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วิชุดา สุรบรรณ: การศึกษาโครงสรางทางอิเล็กทรอนิกสของผิวแพลทินัม (100) ชนิด (1x1)
และ (5x1) โดยวิธีโฟโตอิมิสชันสเปกโทรสโกปแบบแยกแยะเชิงมุม (THE ELECTRONIC
STRUCTURE OF THE (1X1) AND (5X1) SURFACES OF Pt(100) STUDIED BY
ANGLE-RESOLVED PHOTOEMISSION SPECTROSCOPY)  อ. ท่ีปรึกษา: Prof. Dr.
Takehiko Ishii, 240 หนา. ISBN 974-533-248-8

        งานวิทยานิพนธนี้ไดใชแสงจากเคร่ืองกํ าเนิดแสงซินโครตรอนศึกษาโครงสรางแถบพลังงาน
พื้นผิวของผิวแพลทินัมชนิด (100) ทั้งบนผิวหนาที่มีการสรางใหมแบบ (5x1) และผิวหนาที่มีการ
เรียงตัวปกติแบบ (1x1) โดยใชเทคนิคโฟโตอิมิสชนัสเปกโทรสโกปแบบแยกแยะเชิงมุม  โดยการ
ใชโมเดลแถบพลังงานการดูดกลืนแสงแบบตรงของอิเล็กตรอน และวัดโฟโตอิเล็กตรอนในแนวต้ัง
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สามารถหาโครงสรางแถบพลังงานในแนว Γ − ∆ − Χ  ของ Brillouin zone สามมิติได  และจาก
การวัดอิเล็กตรอนโดยการเปล่ียนมุมของหัววัด และใชแสงซินโครตรอนที่พลังงาน 21 และ 25
อิเลก็ตรอนโวลต ท ําใหไดโครงสรางแถบพลังงานพื้นผิวของแพลทินัมในแนว Γ − ∆ − Χ  และ
Γ − Σ − Μ  ของ Brillouin zone สองมิต ิ  ผลการวิเคราะหโฟโตอิเลก็ตรอนท่ีหลุดออกมาจากแนว
สมมาตรบน Brillouin zone  สองและสามมิติของผิวหนาทั้งสองของแพลทินัม เปรียบเทียบกบั
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      3.2.2 Surface Energy Band Dispersion along XΓ − ∆ −  Direction

            Figure 3.26 show the EDC’s of clean unreconstructed Pt(100)-(1x1) surface

made so as to record the k  vector along the XΓ − ∆ −  direction of the surface

Brillouin zone. The experimental was obtained at different emission angles from –10o

to 51o. The excitation photon energy was 21 eV. And the incident angle of excitation

light was 45o. The broken lines named as S1, S11, S2, S3, S4, S5 and S55 represent the

radiation of the energies of the dominant structures with the emission angle.

The S1 band occurs near the Fermi edge. It shows a weak dispersion to the

lower binding energy as the emission angle increase from –10o to 22o.  At an emission

angle 6o, the S11 band splits off from S1 band and keeps a small dispersion to higher

binding energy from S1 band until 18o.

The S3 and S4 band has a weak intensity.  The S3 band shows dispersion at

emission angle of –10o to 36o.  At the emission angles 24o to 36o, it exhibits the strong

dispersion with the weak intensities.  The S4 does not show dispersion as the emission

angle 28o to 51o with the binding energy 2.48 eV.

Both S2 and S5 bands show the dispersion continuously all emission angles.

The S2 band is found at an emission angle –10o at binding energy of 1.48 eV.  It has a

prominent structure with strong intensities at lower emission angles.

S5 band occurs at higher binding energy.  It has a prominent structure all

emission angles.  At an emission angle of 10o, the S55 band occurs and merges to the

S5 band at an emission angle 8o.

Both S2 and S5 bands show the dispersion continuously all emission angles.

The S2 band is found at an emission angle –10o at binding energy of 1.48 eV.  It has a

prominent structure with strong intensities at lower emission angles.



180

            If we measured the Pt(1x1) surface along the XΓ − ∆ −  direction by changing

the excitation photon energy, the EDC’s of Pt (1x1) surface are changed as shown in

Fig. 3.27.  In Fig. 3.27, the experiments were obtained by using excitation energy of

25 eV.  The broken lines marked as S1, S2, S3, S4, S5, S6 and S7 represent the

dispersion of the features observed by varying the emission angle –10o to 51o.

If we roughly compare the spectrum in Figs. 3.26 and 3.27, we see that the S1,

S2, S3, S4 and S5 band in both figures look as the same.  However, if we see more

detail, they are qualitatively different.  The weak bands named S6 and S7 in the

EDC’s shown in Fig. 3.27 are found at high binding energies. They are not found in

the spectra obtained by the excitations at 21 eV.

To obtained the energy dispersion of the surface bands along XΓ − ∆ −  shown

in Figs. 3.26 and 3.27, we employ the equations (1.99) and (1.101) which is described

in section 1.6.6.  The results of the surfaces band structure are shown in Figs. 3.28 and

3.29.

In Figs. 3.28 and 3.29, the broken lines connecting the measured points show

the energy band dispersion.  The vertical dotted lines indicate the positions of the

symmetry points, Γ  and X .  The Γ  point is located at kP=0.  The X  point is located

at kP=1.3 
1o

A
−

.  If we compare the energy bands shown in Figs. 3.28 and 3.29, we

find the qualitatively disagreement. The detail comparison will be made in chapter IV.
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Fig. 3.26  ARPES spectra of the clean unreconstructed Pt(1x1) surface for various

emission angles. The measurements were performed along the XΓ − ∆ −

direction.  Excitation light was incident on the sample surface at an angle of

45o.  The photon energy was 21 eV.
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Fig. 3.27  ARPES spectra of the clean unreconstructed Pt(1x1) surface for various

emission angles. The measurements were performed along the XΓ − ∆ −

direction.  Excitation light was incident on the sample surface at an angle of

45o.  The photon energy was 25 eV.
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Fig. 3.28    Experimentally determined energy band dispersion of the unreconstructed

Pt(1x1) surface along XΓ − ∆ −  direction.  Excitation energy was 21 eV.

-1o

k (A )P
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Fig. 3.29    Experimentally determined energy band dispersion of the unreconstructed

Pt(1x1) surface along XΓ − ∆ −  direction.   Excitation energy was 25 eV.

-1o

k (A )P
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 Chapter IV

Discussion and Conclusion

      The main purpose of this work is to obtain the energy band structure of the Pt

(100)-(1x1) and -(5x1) surfaces.  The obtained information is fundamental for

understanding the electronic properties relevant surfaces.  Some theoretical and

experimental data have been reported on the energy band structure of both surfaces.

Thus, it is important to compare the data obtained in this work with those reported so

far.  In what follows, such comparisons are made.

4.1 Obtained Data

      By ARPES analyses, the following data have been obtained:

(1) Energy band map

- By normal emission mode measurements (bulk).

Varied photon energy excitation.

• Pt(100)-(1x1), along Γ − ∆ − Χ  axis

• Pt(100)-(5x1), along Γ − ∆ − Χ  axis

- By varied emission angle mode measurements (surface).

Fixed excitation energy.
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• Pt(100)-(1x1), 21 eV excitations, along the Γ − Σ − Μ  axis

• Pt(100)-(1x1), 21 eV excitations, along the Γ − ∆ − Χ  axis

• Pt(100)-(1x1), 25 eV excitations, along the Γ − Σ − Μ  axis

• Pt(100)-(1x1), 25 eV excitations, along the Γ − ∆ − Χ  axis

• Pt(100)-(5x1), 21 eV excitations, along the Γ − Σ − Μ  axis

• Pt(100)-(5x1), 21 eV excitations, along the Γ − ∆ − Χ  axis

• Pt(100)-(5x1), 25 eV excitations, along the Γ − Σ − Μ  axis

• Pt(100)-(5x1), 25 eV excitations, along the Γ − ∆ − Χ  axis

- Parity consideration

Dependence of emission intensities on the polarization direction of

excitation light.

Excitation energy is fixed at 21 eV.  Varied emission angle.

• Pt(100)-(1x1), even coordination against the ∆  mirror plane, along

the Γ − ∆ − Χ  axis

• Pt(100)-(1x1), odd coordination against the ∆  mirror plane, along

the Γ − ∆ − Χ  axis

• Pt(100)-(5x1), even coordination against the ∆  mirror plane, along

the Γ − ∆ − Χ  axis

• Pt(100)-(5x1), odd coordination against the ∆  mirror plane, along

the Γ − ∆ − Χ  axis

• Pt(100)-(1x1), even coordination against the Σ  mirror plane, along

the Γ − Σ − Μ  axis
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• Pt(100)-(1x1), odd coordination against the Σ  mirror plane, along

the Γ − Σ − Μ  axis

• Pt(100)-(5x1), even coordination against the Σ  mirror plane, along

the Γ − Σ − Μ  axis

• Pt(100)-(5x1), odd coordination against the Σ  mirror plane, along

the Γ − Σ − Μ  axis

4.2  Problems

      We have found some aspects of the data that cannot be explained simply.  For

facilitating the discussion that is made in this chapter, such issues are summarized in

the following:

(1) The bulk energy bands obtained by the measurements in the normal emission

mode cover the k  region along the ∆  axis less than 50%, the surface reconstruction

is found to affect the bulk band in the observed region in the Brillouin zone.

(2) Features appear at constant k  values.  The locations are not affected by the

excitation energy.

(3) Even in case of the bulk energy bands, the surface reconstruction changes the

band structure quantitatively.  In the present work, the energy bands are measured on

the (1x1) and (5x1) structures.  As far as the bulk bands along the ∆  axis is concerned

the surface structure change by 20% cannot much affect the band structure.

(4) In all surface energy band obtained here, i.e., the bands along the Σ  and ∆

axes for the (5x1) and (1x1) surface structures, clear difference of the band structure

is found between the data obtained with excitations at 21 eV and those at 25 eV.
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(5) The obtained energy band structures does not coincide well with the

calculated ones reported so far.   This issue shall be discussed later.

4.3 Discussion

      4.3.1  Normal Emission Band Structure

            First, we consider the observation that the bulk band structure along the ∆

axis is affected by the surface reconstruction. In the three step model, the

photoelectron number arriving at the surface is given as (1.56).  If we write

cos  as l lθ  using the average over θ  for simplicity and integrate over dΩ , the

number of photoelectrons coming out from the layer dz  at z  is given as.

( )ˆexp 1
ˆo

d
N I l

l
η η = − + 

 
, (4.1)

where, l̂  is the effective escape depth and η is the absorption coefficient.

            The fraction, F , of the number of primary photoelectrons coming out of the

layer at the surface with thickness d is given as

( ) ( )

( )

ˆ ˆ1 /

0

0

ˆ ˆ/ 1 1

ˆ ˆ/ 1

d
l d lNdz l l e

F
l lNdz

ηη η

η η

− +

∞

  + −   = =
 + 

∫

∫

     ( )ˆ ˆ1 /
1

l d l
e

η− += − . (4.2)

Since 1lη = , F is written as

ˆ/1 d lF e−= − . (4.3)
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We assume that the effective escape depth is 8 
o

A  as discussed in section 1.6.2.  Since

the lattice constant of Pt is about 4 
o

A , the first surface layer takes 1
2  as the value of

ˆ/d l .  We summarize the value of F given in (4.3) as well as that of (1-F) to represent

the bulk contribution in table 4.1.

Table 4.1   Fraction of the number of photoelectrons from the layer at the surface and

of the bulk contribution.

Number of

atomic layers
1 2 3 4 5 6 7

Value of ˆ/d l 0.5 1.0 1.5 2.0 2.5 3.0 3.5

F (surface) 0.39 0.63 0.78 0.86 0.92 0.95 0.97

F (bulk)

= 1-F (surface) 0.61 0.37 0.22 0.14 0.08 0.05 0.03

            Table 4.1 shows that 39% of primary photoelectrons are coming out of the

first atomic layer at the surface.  Another 39% of primary photoelectrons are from the

second and third layers and 78% of primary photoelectrons are from the first three

atomic layers from the surface.  If we consider that the bulk energy bands are found

by electrons in the region down from the second atomic layer, the majority of the bulk

energy band photoemission occurs in the second and third layers.

            If the surface is reconstructed, it is natural to assume that the electronic

potential as well as the atomic structure in the second layer is affected by the
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reconstruction.  The third layer may not be much affected but slight effect may remain

there.  This situation is the cause of the observed effect of the surface reconstruction

on the bulk energy band structure.

            In EDCs obtained by measurements in the normal emission mode, weak bands

occur at constant kinetic energies.  In the previous chapter, we attribute the emission

bands to scattered and thermalized.  As in Fig. 1.34, the assumption of a parabolic

band for excited electrons well explains the normal emission spectra.  However, the

assumption of the parabolic band is based on the following situation.

            Consider the energy bands in the extended zone scheme.  Suppose an electron

in the first Brillouin zone is excited to the bands in the second or third Brillouin zone.

If this situation is treated in the reduced zone scheme, there are many bands that can

accept the excited electron in the first Brillouin zone.   They are found by folding the

excited state bands in the second and the third zone to the first Brillouin zone.  If we

take the experimental resolution in both energy and momentum, the equi-energy

surface that can accept excited electrons cover the whole first Brillouin zone.

Therefore, the assumption of the single parabolic band makes sense since the band has

complete spherical symmetry.

            If we consider the scheme described above, the energy bands that have the

shape different from one shown schematically in Fig. 1.34 must exist.  Suppose the

bands are those shown in Fig. 4.1 representative manner.  The 1ε  and 2ε  bands in Fig.

4.1 is assumed to be such bands.  Excited electrons are scattered either by electrons or

phonons.  The scattering reduces electron energies until the electrons come to the

band minima, where the electrons cannot loose energies by that scattering that let

electrons stay in the same bands.  We call the electrons falling in the band minima the
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Fig. 4.1  Explanation of thermalization of excited electrons.  Excited electrons are

scattered fast until they are thermalized at band minima

( ) ( )( )1 1 2 2, ; ,ε εk k k k .  Thermalized electrons are ejected out of the

sample.

1
εk

2
εk

k

( )1ε k

( )2ε k
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 thermalized electrons.  This scattering occurs fast.  Obviously, the thermalized

electrons have longer lifetime than electrons not thermalized.  Thus the thermalized

electrons have the higher probability to escape the sample.

           Since the band minima occur at fixed energies and fixed momenta.  Thus, we

observe thermalized electrons at constant kinetic energies and momenta.  The process

described above is similar to the idea of the adiabatic potential explanation of the

Stokes shift of the fluorescence line.

            For ARPES recorded by means of the normal electron emission, the

interpretation of experimental data is made based on determination of the possible

direct transitions between the bulk energy bands along the high symmetry direction

specified by the surface normal.  Peaks that disperse with photon energy in normal

emission spectra are generally interpreted as representing the energy band dispersion.

In the present work, we measured EDCs on a fcc Pt single crystal with the (100)

surface.  Therefore, the rod into the bulk Brillouin zone extends along the Γ to X

direction.  Accordingly, electrons with k vector in the [100] direction in the k are

excited.  This is the ∆ axis in the Brillouin zone.  Obviously, the symmetry of the state

we observe is the ∆ symmetry.  The energy bands along ∆ axis are classified into 4

bands. They are called 1 2 2 5and, , ′∆ ∆ ∆ ∆ .  In Pt 5d electrons give rise to

eigenfunctions, Bloch functions, either of the “odd” which is made of the linear

combination of the dxy, dxz, and dyz functions or of the “even” type arising from dx2, dy2,

and dz2 functions.  The ∆1 state is formed by the “even” type functions (s-symmetry).

The ∆5 state is formed by the “odd” type functions (p-symmetry).  If the final state is

the ∆1 state, the dipole excitation restricts the possible initial state bands to ∆1 and ∆5



203

symmetries.  For the clean fcc (100) surface, with perfectly s-polarized light (A ⊥

[100]), the allowed initial states are ∆5 symmetry, with perfectly p-polarized light (A ||

[100]), the allowed initial states are of the ∆1 symmetry instead.  Dipole selection

rules for the normal emission of fcc crystal are summarized in table 4.2.

Table 4.2   Dipole allowed initial state symmetries for normal emission of fcc crystals

(Hermanson, 1977). For each face the irreducible representations of the

initial states and the final states are listed in single group notation. A is the

vector potential of the incident light.

Crystal face
Axis

     x             y              z

Allowed final

state

Initial state

A || x     A || y      A || z

(001)   [ ]100      [ ]010      [ ]001 ∆1   ∆5          ∆5          ∆1

(110)   [ ]001      110       [ ]110 Σ1   Σ3          Σ4          Σ1

(111)  011      211      [ ]111 Λ1   Λ3          Λ3         Λ1

            Our results of the comparison of the experimental band structure measured

with s-and p-polarized light with the calculated band structure are shown in Figs. 4.2

and 4.3, respectively.  In Fig. 4.2, the bulk band structure of Pt(100) obtained by the

measurements in the normal emission mode.  An incident angle of light, θi = 35o, (s-

polarized geometry) was employed.  The photon energy, hν, ranges from 15 eV to 30

eV.  The abscissa represents the wave vector perpendicular to the surface (k⊥) in

inverse 
1o o

Angstrong(A )
−

.  The ordinate represents the binding energy of electron in
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electron volt (eV).  The asterisks represent the energy bands measured on the sample

with the clean reconstructed (5x1) surface and the solid squares represent the energy

bands of the sample with the unreconstructed (1x1) surface. The solid lines are

theoretical bands calculated by Noffke and Eckardt, using the fully relativistic self-

consistent method.  This calculation is based on the Kohn-Sham one particle scheme

using the exchange-correlation potential of Gunnarsson (Gunnasson, Lundqvist and

Wilkins, 1974).  The bands have been calculated by the linear rigorous cellular (LRC)

method of Fritsche (Fritsche, Rafat, Glocker and Noffke, 1979) for energy Fε ε<  and

by the linearized augmented plane wave (LAPW) method for Fε ε> .

            If the calculated energy bands are available, we can analyze the

experimentally observed ( )ε k  dispersion curve though the comparison with the

theoretically calculated ( )ε k  curve in the analysis of the ( )ε k  dispersion curve.  In

Figs. 4.2 and 4.3, such comparison is made.  In the figures, the energy bands

calculated by Noffke and Eckart are shown by solid lines.  The bands are calculated

along the ∆  axis and independent of the surface structure in principle.  Thus, the same

calculated bands are shown in Figs. 4.2 and 4.3.  In Fig. 4.2, data points shown with

squares represent the bands along the ∆  axis measured on the (100)-(1x1) surface and

those shown with asterisks represent the bands along the ∆  axis measured on the

(100)-(5x1) surface.

            In both figures, the bands with considerable dispersion are observed around

the region k⊥= 0.35-1.0 
1o

A
−

 and Bε  = 1 - 4 eV.  These bands correspond to D4 band
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(k⊥ = 0.35-1.0 
1o

A
−

) named in Figs. 3.3 and 3.4.  They show the weakest density of

state features.

            In the comparison of the experimentally observed bands with those of

theoretically calculated bands, we have to select the appropriate energy bands

calculated theoretically.  A few pieces of energy band calculation have been reported

on Pt so far.  Since the platinum mass is large, the spin-orbit interaction is not

negligible and the energy band calculation is made on this metal using a relativistic

approximation.  The results of calculations by different authors are similar

qualitatively.  Even in the quantitative manner, there is no crucial difference except in

the region near the Fermi level.  Since we are not concerned with the Fermi surface as

in the case of the analysis of measurements of the deHaas-van alphen effect.

Therefore we use the theoretical energy bands calculated by Noffke and Eckart in

Figs. 4.2 and 4.3.

            Before we discuss the comparison of the observed bands with the calculated

bands, we remark the effect of the surface reconstruction.  In Figs. 4.2 and 4.3, it is

recognized that the surface reconstruction does not much affect the energy bands

along the ∆  axis.  However, quantitative difference is found in some bands.  The

difference is more pronounced in the data measured with p-polarized light.  As

already pointed out in the previous chapter, we find from the data shown in Figs. 4.2

and 4.4 that the bulk potential change caused by the surface reconstruction in a few

atomic layers near the surface is appreciable.   However, the majority of the bands are

not affected, as the bulk bands should be.

            If we compared our observed bands with the calculated bands, we find that

qualitative disagreement exist between both kinds of the bands.  The bulk energy band
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structure has been measured by a few investigators.  However, most of the

measurements were carried out along the Λ  axis, i.e., along the 111  direction

(Leschik et al., 1984; Wern, Courths, Leschik and Hufner,&&  1985; Garbe and

Kirschner, 1989).  The reported energy band structure in this case agrees well with the

calculated energy band structure.  The data along the ∆  axis are found in the report by

Thornton et al. (1980) and Leschik et al. (1984).  Their data appear to agree with the

calculated bands.

            If we compare our observed data with the theoretical data, the source of the

disagreement appears to be inherent in the range of crystal momentum k⊥  in the

observed band, the observed ( )ε k  dispersion curves change more toward the

tendency of ( )ε k  calculated theoretically.  In obtaining experimental ( )ε k  curve,

we used the relation (1.109).  We used Vo only as an adjustable parameter.  However,

the selection of the value of Vo cannot alter the range of the k value.  This is obvious

from the relation (1.108).  Suppose the value of k⊥  corresponding to the observed

values of kε  given as 1ε  and 2ε  to be 1k  and 2k  respectively.  Then we have from

(1.108)

( )2 2
1 2 1 2

2
.

m
k k ε ε− = −

h
(4.4)

Relation (4.4) indicates that the range of 2k⊥  is not affected by Vo.  The value of Vo

affects the location of k⊥ .

            Relation (4.4) shows that the span of the ( )ε k  curve obtained from the

observed values of kε  is altered by the value of the electron mass, m.  In obtaining the
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( )ε k  curves shown in Figs. 4.2 and 4.3 we used the relation, (1.109), as mentioned

already.  There, the value of the free electron mass is used.  Relation (4.4) indicates

that the value of m affects the span of the ( )ε k  curve as

max min

1
2

,
o

m
k k k

k
ε∆ ≡ − = ⋅ ∆

h
(4.5)

where ( )max min / 2ok k k≡ +  is the value of k⊥  at the center of the band and ε∆  is the

range of kε .  If we select Vo so that the value of ok  is unchanged, the relation (4.5)

gives

ob o

k m
k m
∆

=
∆

, (4.6)

where obk∆  is the observed energy band distribution  (the distribution of the value of

k ).  From the results shown in Figs 4.2 and 4.3, we will obtained better coincidence

of the energy band distribution with the theoretically calculated energy band

distribution if the value obk / k∆ ∆  is 1.3.  This requires the ratio of the mass to be 1.7.

Thus, we need to use the mass value about 70% larger than the free electron mass.

We do not know if this suggests the collapse of the free electron energy

approximation for the final state photoelectrons.

            As mentioned already, parameter Vo originating in the crystal potential, Eo, as

given in (1.103), does not much affect the spans of the observed energy bands. From

(1.108), we have
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1
2 ( )

1
2 ( )

max kmax o

min kmin o

k m V

k m V .

ε

ε

⊥

⊥

= +

= +

h

h

Then, we have

( )
( )

2

kmax omax

min kmin o

Vk
k V

ε
ε

⊥

⊥

+ 
=  + 

. (4.7)

If we insert kmaxε  and kminε  obtained from the measured value as shown in Figs. 3.3

and 3.4 and select the ratio, ( )2

max mink / k⊥ ⊥ , so as to make the values of maxk⊥  and

mink⊥  meet the calculated energy band spans, we obtain the negative value of oV ,

which is not reasonable.

            The origin of the qualitative disagreement we found here between the

measured and calculated energy bands are not known. One possibility is that the cause

is inherent in the characteristics of the electron energy analyzer we used for the

measurements. The electron lens attached to it reject the electrons of low kinetic

energies. Therefore we cannot observe electrons with light binding energies. Another

possible cause is the collapse of the free electron approximation of the photoelectron

final states. Tamura et al. (1989) and Drube et al. (1988) have suggested that the

photoemission spectra of Pt should be analyzed by assuming the realistic final state

energy band. However, the discrepancy of the energy band cannot be explained by

this. Thornton et al. (1980) used the value, 1.15 mo, as the electron mass in the nearly

free electron approximation in the final state of photoemission and found better

agreement of the experimentally observed bands and theoretically calculated bands.
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            The experimental band structures of clean Pt(100) in normal emission mode

has been reported only by Thornton et al (1980).  They have determined the valence-

band structure between Ã to Χ by analysis of direct transition features in the ARPES

spectra were taken in the range 6 eV ≤ hν ≤ 32 eV with p-polarized light (θi = 63o).

Comparison the present results with those reported by Thornton et al. is depicted in

Fig. 4.4.  The circles represent the experimental band structure of Thornton et al.  The

downward triangles are present experimental band structure obtained by excitations

with p-polarized light on Pt(100)-(5x1) surface.  As mentioned before, the spans of

the energy bands are too narrow in the present work.  If this point is corrected, the

present work is in agreement with the work of Thornton et al., as seen in Fig. 4.4.

Since their work is good agreement with the calculated bands, our data will also

agrees with the theoretical band if the band span is corrected.

            One remarkable aspect of the observed energy band is that the energy bands

are dependent on the polarization of excitation light.  As mentioned already, the light

polarization dependence is introduced through the excitation cross section and the

energy levels are not affected by the polarization direction of excitation light.  This

issue is also puzzling.

            Since the qualitative disagreement is found between the observed energy

bands and the calculated ones, quantitative comparison of the observed energy bands

with the calculated ones does not makes sense.  However, one aspect is worth

mentioning.  In the present data, no features to be compared with the calculated bands

are found below 5 eV.  In the calculation bands, the +
6Ä  band occurs in the region

between 7 eV and 10 eV in the binding energy.   Also a band extending from 4 eV to
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                  ΓΓ                                                                                                           X

Fig. 4.2  The experimental bulk band structure of Pt measured on the (100) surface

along ∆ axis (Γ-X direction) with s-polarized light.  The data points shown

by squares represent the bands measured on the (1x1) surface and the

asterisks represent the bands measured on the (5x1) surface.  The solid lines

are theoretical bulk bands calculated by Noffke and Eckardt.

⊥

-1o

k (A )
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                      ΓΓ                                                                                                           X

Fig. 4.3 The experimental bulk band structure of Pt measured on the (100) surface

along ∆ axis (Γ-X direction) with p-polarized light.  The data points shown

by squares represent the bands measured on the (1x1) surface.  The

downward triangles are the bands obtained on the (5x1) surface.  The solid

lines are theoretical bulk bands calculated by Noffke and Eckardt.

⊥

-1o

k (A )
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                   ΓΓ                                                                                                           X

 Fig. 4.4  The experimental bulk band structure of Pt(5x1) surface along ∆ axis ( Γ-X

direction).  The downward triangles represent our work with p-polarized

light (θi = 60o) in energy range 15 eV ≤ hν ≤ 30 eV.  The circles represent

the Thornton’s work with p-polarized light  (θi = 65o) in photon energy

range 6 eV ≤ hν ≤ 32 eV.

⊥

-1o

k (A )































!!"

############$%# &'# ()')*+,-# .+,./,+0)1# 2/*3+.)# )')*(4# 5+'12# .+''60# 5)# *)7*61/.)1# 54# 08)

1927)*296'#./*:)2-# ; %!ε !! -#652)*:)1#8)*)<

############=%#>0+?3,# )0# +,<@2# 1+0+# 286A# 08)# 9'1)7)'1)'.)# 63# 08)# 5+'1# 1927)*296'# 6'# 08)

)B.90+096'#)')*(4<# #C8)#7*)2)'0#1+0+#286A#08)#1)7)'1)'.)#63# 08)#5+'1#1927)*296'#6'

08)#)B.90+096'#)')*(4<

############D)36*)#A)#7*6.))1#3/*08)*#192./2296'#6'#08)#19209'.09:)#+27).02#63#08)#)')*(4

5+'12#A)#8+:)#652)*:)1-#A)#286/,1#*)?+*E#08)#'+0/*)#63#08)#2/*3+.)#78606)?92296'<

F)#8+:)#7,600)1#08)#56'1#1927)*296'-# ; %!ε !! -#/29'(#08)#*),+096'-#;G<HH%#+'1#;G<GIG%-

+2

( ) ( ) ( )" " !ε ε ε= =! ! !! ! ;G<GIG%

G ! 29'#$ θε=!!
"

;G<HH%

############J)*)#A)#?/20#)?78+29K)# 08+0#A)#652)*:)# 08)#1927)*296'# L/20# 36*?+,,4<#F8+0

+*)#652)*:)1#8)*)#+*)

############;9%#>6?)#3)+0/*)2#6../**9'(#9'#08)#+'(,)M*)26,:)1#NOP2<

############;99%# N:)'# 93# A)# 652)*:)# θ # 1)7)'1)'.)# 6'# #ε # 3)+0/*)1# +'1# 1)79.0# ( )!ε !!

/29'(# !! # 650+9')1# 3*6?# ;G<HH%-# 90# 92# '60# .6'39*?)1# 08+0# 08)# *)2/,0+'0# ./*:)2# +*)# 08)

1927)*296'#./*:)2#63# 08)#2/*3+.)#)')*(4#5+'12<# #C8)*)#92# 08)#7622959,904# 08+0# 08)#5/,E

5+'1#1927)*296'# 92#650+9')1# 08)*)<# #Q+?),4-# 08)# 7+*0# 63# !! # 92# 1)7)'1)'.)# 63# 08)# !

1)7)'1)'.)<##Q+0/*+,,4#08)#5/,E#5+'1#7*6L).0)1#6'#08)#2/*3+.)#.+'#5)#652)*:)1<#C8)*)

?/20#5)#08)#7)+E2#63#08)#OR>#./*:)2<



!!S

############;999%# C8)*)36*)# A)# 8+:)# 06# .6'39*?# 08+0# A8+0# A)# 652)*:)# 92# 08)# 2/*3+.)M

6*9(9'+0)1# 5+'12<# # C8)4# +*)# '60# 6',4# 08)# 9'0*9'29.# 2/*3+.)# 20+0)2# 5/0# 08)# 2/*3+.)

*)26'+'.)#20+0)2<##C8)#*)2/,0#63#08)#)')*(4#5+'1#.+,./,+096'#54#T96*)'09'9#286A2#08+0

08)#2/*3+.)#5+'1#+,?620#6:)*,+72#08)#5/,E#5+'1#7*6L).0)1#6'#08)#2/*3+.)<##C8/2#A8+0

A)#.+'#652)*:)#+*)# 08)#2/*3+.)# *)26'+'.)#5+'12<# #C8)#2/*3+.)#*)26'+'.)#5+'12#?+4

9'19.+0)#08)#0A6M19?)'296'+,#1)7)'1)'.)#6'#08)#.*420+,#?6?)'0/?<

############;9:%# &'# 08)# .6'291)*+096'# 63# 08)# 2/*3+.)# 2)'2909:904# 63# 08)# 78606)?92296'

7*6.)22)2-#90#92#U/90#/2)3/,#06#192./22#+56/0#08)#3*+.096'#63#78606)?92296'#)?900)1#3*6?

08)#2/*3+.)#,+4)*#A89.8#92#1)39')1#+2#08)#39*20#+06?9.#,+4)*#63#V0#;GII%<##>/7762)#08+0

,9(80#92#9'.91)'0#6'#08)#2+?7,)#+0#+'#9'.91)'0#+'(,)#63# #θ #+'1#7*9?+*4#78606),).0*6'2

)?900)1# 06A+*1# 08)# 19*).096'# ?+E9'(# +'# +'(,)# 63# θ # 3*6?# 08)# 2/*3+.)# '6*?+,# +*)

1)0).0)1<

############&'# 08)# 36*?/,+# )B7*)229'(# 08)# 78606)?92296'# 9'0)'2904-# ;G<=W%-# A)# 8+:)# 06

*)7,+.)# η # A908# #.62η θ # 26# 08+0# A)# 650+9'# 08)# .6**).0# 36*?/,+# 06# )B7*)22# 08)

78606)?92296'# 9'0)'2904<# # C8)'# A)# 9'0)(*+0)# 08)# .6**).0)1# 36*?/,+# 63# 08)# )?92296'

9'0)'2904#06#650+9'#08)#3*+.096'#63#08)#2/*3+.)#)?92296'#+2

( )
( )

( )
( )

#

I

I

.62 G################## G )B7 G <
.62.62

% %& %' %'& %
(

& %& %' %'

%
)

)

θη
θθ

∞≡ =
∞

  = − − ⋅ +    

∫
∫ ;$<S%

############X2# ?)'096')1# +,*)+14-# A)# 8+:)# 2),).0)1# #θ # +2# W=* <# # X2# A)# 36/'1# 9'# 08)

)B7)*9?)'0+,# 1+0+# 7*)2)'0)1# 9'# 08)# 7*6.))19'(# .8+70)*-# θ # :+*9)2# 5)0A))'

GI #+'1 #W!* *− <##C8/2-#A)#8+:)



!!H

#

G# # .62 # I<S$S
.62 I<SGH

G<GS .62 .62 G<I$

θ
θ

θ θ

> >
=

> >

C8)*)36*)# 9'# 08)#)B7*)2296'#63#(-#A)#?+4#.6'291)*# 08)# 3+.06*# Y.62 Z .62θ θ # 92# +,?620

/'904<#η #92#+#:+,/)#A908#+'#6*1)*#63#?+('90/1)#63#GI[#.?MG<##R'#08)#608)*#8+'1-#)#0+E)2

+#:+,/)#5)0A))'#=#
6
X #+'1#S#

6
X <##C8)'-# )η #0+E)#+#:+,/)#63#+'#6*1)*#?+('90/1)#63#GIMGI

06#GIM!<# #C8/2-# )η # .+'#5)#6?900)1# 3*6?# 08)#)B7*)2296'#63#(<# #X,26-#A)# +77*6B9?+0)

GZ .62θ #;G<GS%#+2#G<##C8)*)36*)#A)#8+:)

( )
( )

G )B7 <
& % %

(
& )θ

 = = − −  
;$<H%

>9'.)# % ) #0+E)2#+#:+,/)#63#I<WH#36*#
6

= X) = #+'1#I<!$=#36*#
6

S X) = -#29'.)#08)#29K)#63

08)#39*20#,+4)*#089.E')22-#%-#92

6W<H! G<H[ X
! !
+

% = = = -

A8)*)#+#92#08)#,+009.)#.6'20+'02<##\29'(#08)#:+,/)2#(9:)'#+56:)-#A)#650+9'

( )
6

G )B7 I<WH! G I<["[ I<W!$ 36* = X<( )= − − = − = =

( )
6

G )B7 I<!$= G I<"SW I<!G" 36* S X<( )= − − = − = =

C892# 0),,# /2# 08+0# 08)# 3*+.096'# 63# 78606),).0*6'2# )?900)1# 3*6?# 08)# 2/*3+.)# ,+4)*# 63# V0

;GII%# 92# 6',4# W!]# 9'# .+2)# 63# 08)# )2.+7)# 1)708# 5)9'(# =#
6
X # +'1# !!]# 9'# .+2)# 63# 08)



!WI

)2.+7)#1)708#63#S#
6
X <# #C8)*)36*# 08)#?+L6*904#63# 08)#78606),).0*6'2#A)#+..)70# 9'# 08)

)')*(4#+'+,4K)*#+*)#3*6?#08)#5/,E#.*420+,<

############C8)# *)?+*E# A)# ?+1)# +56:)# )B7,+9'# 08)# )')*(4# 5+'1# 1927)*296'# ./*:)2# A)

650+9'# 3*6?# 08)# 78606)?92296'# 1+0+# +(*))# A908# 08)# 5/,E# )')*(4# 5+'12# 08)6*)09.+,,4

.+,./,+0)1<# # J6A):)*-# !! # 9'# 08)# Γ − Σ −Μ # ,9')# 9'# 08)# 2/*3+.)# D*9,,6/9'# K6')# 92

7+*+,,),#06#08)# !! # 9'#08)# Γ − ∆ − Χ #19*).096'#9'#08)#5/,E#D*9,,6/9'#K6')<# #X,26# !! # 9'

08)#Γ − Σ −Μ #,9')#9'#08)#2/*3+.)#D*9,,6/9'#K6')#92#7+*+,,),#06#!! #9'#08)#Γ − ∆ − Κ #,9')

9'# 08)# 59,E#D*9,,6/9'# K6')<# # &'# 0892# .+2)-# 86A):)*-# 08)# 29K)2# 63# 08)# *).97*6.+,# ,+009.)

:).06*2#+*)#1933)*)'0<##C8)2)#*),+096'2#+*)#A),,#1)79.0)1#9'#T9(<#!<G$<

############&0#92#+,26#762295,)#08+0# 08)#0A6#19?)'296'+,#5+'12#A)#652)*:)#+*)#08)#2/*3+.)

*)26'+'.)#5+'12#93#08)4#286A#1927)*296'<##J6A):)*-#A)#8+:)#'60#.6'39*?)1#A8)08)*

08)# 0A6#19?)'296'+,#5+'12#A)#650+9')1#8)*)#+*)# *)+,,4#2/*3+.)M6*9(9'+0)1#6*#'60<# # &3

A)# 652)*:)1# 08)# 7/*)# 5/,E# 5+'1# 9'# 08)# 0A6# 19?)'296'+,# ?61)# ?)+2/*)?)'02-# 36*

9'20+'.)-#93#A)#652)*:)1#08)#5+'1#+,6'(# ^Γ − Λ − -#A8+0#A)#650+9')1#9'#08)#5/,E#5+'1

7*6L).0)1#6'#08)#2/*3+.)<##C8)*)36*)#08)#.6'0*95/096'#3*6?#08)# ⊥! #.6?76')'02#(9:)#+

.6'291)*+5,)#A9108#06#08)#1927)*296'#./*:)<# # &3#A)#+*)#652)*:9'(#08)#5+'12#08+0#8+:)

6',4# 08)# ⊥! # .6?76')'02-# A8+0# A)# 652)*:)# +*)# 08)# 5+'12# 08+0# 8+:)# '60# 1927)*296'

+,6'(#08)#!! #,9')<



!WG

"#"!$%&'()*+,&'

######C8)#7*)2)'0#A6*E#92#2/??+*9K)1#+2#36,,6A9'(#.6'.,/296'<

######G%#X_VN>#8+:)#5))'#.+**9)1#6/0#6'#08)#*).6'20*/.0)1#;=BG%#+'1#/'*).6'20*/.0)1

;GBG%#20*/.0/*)2#63#08)#.,)+'#V0;GII%#2/*3+.)<

######!%#C8)#5+.E(*6/'1#36*#08)#*)2)+*.8#92#1)2.*95)1<

######W%# C8)# )B7)*9?)'0+,# 7*6.)1/*)# 92# 1)2.*95)1# 9'# 1)0+9,<# # C8)*)-# 9'# +119096'# 06# 08)

)B7)*9?)'0+,# +77+*+0/2-# 2+?7,)# 7*)7+*+096'# +'1# )B7)*9?)'0+,# 7*6.)1/*)# +*)

)B7,+9')1<

######$%# C8)# '6*?+,# )?92296'# +'1# 2/*3+.)# 5+'1#?+779'(# +*)#?+1)# 6'# 5608# 2/*3+.)2<

C8)# *)2/,02# +*)# .6?7+*)1# )+.8# 608)*# +2#A),,# +2#A908# *)76*0)1# *)2/,02# 63# 08)# )')*(4

5+'1#.+,./,+096'<

######=%#C8)#7+*904#2),).096'#*/,)#.6?59')1#A908#08)#76,+*9K+096'#2),).096'#*/,)#92#/2)1

06# 9':)209(+0)# 08)# 24??)0*4# 63# 08)# 9'909+,# 20+0)2# 06# 5)# )B.90)1# 9'# 78606)?92296'

7*6.)22)2<



!"#"$"%&"'



!"#"$"%&"'

!"#$%&%'( )*'( +%,-.&%$#/%'( )*'( 0$%12'( )*'( 3%,%$.'( 4*'( )%$%-%,-.'( 5*'( ( 617%'( 4*'

3#8#$.'(3*'(+919'(3*'(3%79'(3*'(+.19,-.7%'()*'(+%$.8%$.'(!*'(:,-..'()*'(;%/$'(<*(4*

%1=(4#'(3*(>*((?@AABC*((!1DE2(/2,9EF2=(G-9792H.,,.91(,7#=I(9J(%(,.1DE2K=9H%.1

3.?LL@CBM@K+( ,#/J%N2(&.7-( ,I1N-/97/91( /%=.%7.91O( ,IHH27/I( %1=( =.,G2/,.91( 9J

,#/J%N2(,7%72,*(()$#*+(&,*(BP@O(B@QKBBR*

!1=2/,21'(0*(+*( ( ?@AQLC*( (6E2N7/91.N(,7/#N7#/2(9J( 7-2(JNN( 7/%1,.7.91(H27%E,( :/'(S-'(;7

%1=(;=*((-./'*+!"0*+1*(B(?TCO(UURK(ALP*

!1=2/,21'(0*(+*(%1=(V%N$.179,-'(!*(S*((?@APUC*((W2/H.(,#/J%N2,(%1=(2JJ2N7.F2(H%,,2,

.1(JNN(7/%1,.7.91(H27%E,*((23,4+(565"+7288)%*((PO(BUXKBAL*

Y21%/='(Z*'(Y2/7-.2/'(4*'([2E%H%/2'(W*'(591=/9,'(6*'(5#"2/'(V*'(V%/N#,'(;*'(V%,,91'

!*(0#=%/'(Z*(%1=(S-2%='(\*(6*( ( ?@AURC*( (94'2$:5,2%+2%+8"563+')$#6&"'*( (]2&

49/$O(6E,2F.2/(3N.217.J.N(;#"E.,-.1D(<9HG%1I*

Y212,-'( \*!*'( ^.I%1%D2'( ^*3*\*( %1=( ;.1D2E'( Z*<*( ( ?@AALC*( ( )-2( ,#/J%N2( 2E2N7/91.N

,7/#N7#/2(9J(?@M@C(;7?@LLC*((;*+-./'<+72%4"%'*+=655"$*(BO(ALPXKALQP*

Y2/DE#1='(<*]*(%1=(3G.N2,'(>*6*((?@APTC*((;-9792H.,,.91(,7#=.2,(9J(N9GG2/(%1=(,.EF2/O

)-29/I*((-./'*+!"0*((@RP?T!CO(!@LRLK!@LTT*

Y92DE.1'(<*'(<%//.2/2'(Y*'([2F.EE2'( Z*;*(%1=(3N-2#/2/'(W*'(\#.EE97'(<*(!1=(Y%//277'(]*

?@AABC*((;-9792H.,,.91(,7#=I(9J(7-2(<9_;7?@LLC(.172/J%N2*((-./'*+!"0*+1*((RURTK

RURQ*



BRR

Y9182E'(5*(;*(%1=(;./#D'(\*((?@AQQC*((;-9792E2N7/91(,G2N7/9,N9GI(9J(]0(%=,9/"2=(91

;7?@LLC*((()$#6&"+(&,*(PBO(TXKPL*

Y9#N-%2/7'(^*;*'(3H9E#N-9&,$.'(S*(%1=(>.D12/'(6*((?@ARPC*()-29/I(9J(Y/.EE9#.1(8912,

%1=(,IHH27/I(G/9G2/7.2,(9J(&%F2(J#1N7.91,(.1(N/I,7%E,*(-./'*+!"0*(XLO(XUKPQ*

Y/9=21'( \*'( ;./#D'( \*( %1=( Y9182E'( 5*;*( ( ?@AQUC*( ( <-2H.,9/G7.91( 9J( <0( 91( 7-2

#1/2N91,7/#N72=(;7?@LLC(,#/J%N2*((()$#6&"+(&,*(QBO(TXKXB*

<%/=91%'(V*(%1=(^2I'(^*(?2=,C*(?@AQUC*((-.252"8,'',2%+,%+'23,4+>*((Y2/E.1O(3G/.1D2/K

`2/E%D*

<-%1D'(<*(3*'(3#'(>*(Y*'(>2.'(<*(V*(%1=(),91D'()*()*((?@AAAC*((^%/D2(W2/H.(=21,.7I

&%F2,( 91( 7-2( /2N91,7/#N72=(;7?@LLC( ,#/J%N2*( (-./'*+!"0*+?"55*( UR( ?@RCO( BPLTK

BPLQ*

<91/%='(6*(5*( ( ?@AAPC*( ([.JJ/%N7.91(H27-9=,*( :1(>*(]*(a12/7E( ?2=*C*( (@6%4A22B+2#

')$#6&"+'&,"%&"C+D*E*+?GG(BQ@KRPLC*((]27-2/E%1=,O(6E,2F.2/(3N.21N2(Y*`*

[/#"2'(S*'([9,2'(`*(%1=(\9E=H%11'(!*((?@AUUC*((6HG7I(2E2N7/91.N(,7%72,(%7(7-2(?@M@C

%1=(?XMBLC(,#/J%N2,(9J(;7?@LLCO(!1(.1F2/,2(G-9792H.,,.91(,7#=I*( (()$#6&"+(&,*

@AQO(R@QKRBP*

6N$%/=7'( 5*'( W/.,N-2'( ^*( %1=( ]9JJ$2'( Z*( ( ?@AUTC*( 32EJKN91,.,7217( /2E%7.F.,7.N( "%1=

,7/#N7#/2(9J(7-2(19"E2(H27%E,*(;*+-./'*+F*<+="563+-./'*(@TO(AQ*

W2#2/"%N-2/'(Y*(%1=(>.EE.,'(S*W*((?@AQPC*((;-9792H.,,.91(%1=(2E2N7/91(,7%72,(%7(NE2%1

,#/J%N2,*((;*+-./'*+7<+(23,4+(565"+-./'*((AO(@PAKB@P*

W.9/217.1.'(`*'(V27-J2,,2E'(V*(%1=(3N-2JJE2/'(V*((?@AARC*((S2N91,7/#N7.91(H2N-%1.,H

9J(JNN(7/%1,.7.91(H27%E(?LL@C(,#/J%N2*((-./'*+!"0*+?"55*(Q@(?QCO(@LX@K@LXT*

W/.7,N-2'(^*'(S%J%7(H2-/'(V*'(\E9N$2/'(S*(%1=(]9JJ$2'(Z*(?@AQAC((6E2N7/91.N(,7/#N7#/2

N%EN#E%7.91,("I(7-2(E.12%/(/.D9/9#,(N2EE#E%/(H27-9=*((G*+-./'*+1*(RR'(@*



BRT

\%/"2'(Z*(%1=(+./,N-12/'(Z*((?@AUAC*((3G.1K/2,9EF2=(G-9792H.,,.91(J/9H(7-2(?@@@C(J%N2

9J(GE%7.1#H*((-./'*+!"0*+1*(RA(?RCO(@XRLK@XRT*

\/%17'(Z*()*(%1=(5%%,'()*(>*((?@APAC*(()-2(,7/#N7#/2(9J(7-2(;7?@LLC(,#/J%N2*((()$#6&"

(&,*(@UO(TXQKTP@*

\#11%/,,91'( 0*'( ^#1=bF.,7'( Y*( :*( %1=( >.E$.1,'( Z*( >*( ( ?@AQTC*( <917/."#7.91( 79( 7-2

N9-2,.F2( 212/DI( 9J( ,.HGE2( H27%E,O( 3G.1K=2G21=217( 2JJ2N7*( -./'*+ !"0*+ 1*

@LO@R@AK@RBQ*

5%D,7/9H'(3*'( ^I91'(5*(Y*( %1=(39H9/c%.'(\*(!*( ( ?@APXC*( ( 3#/J%N2( ,7/#N7#/2,( 91( 7-2

NE2%1(GE%7.1#H(?@LLC(,#/J%N2*((-./'*+!"0*+?655*(@X(?@@CO(TA@KTAR*

52.EH%11'(;*'(52.18'(+*(%1=( V#EE2/&& '(+*((?@AQAC*(()-2(,#G2/,7/#N7#/2,(9J(7-2(NE2%1(;7

?@LLC(%1=(:/?@LLC(,#/J%N2,*((()$#6&"+(&,*(URO(TUQKTAQ*

52.12'(`*(?@APLC*((H$2):+5."2$/+,%+I)6%5)8+8"&.6%,&'*((^91=91O(;2/D%H91(;/2,,*

52/H%1,91'( Z*( ?@AQQC*( ( W.1%EK,7%72( ,IHH27/I( %1=( G9E%/.8%7.91( 2JJ2N7,( .1( %1DE2K

/2,9EF2=(G-9792H.,,.91(,G2N7/9,N9GI*((23,4+(565"+7288*(BBO(AK@@*

59/.'(4*'( :D%/%,-.'(]*'( :79'(+*'(+%$.8%$.'(!*'(+9"%I%,-.'(4*'(V#/%$%H.'(4*'()9H.7%'

]*'(>%7%1%"2'( ]*( %1=(4%D.,-.7%'( !*( ?2=,C*( ( ?@AAAC*( (-.252%+ #6&52$/+ 6&5,0,5/

$":2$5+EJJK*((:"%/%$.O(5.D-(612/DI(!NN2E2/%79/(S2,2%/N-(0/D%1.8%7.91(?+6+C*

5#J12/&& '(3*((?@AAPC*((-.252"3"&5$2%+':"&5$2'&2:/(?B1=(2=C*((Y2/E.1O(3G/.1D2/K`2/E%D*

:19#2'(3*)*'(!,%19'(3*( %1=(4%H%,-.7%'( Z'( ( ?@AQ@C*( (</I,7%E( G97217.%E,( %1=( 7-2(W2/H.

,#/J%N2(9J(7-2(%E$%E.(H27%E,(?:C*((;*+-./'*+(2&*+;:%*++RLO@XTPK@XXT*

:/H2/'(]*'([%F.='(S*'(3N-H.2=2,$%HG'(Y*(%1=(52.18H%11'(a*((?@AABC*((6MG2/.H217%E

F2/.J.N%7.91(9J(%(,G.1(2JJ2N7(.1(G-9792H.,,.91O(;9E%/.82=(2E2N7/91,(=#2(79(G-%,2K

,-.J7(=.JJ2/21N2,(.1(7-2(19/H%E(2H.,,.91(J/9H(;7?@LLC("I(#1G9E%/.82=(/%=.%7.91*

-./'*+!"0*+1*(TX(?QCO(RUTAKRUXB*



BRX

:,-..'( )*( ( ?@AUAC( ( 39E.=( ,7%72( ,G2N7/9,N9GI( .1( 7-2( F%N##H( #E7/%F.9E27( %1=( ,9J7( MK/%I

/2D.91*(:1(5*(>.1.N$'([*(d.%1'(V.1DK-%1(42(%1=()*(5#%1D(?2=,C*((9::3,&65,2%'

2#+ '/%&.$25$2%+ $64,65,2%( ?GG( RQ@KX@TC*( ( ]2&( 49/$O( \9/=91( %1=( Y/2%N-

3N.21N2(;#"E.,-2/,*

Z211.1D,'(;*( Z*( ( ?@AABC*( (^9&(212/DI(2E2N7/91( =.JJ/%N7.91*( :1([*( Z*(0e<9119/'(Y*(!*

32M791( %1=( S*( 37*( <*( 3H%/7( ?2=,*C*( ( ()$#6&"+ 6%63/','+ 8"5.24'+ ,%+ 865"$,63'

'&,"%&"+?GG(BQXKBUAC*((Y2/E.1O(3G/.1D2/K`2/E%D*

+2F%1'(3*[*((?@AABC*((9%L3"M$"'230"4+:.252"8,'',2%*+(]27-2/E%1=,O(6E2,F.2/(3N.21N2

;#"E.,-2/,(Y*`*

+.772E'(<*((?@APRC*((N)6%5)8+5."2$/+2#+'23,4'*((]2&(49/$O(Z9-1(>.E2I(f(391,'(:1N*

+.772E'(<*( ?@APQC*( ( >%5$24)&5,2%+ 52+ '23,4+ '565"+:./',&'*( (]2&(49/$O( Z9-1(>.E2I(f

391,'(:1N*

+.772E'(<*( ( ?@AA@C*( ( >%5$24)&5,2%+ 52+ '23,4+ '565"+:./',&'+ OP5.+ "4*Q*! !3.1D%G9/2O( Z9-1

>.E2I(f(391,'(:1N*

+19M'(S*(3*((?@APRC*((R."2$/+2#+"S,52%'+,%+'23,4+'565"+:./',&'*((]2&(49/$O(!N%=2H.N

;/2,,*

^2,N-.$'(\*'(<9#/7-,'(S*'(>2/1'(5*(%1=(5gJ12/'(3*'(6N$%/=7'(5*(%1=(]9JJ$2'(Z*((?@AUTC*

Y%1=( ,7/#N7#/2( 9J( GE%7.1#H( J/9H( %1DE2( /2,9EF2=( G-9792H.,,.91( 2MG2/.H217,*

(23,4+(565"+7288)%*+XB(?BCO(BB@KBBX*

^2/9#M'( <*'( <%=2F.EE2'(V*<*'( ;2.2//91KY9-12,'(`*'( :1=21'( \*( %1=(5.18'( W*( ( ?@AUUC*

<9HG%/%7.F2(9J(^@9(].;7(%1=(<9;7(G-%,2,h(7-2(/9E2(J9/(H%D127.,H*(;*+-./'*+F+<

="5*+-./'*(@UO(BLRRKBLX@*

^.1'(V*( )*'( +#9'( <*<*'( 52/'( 5*( 4*'(>#'( 4*6*'( ),%I'( Z*3*( %1=( 3-2/1'( <*3*( ( ?@AAAC*

\.%17( 21-%1N2H217( 9J(H%D1279K9G7.N%E( /2,G91,2( %1=( .1N/2%,2( .1( G2/G21=.N#E%/



BRP

H%D127.N( %1.,97/9GI( 9J( #E7/%7-.1(<9_;7?@@@C( J.EH,( #G91( 7-2/H%E( %112%E.1D*( (;*

D6&*+(&,*+R"&.%23*((!@Q?XCORLTXKRLXL*

^I91'(5*(Y*(%1=(39H9/c%.'(\*(!*( ( ?@APQC*( (^9&K212/DI(2E2N7/91K=.JJ/%N7.91(,7#=I(9J

7-2(NE2%1(?@LLC'(?@@@C(%1=(?@@LC(J%N2,(9J(GE%7.1#H*(;*+7."8*+-./'*(TP(?QCO(BXRAK

BXXL*

V%N$.179,-'(!*(S*((?@APPC*((1)33*+98*+-./'*+(2&*((@@'(B@X*

V%-%1'(\*[*((?@AQXC*(()-29/I(9J(G-9792H.,,.91(.1(,.HGE2(H27%E,*((-./'*+!"0*+1*((BO

((((((((TRRTKTRXL*

V.EE,'(+*!*'([%F.,'(S*W*'(+2F%1'(3*[*'()-9/1791'(\*(%1=(3-./E2I'([*!*(?@AULC*((!1DE2K

/2,9EF2=( G-9792H.,,.91( =272/H.1%7.91( 9J( ΛKE.12( F%E21N2( "%1=,( .1( ;7( %1=( !#

#,.1D(,I1N-/97/91(/%=.%7.91*((-./'*+!"0*+1*(BB(?BCO(XU@KXAB*

V9/D%1'(!*(6*(%1=(39H9/c%.'(\*(!*((?@APUC*((^9&(212/DI(2E2N7/91(=.JJ/%N7.91(,7#=.2,

9J(D%,(%=,9/G7.91(91(7-2(GE%7.1#H(?@LLC(,.1DE2(N/I,7%E(,#/J%N2*((()$#6&"+(&,*+@BO

TLXKTLBX*

V9/D%1'(!*(6*(%1=(39H9/c%.'(\*(!*((?@APAC*((^9&(212/DI(2E2N7/91(=.JJ/%N7.91(,7#=.2,

9J( 7-2( %=,9/G7.91( 9J( #1,%7#/%72=( -I=/9N%/"91,( %1=( N%/"91( H919M.=2( 91( 7-2

GE%7.1#H(?@@@C(%1=(?@LLC(,.1DE2(N/I,7%E(,#/J%N2*((;*+7."8*+-./'*+X@(?UCO(RRLAK

RRB@*

V9/.$%&%'4*'( +9"%I%,-.'( +*'( )2/%$#/%'( +*( %1=( YEgD2E'( 3*( ( ?@AA@C*( ( )-29/27.N%E

,#GG9/7( 79( 7-2( =9#"E2KE%I2/( H9=2E( J9/( G97%,,.#H( %=,9/G7.91( 91( 7-2( 3.?LL@C

,#/J%N2*(-./'*+!"0*+1*(TTO(RTXAKRTPB*

V9/#88.'( `*( ^*'( Z%1%$'( Z*( W*( %1=(>.EE.%H,'( !*( S*( ( ?@AQUC( (763&)365"4+ "3"&5$2%,&

:$2:"$5,"'+2#+8"563'*((]2&(49/$O(;2/D%H91*



BRQ

]22=,'(S*(Z*(%1=(V%1,J.2E='(V*((?@AUAC*((<%EN#E%7.91,(9J(7-2(,#/J%N2(,7/2,,(721,9/(%1=

,#/J%N2( 212/DI( 9J( 7-2( ?@LLC( ,#/J%N2,( 9J( ./.=.#H'( GE%7.1#H( %1=( D9E=*( ;*+ -./'<

72%4"%'*+=655"$*(@O(QXXXKQXPR*

(W/.7,N-2'( ^*'( ]9JJ$2'( Z*'( %1=( 6N$%/=7'( 5*( ( ?@AUQC*( ( !( /2E%7.F.,7.N( 7/2%7H217( 9J

.172/%N7.1D( ,G.1K%E.D12=( 2E2N7/91( ,I,72H,O( %GGE.N%7.91( 79( J2//9H%D127.N( ./91'

1.N$2E(%1=(G%EE%=.#H(H27%E*(;*+-./'*+F*+<+="563+-./'*(@QO(ATR*

0e<9119/'([*(Z*'(32M791'(Y*(!*(%1=(3H%/7'(S*(37*(<*(?2=,*C*((?@AABC*((()$#6&"+6%63/','

8"5.24'+,%+865"$,63'+'&,"%&"*((Y2/E.1O(3G/.1D2/K`2/E%D*

019'(+*(?BLLRC*((1?MEE7+(23,4+'565"+':"&5$2'&2:/+A"68+3,%"+i01KE.12j*(!F%.E%"E2O

-77GO__GJ&&&*$2$*cG_#,2/,k.1J9_#,2/,kD#.=2k2_,7%7.91k,G2Nk2_"E@@N*G=J

;%EH"2/D'(;*>*(%1=(S-9=.1'()*(]*((?@APQC*((3#/J%N2(,7/#N7#/2(9J(NE2%1(!#(?@LLC(%1=

!D(?@LLC(,#/J%N2,(-./'*+!"0*(@P@OXUP*

S%I'(;*(]*'(<-9&=-#/.'( Z*( %1=(<-%772/c22'(3*( ( ?@AURC*( (6E2N7/91.N( 212/DI( "%1=,( %1=

9G7.N%E(G/9G2/7.2,(9J(:/(%1=(;7*((;*+-./'*+F<+="5*+-./'*+(@RO(BXPAKBXUL*

S.78'( \*'( 3N-H.='( V*'( `%/D%'( ;*( Y9/D'( !*'( S911.1D'( V*( ( ?@AAQC*( ( ;7?@LLC

b#%,.-%M%D91%E( /2N91,7/#N7#/2O( !( N9HG%/.,91( "27&221( ,N%11.1D( 7#112E.1D

H.N/9,N9GI( =%7%( %1=( 2JJ2N7.F2(H2=.#H( 7-29/I( ,.H#E%7.91( N%EN#E%7.91,*( (-./'*

!"0*+1*((XP?@PCO(@LX@UK@LXBX*

S9=/.D#28'(Z*(!*(%1=(+#-1'(V*((?@AAXC*((<-2H.N%E(%1=(2E2N7/91.N(G/9G2/7.2,(9J(;7(.1

".H27%EE.N( ,#/J%N2,O( ;-9792H.,,.91( %1=( <0KN-2H.,9/G7.91( ,7#=.2,( J9/( l1_;7

?@@@C*((;*+7."8*+-./'*++@LB(?@LCO(TBQAKTBUA*

S-2%='(\*(6*((?@AQRC*((01(7-2(%19H%E9#,(,#/J%N2(,7/#N7#/2,(9J(D9E=(%1=(GE%7.1#H*((;*

-./'*+F<+="5*+-./'*(RO(^XRK^XP*

32.78'(W*((?@ATLC*((=24"$%+5."2$/+2#+'23,4'*((]2&(49/$O(VN\/%&K5.EE'(:1N*



BRU

3E%72/'(Z*<*((?@APXC*((N)6%5)8+5."2$/+2#+823"&)3"'+6%4+'23,4'+OD23*+>>Q*((]2&(49/$O

VN\/%&K5.EE'(:1N*

3H.7-'( ]*`*( ( ?@AQTC*( ( ;-9792H.,,.91( ,G2N7/%( %1=( "%1=( ,7/#N7#/2( 9J( "K"%1=(H27%E,*

:::*(V9=2E("%1=(N%EN#E%7.91,(91(S-'(;='(!D'(:/'(;7(%1=(!#*((-./'*+!"0*+1*(A?TCO

@RPXK@RQP*

3H.7-'(]*`*'(>2/7-2.H'(\*+*'( 5#J12/&& '(3*(%1=()/%#H'(V*V*((?@AQTC*((;-9792H.,,.91

,G2N7/%(%1=("%1=(,7/#N7#/2,(9J(=K"%1=(H27%E*( :`*( (dK/%I(G-9792H.,,.91(,G2N7/%

%1=(=21,.7.2,(9J(,7%72,(.1(S-'(;='(!D'(:/'(;7(%1=(!#*((-./'*+!"0*+1*(@L(?UCO(R@AQK

RBLP*

39=%'(+*'(V9/.'()*'(01#$.'(4*'(+9H%7,#"%/%'()*(%1=(:,-..'()*((?@AUUC*((0G7.N%E(=21,.7I

9J(,7%72,(9J(F%E21N2(2E2N7/91,(.1(<2<#B3.B*((;*+-./'*+(2&*+;6:6%*+XQO(@PAAK@QLP*

39H9/c%.'(\*!*((?@APQC*((]972(79(7-2(G%G2/("I([*\*(W2=%$(%1=(]*!*(\c9,72.1'(91(7-2

%19H%E9#,(,#/J%N2(,7/#N7#/2(9J(D9E=*((()$#6&"+(&,*+(UO(AUK@LL*

3G.N2/'( ]*6*( %1=( +/9E.$9&,$.'( >*W*( ( ;-9792H.,,.91( ,7#=.2,( 9J( 7-2( 19"2E( H27%EO( :*

<9GG2/*((-./'*+!"0*((@UX(?RCO(UUBKALL*

37%HGJE'(!*(;*(Z*'(V%/7.1'(S*'(\%/=12/'(;*(%1=(Y/%=,-%&'(!*(V*( ( ?@AAXC*( (6E2N7/91.N

"%1=(,7/#N7#/2(9J(7-2(;7m@LLn(,#/J%N2*((-./'*+!"0*+1*(X@(?@XCO(@L@AQK@LBLL*

)%H#/%'( 6*'( ;.2G$2'(>*( %1=( W2=2/'( S*( ( ?@AUAC*( ( 3G.1K/2,9EF2=( G-9792H.,,.91( J/9H

?@@@C( ,#/J%N2,( 9J( ;='( :/( %1=( ;7( "I( N./N#E%/EI( G9E%/.82=( E.D-7O( 7-29/I( %1=

N9HG%/.,91(&.7-(2MG2/.H217*((;*+-./'*<+72%4"%'*+=655"$*(@O(PTPAKPTUB*

)-./I'( ;*'( <-%1=2,/.,'( [*'( ^2N%172'( Z*'( \#.EE97'( <*'( ;.1N-%#M'( S*( %1=( ;27/9JJ'( 4*

?@AQAC*((6(F,(B(%1=(.1F2/,2(E.J27.H2(9J(<#?@@LC*((-./'*+!"0*+?"55*(TR(?@CO(UBKUX*



BRA

)-9/1791'(\*'([%F.,'(S*W*'(V.EE,'(+*!*(%1=(3-./E2I'([*!*((?@AULC((!1(%1DE2K/2,9EF2=

G-9792H.,,.91(=272/H.1%7.91(9J( 7-2("%1=K,7/#N7#/2( 9J( GE%7.1#H("27&221(Γ( %1=

d*(((23,4+(565"+7288)%*(RTO(UQ*AL*

`%1( 59F2'( V*( !*'( +92,712/'( S*( Z*'( 37%./'( ;*( <*'( Y."2/.%1'( Z*( ;*'( +2,H9=2E'( ^*( ^*'

Y%/79,'(:*(%1=(39H9/c%.'(\*(!*((?@AU@C*(()-2(,#/J%N2(/2N91,7/#N7.91,(9J(7-2(?@LLC

N/I,7%E(J%N2,(9J(./.=.#H'(GE%7.1#H(%1=(D9E=*((()$#6&"+(&,*(@LRO(@UAKB@Q*

`21#,'([*'(\%/"2'(Z*'(3#D%'(3*'(3N-12.=2/'(<*(%1=(+./,N-12/'(Z*((?@AUPC*(5I"/.=.8%7.91

9J( 2E2N7/91.N( "%1=,( %E91D( 7-2( ( o@@Lp( ( %M.,( .1( GE%7.1#H( 9",2/F2=( "I( ,G.1K

G9E%/.82='(H9H217#HK/2,9EF2=( G-9792H.,,.91*( (-./'*+!"0*+ 1*( RT( ?@BCO( UTRXK

UTTR*

>2EE2/'( [*( ?@AAPC*( (:,%M2$A,5+ ,%#3)"%&"4+ ':"&5$2'&2:,"'+ 2#+ 86L%"5,&+ '23,4'*

52.=2E"2/DO(3G/.1D2/K`2/E%D*

>2/1'(5*'(<9#/7-,'(S*('(^2,N-.$'(\*(%1=( 5#J12/&& '(3*((?@AUXC*((01(7-2("%1=(,7/#N7#/2(9J

,.EF2/( %1=( GE%7.1#H( J/9H( %1DE2K/2,9EF2=( G-9792E2N7/91( ,G2N7/9,N9GI( ?!S;63C

H2%,#/2H217,*((G*+-./'*+1M72%4"%'"4+=655"$*(PLO(BARKR@L*

>.E='(+*((?@AU@C*(!#D2/(2E2N7/91(,G2N7/9,N9GI(?!63C(J9/(,#/J%N2(%1%EI,.,*((D6&))8*

RO(@URK@AT*

l.H%1'( Z*( V*( ?@APRC*( -$,%&,:3"'+ 2#+ 5."+ 5."2$/+ 2#+ '23,4'*( ^91=91O( <%H"/.=D2

a1.F2/,.7I(;/2,,*



!"#

!"##$%"&"'()$*+,

$%&&'(%)*+,-'.+/-0-1

2-34'56'0%/3*'7 8+9+&3':;<':=>;

?-3%51-@%3A'7 B*-%

8,,/4&&'7 24C-/3D413'56'E*A&%)&<'F-)+@3A'56'.)%41)4'./%1-G*-/%1H%/534

I1%J4/&%3A'::"'.+G+DJ%3'!K<'(-33*-1-'L-19G5G':#::#<'B*-%@-1,M

-."%+*$/0

8)-,4D%)'A4-/

:=N>O:=N= L-)*4@5/'56'P,+)-3%51'Q.)%41)4OE*A&%)&R

./%1-G*-/%1H%/534'I1%J4/&%3A<'L-19G5G<'B*-%@-1,M

:==#O:==" $-&34/'56'.)%41)4'QE*A&%)&R

./%1-G*-/%1H%/534'I1%J4/&%3A<'L-19G5G<'B*-%@-1,M

:===O!##K E*M,M'%1'E*A&%)&M

.+/-1-/44'I1%J4/&%3A'56'B4)*15@59AM

?-G*51'S-3)*-&%D-<'B*-%@-1,M

1%+.,'$%(-23,#$,0%,

:=="O:==; T4)3+/4/<'F-)+@3A'56'.)%41)4

B*4'I1%J4/&%3A'56'B*-%'U*-D04/'56'U5DD4/)4M

L-19G5G<'B*-%@-1,M

:==NO-3'C/4&413 T4)3+/4/<'24C-/3D413'56'E*A&%)&<'F-)+@3A'56'.)%41)4M

./%1-G*-/%1H%/534'I1%J4/&%3A<'L-19G5G<'B*-%@-1,M


	Miss Wichuda Suraban
	A Thesis Submitted in Partial Fulfillment of the Requirements
	for the Degree of Doctor of Philosophy in Physics
	Suranaree University of Technology
	Academic Year 2002
	ISBN 974-533-248-8


	cover-thai.pdf
	¹Ò§ÊÒÇÇÔªØ´Ò  ÊØÃºÃÃ³ì
	ÇÔ·ÂÒ¹Ô¾¹¸ì¹Õéà»ç¹ÊèÇ¹Ë¹Öè§¢Í§¡ÒÃÈÖ¡ÉÒµÒÁËÅÑ¡ÊÙµÃ»ÃÔ��ÒÇÔ·ÂÒÈÒÊµÃ´ØÉ®ÕºÑ³±Ôµ
	ÊÒ¢ÒÇÔªÒ¿ÔÊÔ¡Êì
	ÁËÒÇÔ·ÂÒÅÑÂà·¤â¹âÅÂÕÊØÃ¹ÒÃÕ
	»Õ¡ÒÃÈÖ¡ÉÒ 2545
	ISBN 974-533-248-8



	content.pdf
	Abstract in Thai ……………………………………………………………………….I
	Acknowledgements………………………………...………………………….….….III
	Chapter

	1-7-ch1-1.pdf
	Properties


