, 20, 21]. The calculated patterns are presented by negative images to give
clear features of the patterns. To compare the calculated patterns with the experimental
ones an energy resolution of AF =0.3eV is also considered. The calculated results are in fair
agreement with those of experiments especially at the lower binding energies corresponding
to Ta 5d band. The mirror symmetry of the experimental patterns is successfully reproduced
by the calculation[5, 20, 21]. According to the calculation|5, 20, 21] the PEAD patterns can
be understood as the products of the three terms that “one-dimensional density of state; the
band structure”, “photoemission structural factor”, and “angular distribution from atomic
orbital”. And the intensity distributions of the PEAD patterns depend on the photoelectron
transition probability between the final state and the atomic orbitals of the initial states.
Therefore, both experimental and calculated images of the Ta 5d band have very small in-
tensity in the central zone perpendicular to the electric field of the incident light because
of the dominant d,= component in the Ta 5d occupied band. Namely the matrix element of
(ep|p - Ald.2) or {ef|p- Ald.2) has no intensity in the plane perpendicular to the electric field
of the excitation light[5]. Thus the photoelectron intensity distribution from the atomic d,z
orbital should be like the illustration of Fig. 7.17. We named this plane which is perpendicu-
lar to the electric field of the excitation light as the forbidden plane in this thesis here after.
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Fig. 7.15: Observation of the rotation of the PEAD pattern. The meaning of the illustrations
of the figure are the same as to that of the previous figures.
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Fig. 7.16: Simulated PEAD patterns of the 17-TaS, at hv=33eV. The calculation had
performed at the same Ejp to the experimental PEAD patterns of Fig. 7.13.
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For the same reason the atomic p, orbital can not be observed in the same forbidden plane
to that of the d,2 orbital and the PEAD pattern of [/g=6.2eV which has no intensity on the
forbidden plane is considered to be the band structure of the S 3p, orbital. According to the
band calculation of Mattheiss, the S 3p band with the highest Ep(1* band in his notation)
has the symmetry of the p, orbital which is consistent with our PEAD patterns.

Infensity distribution from d,, orbital(E;=0eV)

hv

Fig. 7.17: Photoelectron angular distribution from the atomic d.2 orbital excited by linearly
polarized light

Faint intensities are seen in the region even for binding energies of 0.2 or 0.6eV which
correspond to the Ta 5d band, especially in the series of 33.0. These faint intensities are
considered to be due to the other d components such as d,, or d;2_,2 which are contained
slightly in the occupied Ta 5d band as expected by calculation of Mattheiss. These faint
intensities are also expected by our PEAD calculation. Thus these faint intensities are
understandable only considering the mixing of the other d components with d,2 orbital and
we need not consider the CDW effect as discussed by Smith and Traum[10]. In higher Ep
region of Ta 5d band, the intensity reduction on the forbidden plane is remarkable as seen for
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Ep=1.0eV. Especially for the patterns of Fg=1.0 or 1.4 eV in the 33_30 series, no intensities
are observed on the plane.

Regarding to the S 3p band the consistency between the experiment and the simulation
calculation is not so good. The PEAD pattern at Fp=1.4eV of Fig. 7.13 has shown that the
S 3p band has already appeared at the I point in contrast to Fig. 7.16. The characteristic
shapes at p=2.6eV are also not reproduced by the calculation. The calculated patterns for
the Fg=3.4eV are similar to that of the experimental patterns of £p=2.6eV, although the
intensity distribution of calculated patterns are reversed comparing to experiments. Thus
it seems to be necessary to shift the E'g of the calculation by about 0.6~ 0.8eV toward the
Er. The reason of the reversal of the intensity distribution of the calculated patterns for the
S 3p state is not evident at present. First the value of the phase shift which strongly affects
the intensities of the PEAD patterns may be deviated from the adequate values of the S 3p
band in 17-TaS, , because in our calculation we used the value of phase shift for “atomic”
S 3p electrons. Another possibility is that the employed parameters of the base functions
for the S 3p states may not be correct. Then more precise calculations considering second
nearest neighbor atoms or(and) final state effects etc. are required.

The faint intensities of the Ta 5d band at Fg=1.8eV in Fig. 7.13 are neither reproduced
by the simulation though we consider the energy resolution effect in the calculation. Thus
the band width of the Ta 5d band should be larger than that of the calculation.

According to Smith and Traum[10] the azimuthal angle dependence of the Ta 5d photoe-
mission intensity of 17-TaSes shows the dip structure in the direction of the M point. They
concluded that the reason of this dip structure is due to the shadowing effect by the nearest
Se atoms. However, as shown in the simulation patterns of Fg=0.2, 0.6 and 1.0eV, the cross
sections of the Ta 5d band have oval edges around the M point that the whole intensity of
the Ta 5d photoemission will have dip at the direction of M point without considering shad-
owing effect. In the experimental patterns of the F£5=1.0eV we cannot see the oval edges
because of the finite angular and energy resolutions(about +2° , 0.25¢V), but the patterns
at Fp=0.6eV seem to have oval edges around M point.

QFI-TGSCQ and 2['[—Nb5€2

To compare the PEAD patterns between 17- and 2H- polytypes we have also per-
formed 2D-ARPES for 2H-TaSe, and 2H-NbSe,. IMigures 7.18 and 7.19 are the angular
integrated photoemission spectra of 2/-TaSe, at hy=28.4 and 40.6eV and 2H-NbSe; at
hy=34.7 and 45.2eV, respectively. Sharp peaks at Fr<Eg<1.0eV in both samples are Ta
5d and Nb 4d bands, respectively. The band widths of these Ta5d and Nb4p bands seems
to be relatively smaller than that of 17-TaS, . The following broad peaks of [/g>1.0eV are
Se 4p bands and we can see the five sub peaks and shoulders in these Se 4p bands in both
2H-TaSe; and 2H-NbSey at hv=28.4 and 34.7eV. These peaks’ or shoulders’ positions are
very similar both in 2 H-TaSe; and 2H-NbSe, . The lower binding energies of the Se 4p'than
S 3p bands are consistent with the previous results of Smith and Traum|[10] or the band
calculation of Mattheiss[4].

Figures 7.20 and 7.21 are typical PEAD patterns of 2 H-TaSe, and 2 H-NbSe; which are
obtained at hv=28.4eV and hr=34.7eV, respectively. The configurations between linear
polarized light and the samples, and each BZ’s are also indicated. The changes of the band
structure cross section are clearly seen in both samples. In spite of the difference of the
transition metals (Ta and Nb), the observed patterns of their d bands are generally similar
to each other. According to the band calculation of Mattheiss one of the largest difterences
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Fig. 7.18: Angular integrated photoemission spectra of 2H-TaSe, at hv=28.4 and 40.6eV
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Fig. 7.19: Angular integrated photoemission spectra of 2 H-NbSe; at hy=34.7 and 45.2eV
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Fig. 7.20: PEAD patterns of 2H-TaSe, observed at hy=28.4eV
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34.7eV 0 30

Fig. 7.21: PEAD patterns of 2H-NbSe, observed at hv=34.7eV. The dark dot near the
' point in the each pattern is the traces of the electric discharge of the screen and not
significant.
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of the d bands between 17- and 2H- polytypes is the extra Fermi level crossing of the d
bands for the 2H- type materials along " to K (and A to H) direction in addition to along r
to M direction (See Fig. 7.3 and Fig. 7.4). In the PEAD patterns of these 2H- type samples
the both d bands of 2H-TaSe, and 2H-NbSe, have intensities along the [ to K lines and
the results are consistent with the calculation. Another difference between 17- and 2H-
structures is that only one d band in half filled exists in the former structure but there are
two d bands in the latter one. In the case of 2H-NbSe; , one of these two d bands of the
calculation does not cross the Fermi level along the T' to M or K points and occupied even
at the I' point. In the case of 2H-TaS, of the Mattheiss’ calculation which is considered to
have similar band structure with 2H-TaSe, , the Fermi level crossing points of the d band
are very close to I' point. Our PEAD patterns of the d band, however, seem to have only one
d band and there is no intensity at I' point. One of the possible reason of the absence of the
intensity at I' point is that the d band is considered to consist of mainly d.» orbital and the
intensity is restrained by the aforementioned selection rule. Reflecting the character of d.2
orbital, the d band patterns have no intensities along the lines perpendicular to the electric
field especially 34.7.30 or 28.4eV_30. However, the existence of only one d band at Er in
our experiment may be due to the finite energy resolution of our experiments, and in the
PEAD patterns of £p=0.6eV of 28.4.0 of 2H-TaSe, , the valley of the intensity distribution
is observed in the Ta 5d pattern and it may be the evidence of the two separated d bands.

Differences between 2H-TaSe, and 2H-NbSe, are observed in the patterns of Eg=1.5
or 1.9eV of 2H-TaSe, and Fz=1.5eV of 2H-NbSe, . In the PEAD pattern of 2H-TaSe, at
Ep=1.5eV there are still signal of d band which has similar cross section to those of lower
binding energies which have no intensity on the forbidden plane. In this PEAD pattern
in addition to this residual Ta 5d signal, at T' and M points Se 4dp derived bands are also
observable. This p bands have intensity on the forbidden plane indicating the different
symmetry from the d band. This Se 4p bands are also seen in the PEAD pattern at Fp=1.5eV
of 2H-NbSe, , but do not coexist with d band as the case of 2H-TaSe, . Thus the band
width of Ta 5d band of 2H-TaSe, is larger than that of Nb 4d band of 2H-NbSe, . This
result is consistent with the relatively large dispersion width(~ 1.8eV) of the Ta 5d band of
17-TaS, which is estimated from our measurement of 17-TaS, . In more larger IJg region
the PEAD patterns change very drastically and seem to be different between 2 f-TaSe, and
2 H-NbSe, especially at Fg=3.0 or 3.5eV. As seen in Fig. 7.4 the Se 4p bands are entangled
each other and the large differences may be observed by small differences of Ep or small
differences of band widths of Se 4p bands between 2H-TaSe, and 2H-NbSe, . The Se 4p
bands at Fp=5.3eV of 2H-TaSe, or Ep=6.5eV of 2H-NbSe; there is no intensity on the
forbidden plane indicating that the Se 4p bands have p, symmetry and this result is roughly
consistent with the band calculation which suggests that the highest three Se 4p bands have
p. like character.

The PEAD patterns of these 2H- type sample seem to have two mirror symmetries
rather than one mirror symmetry. This result indicates the higher symmetry of 2H- type
samples than 17- type ones. However, this result is inconsistent with the result of Smith
and Traum in which three fold symmetry of the d bands of 2H-TaS, excited by unpolarized
light(hr=10.2eV) is observed and they concluded that the three fold symmetry of the 2 H-
TaS, is due to the small mean free path of their photoemission measurements[10]. The
difference of mean free path between the measurements of hy=10.2 and about 30eV, however,
is not so large and the mean free path of the 30eV is rather smaller than that of the 10.2¢V
considering the universal curve. Thus the reason of the inconsistency is not clear. Even if
the mean free path of our measurement is small, if our observed sample has two domains;
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X-T-X-X-T"-X’ and X-T’-X’-X-T-X, however, the three fold symmetry of the surface region
may be compensated. To investigate the PEAD patterns of 2/{- type crystals more precisely
including this problem, the simulation of the PEAD patterns of 2H- polytypes is desired in
the future.

7.3.2 Photon energy dependence of the photoelectron angular
distribution patterns of TX,

IT-Ta$,
We investigated the photon energy dependence of the PEAD patterns. Figure 7.22 is
the total yield spectrum of the 17-TaS; . In the figure two prominent peaks are observed at
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Fig. 7.22: Total yield spectrum of 17-TaS, .

hrv=40 and 49eV. This energy difference of 9eV is corresponding to the spin orbit splitting
of Ta 5p state and the intensity enhancement of the total yield spectrum at 40 and 49eV
corresponds to the Ta 5p-5d resonance photoemission. Namely the resonance between the
process of Auger decay, Ta 5p®5d'+hv — Ta 5p°5d? — Ta 5p°5d°+el and that of the direct
photoemission, Ta 5p®5d!+hy —Ta 5p°5d°+¢l occurs at the hv=40 and 49eV. The photon
energies of resonant condition are comparable with those of resonance photoemnission study
of 17T-TaSey(hv=39 and 49eV) reported by Sakamoto et al.[22]. The PES spectra of the
valence band of 17-TaS, recorded by different photon energies which are normalized at about
FEp=8eV are shown in Iig. 7.23. The photoelectron intensity enhancements are observed for
both Ta 5d and S3p bands(indicated by arrows). The behaviors of the intensity changes are
also shown in Fig. 7.24. The maxima of the intensity enhancements of both Ta 5d and S 3p
are at about 40eV and 49eV which correspond to the resonance photoemission conditions.
We have measured the PEAD patterns of 17-TaS, at these on resonant conditions(40 and
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Fig. 7.23: PES spectra of 17-TaS, at different excitation photon energies

49eV) as well as at the mid of the resonance(42.5eV), and over-resonance condition(60eV)
and compared with those of the off-resonance condition(33eV).

Figure 7.25 is the PEAD patterns of 17-TaS, which are recorded by hy=40.0eV(=on-
resonance condition). The illustrations of the BZ’s and configurations between electric field
and crystal structure are in the same manner to those of the Fig. 7.13. We can see the
changes of the PEAD patterns in accordance with the band structure of the 17-TaS, as the
same way in the measurement of hy=33eV. Because of the higher photon energy than the
previous measurement of hy=33eV the patterns are extended to the 2nd BZ’s.

The most striking result of these PEAD patterns at hv=40.0eV is the relaxation of the
photoemission selection rule. Namely, the photoemission intensities of the Ta 5d band which
were observed only at M points but not observed at M’ points of the illustrated BZ in Fig. 7.13
in the measurement of hy=33eV, are observed in the PEAD patterns in the measurement
of hv=40.0eV. Especially, in the PEAD patterns of Eg=1.0 or 1.4eV the relaxation of the
photoemission selection rule are remarkable. In these binding energies the intensities of Ta
5d bands are observed at every M and M’ points in contrast with the PEAD patterns of
hr=33eV.

In order to see the photon energy dependence of the PEAD patterns more clearly, I
presented the PEAD patterns at different photon energies(hv=33, 40, 49, and 60eV) in the
same binding energies in Fig. 7.26 and Fig. 7.27. Figure 7.26 and Fig. 7.27 are different
from each other only in the measurement configuration(¢=0° and 30° ). As with increasing
the photon energy we can obtain the information of larger wave length in momentum space.
Namely, for higher hv measurement, we can see the PEAD patterns of 2nd BZ’s more clearly.
In Fig. 7.26 and Fig. 7.27 the changes of the PEAD patterns in different photon energies
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Fig. 7.24: Photon energy dependence of Ta 5d and S 3p photoemission intensities of 17-TaS,

are more clearly seen. In the PEAD patterns of hv=49eV in the resonance condition, the
patterns of Ta 5d band, especially of Ep=1.0 or 1.4eV, have intensities at M’ points as well
as M points indicating the breaking of photoemission selection rule. In the results of photon
energy of 60eV which is over the resonance photoemission condition, however, the patterns
have no intensities at some M’ points and are different from the those of the on-resonance
conditions of hv=40 or 49eV. The PEAD patterns of hy=42.5eV(not shown here), which
is mid of the on-resonance conditions, indicated almost the same PEAD patterns to those
of hy=40eV. This result indicates that the influence of the resonance photoemission must
remain at hv=42.5eV.

In the PEAD patterns of another measurement configuration(¢=30° ,Fig. 7.27) we can
also see the additional intensities at M’ points at the on-resonance condition. On the con-
trary, in the over-resonance condition(60eV) we cannot see the d emission intensities at M’
points. Therefore we can conclude that on the resonance condition the intensities of d bands
are observable even on the forbidden plane.

Figure 7.28 and 7.29 are the simulated PEAD patterns corresponding to the experi-
ments(Fig. 7.26 and Fig. 7.27) of 17-TaS, calculated by the same way as mentioned above.
In the calculation, the different phase shifts for different excited photon energies were
considered but resonance photoemission effects were neglected. As seen in the figures, the
calculated PEAD patterns are almost the same in different photon energies and the differ-
ence between them are only the intensity of each pattern and Ta 5d,2 band has no intensities
along the forbidden plane. The intensity difference between different photon energies is rela-
tively large in S 3p band. The intensity differences are due to the different kinetic energies of
the photoelectron in final states and different phase shifts and the experimentally observed
unusual PEAD patterns cannot be explained by this effect.

The reason why the Ta 5d PEAD patterns have intensities on forbidden plane in the
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Fig. 7.25: PEAD patterns of 17-TaS; at hy=40.0eV.
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Fig. 7.26: Photon energy debendence of PEAD patterns of 17-TaS; (¢=0° ). The dark dot
near the I' point in the patterns of hv=60eV is the traces of the electric discharge of the
screen and not significant.
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Fig. 7.27: Photon energy dependence of PEAD patterns of 17-TaS, (¢=30° ).The dark dot
near the I' point in the patterns is the traces of the electric discharge of the screen and not

significant.
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Fig. 7.28: Simulated PEAD patterns of the 17-TaS, by different hv’s at ¢=0° . In thisu
calculation the resonance photoemission effect is neglected.
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Fig. 7.29: Simulated PEAD patterns of the 17-TaS, by different hv's at ¢=30° . In this
calculation the resonance photoemission effect is neglected.
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on-resonance condition, has not been evident yet. In the resonance photoemission process,
the direct recombination process of 5p®5d*—5p85d°+el takes place after the Sp excitation
due to the Coulomb interaction (5d5d|1/7|5p €l) and the Yy, of the photoelectron which is
emitted by the direct recombination process can have the l'rn’ vales which are not accessible
by the dipole excitation. Dipole-forbidden m’ may allowed due to the spin-orbit interaction
of the Ta 5p core hole in the intermediate state. In this interpretation, if the photo-excited
electron of Ta 5d state directly recombines with the core hole of Ta 5p state, the electrons
of Ta 5d state with the k values which are not accessible by dipole excitation can also be
excited as far as the energy conservation rule is satisfied. As mentioned already, in the
PEAD patterns of hv=60eV of Eg=1.0 or 1.4eV, the intensity vanishing at forbidden plane
is observed in 1st BZ, however, in the 2nd BZ there is faint intensity on the M points on
the forbidden plane. This result may be due to the small amount of the contribution of this
direct recombination process, ie. Auger decay in the hv=60eV measurement.

Recently the result of the angular distribution of the photoelectron of atomic Ca in
resonance photoemission condition has been reported that the angular distribution of this
Ca atom did not change from that of the off-resonance photoemission condition and the
symmetry breaking of the photoemission in resonance photoemission was not observed in
this atomic Ca|23]. Thus in order to understand the symmetry breaking of the PEAD
patterns of the 17-TaS; at resonance photoemission condition in our data, the effect of the
solid may be important. ‘

The proof of the three fold symmetry of the band structure of 17-TaS; reflecting the
three fold symmetry of the crystal structure is more clearly observed in the PEAD patterns
of hy=40 or 49eV than those of hv=33eV. In the PEAD patterns of hv=40 or 49eV, the
shape of Ta 5d band cross sections at M’ point of Fg=0.2eV to 1.4eV are separated into two
strips contrast to the alimost one oval shapes at M point. These results seem to show the
three fold symmetry of the 17-TaS, clearly.

2H-TaSe; and 2H-NbSe;

To investigate the photon energy dependence of PEAD patterns of 2[- type crystals,
we have also performed 2D-ARPES measurement of 2H-TaSe; and 2H-NbSe; using different
photon energies. [Figure 7.30 shows the total yield spectrum of 2H-TaSe; . As shown in the
figure, the spectrum have two prominent peaks at about hvy=40 and 49eV as the same as
that of 17-TaS, . This two peaks also correspond to the photoemission enhancement due
to the Ta 5p-5d resonance photoemission and consistent. with the previous results[22]. We
measured the PEAD patterns at this hv=40eV(on-resonance condition) in addition to the
aforementioned 28.4eV(off-resonance condition). Figure 7.31 shows the observed patterns.
As seen in the figure the observed patterns have a full of variety and change drastically as the
change of the binding energies. The shapes of these PEAD patterns in 2nd BZ’s are almost
the same to those of the 1st BZ’s. Contrary to the 17-TaS; case, the PEAD patterns of
2H-TaSe; at hv=40.0eV seems to have forbidden plane which is perpendicular to the electric
field. Namely the d band PEAD patterns have a dark canal along the forbidden plane. To
compare the PEAD patterns of hy=28.4 and 40eV directly we displayed the typical PEAD
patterns of them in Fig. 7.32. The intensity distributions of observed patterns in the 1st
BZ are almost the same in both hy=28.4 and 40eV in contrast to the case of 17-TaS, .
At first glance, it seems that the main difference between these two measurements is only
the range of the observable wave length and the photoemission selection rule is conserved
even in the hv=40 eV measurement. However, comparing the width of the dark canal of
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Fig. 7.30: Total yield spectrum of 2 H-TaSe,
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Fig. 7.31: PEAD patterns of the 2H-TaSe, measured at hv=40eV. The meanings of the
illustration are the same as to Fig. 7.13.
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Fig. 7.32: PEAD patAterns of the 2H-TaSe; measured at hy=28.4 and 40eV.
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the PEAD patterns of Ta 5d band between hy=40eV and 28.4eV measurements the width
of former measurement is narrower than that of latter one. Considering the wider k-space
range of hy=40eV measurement than that of 28.4eV, the width of the forbidden region in BZ
of hv=40eV measurement, however, should be larger than that of 28.4eV one. Therefore we
think that the narrowing of the forbidden region at the hv=40eV measurement comparing
to the 28.4eV measurement is due to the effect of the resonance photoemission process.

For the 2H-NbSe; we did not perform the measurements at the photon energy of reso-
nance photoemission condition but the measurement of higher photon energy at 45.4eV has
done. Figure 7.33 shows the PEAD patterns of the 2H-NbSe, excited by the hv=45.4eV
photon. At first glance the PEAD of Nb 4d band of series of 45.4_30 shows very interesting
shape and seems to be different from those observed in the measurement of hy=34.7eV.
These complex patterns ,however, consist of the repeated patterns of d band structure in
1st BZ. In these patterns of Nb 4d the clear intensity reduction along forbidden plane can
be seen. On the other hand the PEAD patterns of series 45.4.0 is very similar to those of
37.2.0. This similarity between the measurement of 45.4 and 34.7eV are more clearly seen
in Fig. 7.34. Not only the PEAD patterns of Nb 4d band but also those of the Se 4p band
are quite similar in each other.

One thing which we are concerned is the existence of the Nb 4d intensity along the
forbidden plane in the PEAD pattern of the 45.4_.0 measurement at Fp=0.5¢V. These d
band intensity is also observable in the PEAD patterns of 34.7.0 though its intensity is very
weak. Though we did not ensure the photon energy of the Nb 4p-4d resonance photoemission
condition, from the Eg of the atomic Nb 4p state(~30eV) the hv’s which we used in this
measurements are considered to be lower than the that of the resonance photoemission
condition. However, as the measurement of the hy=60eV of 17-TaS, in which some extra
photoemission intensities on forbidden plane were observed, the remanent effects of the Auger
decay may contribute the PEAD patterns in these 2H-NbSe; measurements. These extra
intensities are not observed in _30 measurements of both 34.7 and 45.4eV measurements and
the intensity may not be the evidence of the breaking of the dipole transition selection rule,
and the extra intensity may be due to the existence of the other symmetry d orbitals such as
dyy or dy2_y2 which are expected by the calculation of Mattheiss. In addition, in contrast to
the case of the measurements of 2H-TaSe, , the width of the canal of the forbidden area in
BZ for the hv=45.4eV measurement is larger than that of the 34.7eV measurement and the
resonance photoemission effect which is observed in the 2H-TaSe, measurement may have
not been observed in these 2 H-NbSe, measurements.

7.3.3 Fermi surfaces of 17-TaS,, 2H-TaSes , and 2H-NbSe,

I would like to discuss about the Fermi surface of the 17-TaS; , 2H-TaSe; , and 2H-
NbSe; in this section. From the observed PEAD patterns of these TX; at near Er we can,
in principle, know the shape of their Fermi surface directly. As already shown in Fig. 7.6
all these samples which we measured have CDW phase transitions and as mentioned in the
section7.1.4 the occurrence of the CDW closely relates with the Fermi surface nesting. Thus
the measurement of the shape of Fermi surface is very important.

Figure 7.35 is the comparison between the PEAD pattern of 17-TaS; at Fp=0.2eV
recorded by hiy=33eV and that of simulated by aforementioned calculation. The S/N of the
PEAD patterns at Er was too bad that we compared the PEAD patterns of Fg=0.2¢V as
the patterns of Fermi surface. As seen in the figure the experimental PEAD pattern has
no(or very faint) intensities around the M point in contrast to the clear oval edge around
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Fig. 7.33: PEAD patterns of the 2H-NbSe, measured at hv=45.4eV. The meanings of the
illustrations are the same as to those of Fig. 7.13. The dark dot near the I" point in the each
pattern is the traces of the electric discharge of the screen and not significant.
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Fig. 7.34: Comparison of the PEAD patterns of the 2H-NbSe, between hv=34.7 and 45.4eV.
The dark dot near the I point in the each pattern is the traces of the electric discharge of
the screen and not significant.
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the M point of the calculated PEAD patterns. As mentioned in section7.1.4 the LEED
patterns of the 17-TaS, indicates the V13 x /13 super lattice peaks rotated 13.9° due to
the CDW distortion. From this results, the absolute value of nesting vector is that of the
1/+/13 reciprocal lattice vector and the direction of the vector should be rotated 13.9° from
the [-M direction. We indicated the nesting vector by arrows in the figure. According to the
calculated pattern the nesting vector almost connects the edges of the Fermi surface around
M point, and the shape of these parts of the Fermi surface is so flat that the large nesting will
occur. Interestingly, these parts of the Fermi surface in the experimental pattern vanishes
as mentioned above and we consider the vanishing of the Fermi surface at these parts is due
to the CDW gap opened at the large nesting parts. Therefore the CDW of the 17-TaS, is
considered to be explained by the concept of the Fermi surface nesting.

As discussed above, in 17-TaS; the CDW exists even at R.T. as the NCCDW phase and
the CDW gap has seemed to appear in the PEAD pattern. This NCCDW phase has been
considered to consist of the domains of the commensurate CDW separated by discommen-
surations in which the CDW phase changes rapidly[8]. When we cool down the sample, the
phase transition from the NCCDW to the CCDW occurs and this phase transition is accom-
panied with the metal-insulator transition and the PEAD pattern of the Fermi surface under
the critical temperature(7c=180K) may change from that at R.T. This change of the Fermi
surface has been tried to observe by Pollak et al. by the Eastman type display analyzer[12].
The change of their observed PEAD pattern was, however, distorted because of the char-
acteristic of the analyzer and not clear. In the Fig. 7.36 we presented the results of the
Fermi surface(E5=0.2eV) measurements of 17-TaS, at different sample temperature(R.T.
and Ts=178K). As seen in the figure, the observed Fermi surface around M point at 178K is
little bit smaller than that at R.T. and the intensity distributions also changed. Because of
the finite energy and angular resolutions the change of the Fermi surface shape is not clear
but the size reduction of the Fermi surface would be the evidence of the opening of the CDW
gap.

In Fig. 7.37 we presented the PEAD patterns of (a)the 2H-TaSe; and (b)the 2H-
NbSe; at E£p=0.3eV measured at hv=40eV and 45.4eV, respectively and calculated Fermi
surfaces((c)~(e)) of 2H-NbSe, by Nishinoet al.[27] with using tight binding approximation.
The (c) and (d) are the Fermi surfaces of the 2H-NbSe, at I'-M-K plane of two different Nb
4d bands. These two bands are degenerated at the A-I-H plane and the Fermi surface at the
plane is (e). Though we cannot determine the exact Fermi surfaces of 2/{-TaSe, and 2H-
NbSe, from our PEAD patterns because of their finite resolutions and the lack of the data
along the forbidden plane, the observed patterns show the dark holes around K points which
are considered to be the hole pockets at the K points from the comparison with higher Eg
patterns. In addition the round pattern like a circle around I" point has been also observed
and the pattern is also the hole pocket at the I" point. These results is consistent with the
calculated Fermi surface and band structures of 2H-polytypes.

7.4 Summary

We have performed the 2D-ARPES measurements of the transition metal dichalcogenides,
1T-TaS, , 2H-TaSe, , and 2 H-NbSe, and observed photoelectron angular distribution(PEAD)
patterns of these layered compounds. Because of the structural two dimensionality of these
layered compounds the electronic structures of them are expected to indicate the two di-
mensionality. As the results the PEAD patterns of these 17-TaS, , 2H-TaSe; , and 2H-
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NbSe, clearly shows their binding energy dependence which is due to mainly the band
structure of each materials. As well as these patterns of the band cross section, the strong
intensity asymmetries are also observed in these PEAD patterns. These asymmetry of the
patterns can be understood by the dipole transition selection rule considering the electric
field of the linearly polarized light and the symmetry of the wave function of the electrons
in initial states. The simulated PEAD patterns which are calculated considering these ef-
fects of the linear polarization of the light and the wave function symmetry of the electronic
bands which are described by tight binding approximation well reproduced the experimental
PEAD patterns of 17-TaS, . Contrast to the three fold symmetry of the band structure of
17-TaS, , the PEAD patterns of the 2H- polytypes shows the six fold symmetry reflecting
the higher symmetry of their crystal structure than that of the 17- polytypes.

To investigate the photon energy dependence of the PEAD patterns, we have also ob-
served the PEAD patterns of 17-TaS, using several photon energies. In consequence,
the breaking of the above mentioned selection rule of the dipole transition is observed
in the PEAD patterns of hy=40,(42.5) and 49eV, which correspond to the Ta 5p5d reso-
nance photoemission conditions. That is to say in the resonance photoemission conditions,
some additional intensities appear on the forbidden plane where the PEAD patterns of the
hr=33eV, the off-resonance condition, have no intensities. This difference between on- and
off-resonance photoemission conditions were also shown in the measurement of 2H-TaSe, .

Finally, we discussed about the Fermi surface nesting of the 17-TaS, . As the results the
vanishing of the Fermi surface intensities at the parts where large nesting will occur deducing
from the shape of the Fermi surface which is derived from the theoretical calculation. We
have also tried to observe the change of the Fermi surface due to the CDW phase transition
from NCCDW to CCDW which accompany the metal-insulator transition and the intensity
reduction of the Fermi surface at Tsi7Tc was observed. The observed PEAD patterns of
the 2H-TaSe, and 2H-NbSe; near Er is also in fair agreement with the recently calculated
Fermi surface of 2H-NbSe; .
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Fig. 7.35: Comparison of the Fermi surface patterns of 17-TaS; between experiment and
calculation. The nesting vector which is derived from the LEED pattern is indicated by
arrow.
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Fig. 7.36: Comparison of the Fermi surface patterns of 17-TaS, between the measurements
of T¢=300K and 178K.
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Fig. 7.37: Fermi surface patterns of 2H-polytypes. (a) and (b) are the experimental
PEAD patterns at Ep=0.3eV of the 2H-TaSe, and 2H-NbSe, measured at hv=40eV and
45.4eV.(c),(d) and (e) is the calculated Fermi surfaces of the 2H-NbSe; by Nishino et al..
The (c) and (d) are the Fermi surfaces of the 2H-NbSe; at I"M-K plane of two different Nb
4d bands. These two bands are degenerated at the A-L-H plane and the Fermi surface at

the plane is (e). {50
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Chapter 8

Concluding remarks

To investigate the surface geometric and electronic structures of the alkali metal(AM) and
Ag induced Si(111)3x 1 reconstructions, I have performed surface sensitive Si 2p core level
photoelectron spectroscopy and angle resolved photoelectron spectroscopy(ARPES) for the
Si(111)3x 1-Na, -Rb, and -Ag surfaces and determined the surface core level shifts(SCLS) of
these surfaces and surface state band dispersions of the Si(111)3x1-Na surface.

As a result I have found the saturation coverage of the 3x1-Na as 1/3ML. The SCLS
results show the existence of at least two kinds of surface Si atoms charged positively and
negatively on these surfaces. The ARPES results indicate that there are at least four occupied
surface states on the Si(111)3x1-Na surface, and the surface is semiconducting. One of the
surface states, .57 has the characteristic dispersion being similar to that of the m-bonded
chain structure of the Si(111)2x 1 surface. From these results I have proposed three types of
surface structural models. By comparing the experimental dispersions with the theoretical
ones I concluded that the 5-6-7 model is most plausible for the 3x1-AM surface among the
so far proposed models.

Some discrepancies between AM induced 3x 1 surfaces and Ag induced one are observed in
the SCLS measurement suggesting the different surface structure or some modified structure
on the 3x1-Ag surface compared with that on the 3x1-AM.

Next, I have performed Si 2p core level spectroscopy and ARPES measurement for the
Si(111)5x2, a-v/3, B-v/3 and 6x6-Au surfaces and determined their SCLS’s and surface
band structure. The strong band bending was observed on every surface. From the SCLS
result, the difference between the a-v/3 and $-v/3-Au and the similarity between the B-V3
and 66 structures are suggested. This structural similarity of the (3-v/3 and 6X6 structures
is also supported by ARPES measurement.

So far proposed models for the 5x2-Au and the /3 x +/3Au surfaces could not success-
fully explain their SCLS results when we consider uniform surfaces without domain walls.
Assuming that one of the surface component of the V'3 x /3 surface is the contribution of
the Si atoms at the domain walls, our SCLS results are consistent with the picture that the
ordering domain wall causes the phase transition from the a-v/3 x /3 to 6x6 surface via
B-v/3 x /3 surface.

The evidence of the existence of non-bonding and bonding Au 5d electrons were observed
in every Au/Si(111) reconstructed surfaces in ARPES, and the bonding of Au 5d electrons
was also confirmed in the SCLS measurement. In addition metallic character of the ﬁ—\/g and
6x6 was observed. The main difference between the a-/3 and ﬁ-\/§ surfaces 1s the clear
metallic surface states of the §-1/3 surface compared to the defect-like very faint metallic
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states of a-v/3 surface. Among these reconstructions the 5x2 surface has relatively different
and complex surface dispersions from those of the other surfaces indicating the different
bonding characters between the Si and Au atoms on this surface.

Finally, I have performed the 2D-ARPES measurements on the transition metal dichalco-
genides, 17-TaS, , 2H-TaSe; , and 2H-NbSe, and observed photoelectron angular distribu-
tion(PEAD) patterns of these layered compounds. The PEAD patterns of these 17-TaS, ,
2H-TaSe, , and 2H-NbSe; clearly show their binding energy dependence reflecting mainly
the band structure of each material. In addition, the strong intensity asymmetries are also
observed in these PEAD patterns, which are due to the dipole transition selection rule in-
cluding the electric field of the linearly polarized light and the symmetry of the wave function
of the electrons in the initial states. Contrast to the three fold symmetry of the PEAD pat-
terns of 17-TaS, , those of the 2H- polytypes show the six fold symmetry reflecting the
higher symmetry of their crystal structure than that of the 17- polytypes.

I have also investigated the photon energy dependence of the PEAD patterns of 17-TaS, .
In consequence, the breaking of the above mentioned selection rule of the dipole transition
was observed in the PEAD patterns in the resonance photoemission conditions.

From the obtained PEAD patterns of these 17-TaS, , 2H-TaSe, , and 2H-NbSe; we also
determined the Fermi surfaces of these layered compounds. The presently observed Fermi
surface of the 17-TaS, is in good agreement with some previously deduced ones and suggests
the existence of strong nesting in this material. We have also tried to observe the change of
the Fermi surface by the CDW phase transition from NCCDW to CCDW, and some changes
of the Fermi surface were observed. The determined Fermi surfaces for the 2H-TaSe, and
2H-NbSe; are also in fair agreement with the calculated Fermi surfaces of recently performed
band calculations.
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