










Contents 

Abstract 

Contents 

Abbreviations 

I. General introduction 

References 

2. Techniques for studying surface electronic states 

3. 

2. I. Photoelectron Emission Spectroscopy: PES 

2. 2. Inverse Photoemission Spectroscopy: IPES 

2. 3. Two-Photon Photo emission spectroscopy: 2PPE 

References 

Experimental system and sample 

3. I. Brief description of 2PPE measurement 

3. 2. Environment 

3. 2. I. Ultrahigh vacuum chamber system 

3. 2. 2. Preparation chamber 

3.2. 3. Sample mounting 

3. 3. Photoelectron spectroscopy 

3. 3. I. Hemispherical electron analyzer 

3. 4. The light source 

3.4. I. 

3.4.2. 

3.4.3. 

3.4.4. 

3. 4. 5. 

3.4.6. 

The light source for 2PPE spectroscopy 

Nd: YV041aser (COHERENT: Verdi-IO) 

Ti: Sa laser (COHERENT: Mira900-F) 

Mode locking 

Mode locking method 

Pulse duration and spectral width 

iii 

i 

iii 

vi 

1 

3 

6 

6 

8 

9 

11 

12 

12 

14 

14 

15 

16 

18 

18 

20 

20 

20 

21 

22 

25 

26 



3.4.7. Third harmonic generation 

3.4.8. Principles of high harmonic generation 

3.4. 9. Time plate 

3.4.10. Details ofBBO crystal 

3.5. Sample and its properties 

3. 5. 1. Substrate: highly oriented pyrolytic graphite (HOPG) 

3.5.2. 2PPE spectrum for clean HOPG substrate 

3.5.3. The description of image potential state 

3.5.4. Band structure of graphite 

3. 5. 5. Lead phthalocyanine (PbPc) 

References 

4. Previous work and facing problem 

4. 1. Summary of Previous results of Micros pot- 2PPE 

4. 2. Facing Problems for understanding 2PPE spectroscopy 

References 

28 

30 

31 

32 

36 

36 

37 

38 

40 

41 

42 

44 

44 

50 

52 

5. Vibrationally resolved 2PPE spectroscopy for PbPc film on graphite 

5. 1. Introduction 

5. 2. Experiment 

5. 3. Results and discussions 

References 

53 

53 

54 

55 

62 

6. Resonant effects on 2PPE spectroscopy: Line widths and intensities of 

occupied and unoccupied features for PbPc films on graphite 64 

6. 1. Introduction 64 

6. 2. Experimental 

6. 3. Results 

6. 3. 1. General spectral features for 1 ML films 

6. 3. 2. The HOMO-1 peak 

iv 

65 

67 

67 

70 



6.3.3. The LUMO+2, HOMO and IPS peaks 

6.3.4. The LO and Ll features 

6. 4. Discussions 

6.4. I. The HOMO-1 derived peak 

6.4.2. The HOMO, LUMO+2 and IPS peaks 

6.4.3. The LO and Ll features 

References 

7. Conclusion 

Appendix 

List of publications 

Acknowledgement 

v 

71 

75 

76 

76 

78 

82 

84 

86 

87 

99 





1. General introduction 

Surface chemical reaction and functionalities is used in all over human life. Recently, new 

electronic devices and surface photochemistry have been extensively developed by using 

organic thin films which has the attracting function such as electro luminescence, rectifying 

IIction, photovoItaic effects [1-4]. Moreover, actual development of "molecular electronics" 

hilS been started from 21 th century [5]. Understanding of electric conduction at the interface 

between a solid substrate and adsorbed molecule is a crucial to elucidate the fundamental 

mechanism of the functionalities. Since the electron or hole transports through the electronic 

state at the interface, information on occupied and unoccupied electronic structure in the 

vicinity of the Fermi level (EF) as well as their dynamics are indispensable to reach the [mal 

goal [6,7]. In particular, the electron excitation to the unoccupied state plays an especially 

important role for the surface phenomena. 

Photo emission spectroscopy (PES) have been widely used for a long time as a method to 

know the information on the occupied state such as the highest occupied molecular orbital 

(HOMO)-derived level at the adsorbed interface [8,9] and the results have been successfully 

discussed together with the theoretical calculations [10,11]. On the other hand, investigation 

for the unoccupied levels are stillchallenging [12]. 

Two-photon photoemission (2PPE) spectroscopy based on ultrafast laser pulses is one of 

the powerful methods to probe the unoccupied levels and its dynamics [12,13]. In 2PPE, a 

first light pulse excites electron from an occupied level to an unoccupied level. The excited 

electron is probed by photo emission with the second pulse. Therefore, occupied and 

unoccupied states can be detected at the same time. Moreover, the 2PPE signal is resonantly 

enhanced when photon energy corresponds to the energy difference between the relevant 

occupied and unoccupied levels. 

The image potential unoccupied states (IPS's) formed on metal and semiconductor 

surfaces have been reported most successfully, as well as its dynamics by 2PPE spectroscopy, 

since it was performed firstly by Steinmann at 1985 [14,15]. Harris, HOfer and Wolf have 

been extended IPS works to simple adsorption systems such as rare gases or alkane molecules 

adsorbed on noble metal surface to understand the effect of dielectric isolation layer and the 

interaction between IPS and electron affmity [16-19]. 
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However, only several examples of the unoccupied states for functional organic thin films 

have been reported by 2PPE so far, e. g. for C60, PTCDA on noble metals [20,21]. One can 

consider two main reasons for the problem. 

Firstly, the observed energy levels are typically broadened due to the lateral 

inhomogeneity of substrate and various growth processes of organic molecules [8,22]. Thus, 

intrinsic information of properties in the system are buried in the complicated energy levels. 

Secondary, the understanding of 2PPE process is not sufficient. While 2PPE provides rich 

information for the IPS, whether other unoccupied levels are observed or not is strongly 

dependent on the system and photon energy. That is a crucial unresolved problem among the 

2PPE scientists and any convincing explanation has not been indicated so far. May be, the 

2PPE process and its line shape should include the unknown information at the surface within 

the periods of femto seconds (10-15 s) such as a dynamics of electron-hole excitation or that of 

adsorbed molecules. The frontier also restricts 2PPE spectroscopy to be a versatile methods 

for investigating unoccupied levels. 

For the first issue, lateral inhomogeneity of electronic state, can be fairly solved by our 

unique system of microspot 2PPE system in which the laser light is focused with diffraction 

limited diameter [22]. The microspot method was effective to selectively observe laterally 

homogeneous surface areas, while the number of photoelectrons from the small probe areas 

was limited to suppress the space charge effect [22]. 

This thesis is focused on the second issue. We chose the system of 1 monolayer (ML) lead 

phthalocyanine (PbPc) films on graphite (highly oriented pyrolytic graphite: HOPG) substrate 

[23]. PbPc was used as a model of functional organic semiconductor which is applied as 

field-effect transistors or memory diode [24,25]. Graphite substrate was chosen because its 

weak chemical interaction with adsorbate to avoid the complication of observed energy levels. 

In previous work on microspot-2PPE for PbPc/HOPG, we have reported the occupied and 

unoccupied energy levels around EF; molecule- derived second-HOMO (HOMO-I), HOMO, 

the lowest unoccupied molecular orbital (LUMO), LUMO+ 1, and LUMO+2 (in the order of 

energy), as well as the IPS [23]. Moreover, resonant excitation from the HOMO level to the 

LUMO+2 level and the HOMO to IPS were observed in our capable photon energy. 

Here, the PbPc/HOPG work was extended to the 2PPE line shape and intensity analysis 

hy IRking 2PPE spectra with high resolution. In cost of the spatial resolution, signal to noise 
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rntio of 2PPE spectra were fairly higher than the micro spot configuration. Surface 

inhomogeneity was negligible by making well ordered I ML fihns through suitable sample 

IIlIncalillg. The PbPclHOPG system for which we have detected "all" energy levels below and 

IIhove EF and resonances between the energy levels, is an excellent example to investigate 

what we see in the 2PPE spectroscopy. 

The two main bodies of this thesis are as follows: 

(1) Vibrationally resolved 2PPE spectroscopy for PbPc film on graphite 

Vibronic structure has been resolved in 2PPE from HOMO-derived level of PbPc film 

formed on graphite. The 2PPE from the HOMO-derived level was enhanced by the resonance 

with LUMO+2 derived level. At photon energies below and well-above the resonance, the 

intensity of the vibronic structure was similar to that of one-photon photoemission. On the 

other hand, the vibronic structure was significantly weak at photon energies slightly above « 
0.4 eV) the resonance. The decrease of the vibronic structure was attributed to the nuclear 

motion of molecule in the intermediate state associated with LUMO+2. 

(2) Resonant effects on 2PPE spectroscopy: Line widths and intensities of occupied 

and unoccupied features for PbPc films on graphite 

Highly resolved energy levels of the I ML PbPc film on HOPG and three resonances 

between the levels (HOMO-I to n'-band of graphite substrate, HOMO to LUMO+2, and 

HOMO to IPS) were observed. The variations of intensities and widths of the 2PPE features 

at around the resonances revealed the excitation processes of the intermediate states. The 

photon energy dependence of the LUMO and LUMO+ I derived features demonstrated that 

the deeper occupied levels, which are not well resolved in one-photon photoemission, can be 

resolved by resonant 2PPE spectroscopy. 

This thesis is composed by seven chapters as follows. 

In Chapter 2, I address the some general methods to probe the occupied and unoccupied 

electronic state including 2PPE spectroscopy. 

Chapter 3 describes the experimental set up for 2PPE spectroscopy; ultra high vacuum 

system, principles of electron energy analyzer and femto second laser pulse as a right source. 
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General properties of graphite substrate and PbPc molecule were also shown in the chapter. 

In Chapter 4, brief summary of our previous microspot 2PPE results for PbPc on HOPG 

were introduced. Then, a facing problem for understanding 2PPE process is discussed with 

some characteristic examples. 

In Chapter 5, I present the fIrst main body, (l) vibrationally resolved 2PPE spectroscopy 

for PbPc fIlm on graphite. 

Second one, (2) resonant effects on 2PPE spectroscopy: Line widths and intensities of 

occupied and unoccupied features for PbPc fIlms on graphite, shows in chapter 6. 

Chapter 7 concludes the present work and gives future prospects. 

Many references, examples and additional experiments to verify some discussions are summarized 

in Appendix. 
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2. Techniques for studying surface electronic states 

2. 1. Photoelectron Emission Spectroscopy: PES 

PES is one of the most versatile techniques for analyzing the occupied electronic structure. 

The basis of the technique lies in Einstein's explanation of the photoelectronic effect [1,2]. 

Photons can induce photoemission from a solid when the photon energy (hv) is greater than 

the work function (<1». <I> is defined as a minimum energy for removing an electron from solid. 

The photoelectron kinetic energy Ek is given by 

Hk = hv - (<I> - Hi) (Hi < 0) (2. 1) 

where Ei is the initial energy with respect to the Fermi level. When ultraviolet (UV) ray such 

as the He I resonance line (21.22 e V) is used, the spectra are called ultraviolet photoemission 

spectra (UPS). The UPS is frequently applied to probe the density of state of electron-filled 

occupied band which has important information for chemical bonding and reactivity. On the 

other hands, X-ray (XPS) is sufficient to induce the photoemission from core level which does 

not participate in chemical bonding. Because the core . levels of an atom or molecule are 

strongly depend on the species, XPS will give the information on sample compositions, 

thickness of adsorbate, surface impurity and so on [1]. The energetics of UPS and XPS 

experiments are shown schematically in Fig. 2- 1. Recently, energy resolution of PES is 

drastically increased by improving the resolution of photoelectron analyzer. Moreover, the 

field is extensively expanded by new light source such as lasers or synchrotron radiations. 

To avoid confusion with two-photon photoemission spectroscopy which has been 

performed in our experiment, here the PES is called "one-photon photoemission (lPPE)". 

Note that the PES spectrum always gives us the information of the electronic structure of final 

state, that is, ionic state. 
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UV light 

Photoelectron 
intensity 

Density of state 

X-ray 

. ------.---+-.1 

Photoelectron 
intensity 

Core level 

Fig . 2- 1. Schematic drawings of the energetics of the PES, (left) UPS and (right) XPS 
experiment. UPS is frequently used to prove weakly bounded valence band which participates in 
the chemical bonding . On the other hand , XPS is used for assgnment of atom species ; X-ray is 
suffi cient to excite electron from atom-characteristic core levels. 
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2.2. Inverse Photoemission Spectroscopy: IPES 

Inverse photoemission spectroscopy (lPES) experiments have been done to probe the 

unoccupied levels. When low energy electron incident onto the surface, the radiation is 

observed by energetical relaxation to an unoccupied level [3]. The energy diagram of the 

process is shown in Fig. 2- 2. The energy of the unoccupied level , Em with respect to Er is 

given by (2. 2) 

Em = Ep - hv 

where E" is the primary electron energy, and II v is photon energy of the radiation. 

However, the tradition probability of inverse photoemission is extremely lower than PES. 

And the flux of the incident electron is limited to avoid the sample destruction. This problem 

is especially serious in the adsorbed surface. The energy resolution which mainly depends on 

the monochromization of incident electron beam is generally larger than 0.1 eY. Note that the 

IPES gives an anionic state as a final state. 

e-
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Fig . 2- 2. The principle of IPES . Actually 
in IPES measurement, the same hv is 
detected with tuning Ep. In contrast to 
PES, the transition probability of the 
process is very low and electron flax of 
Ep is limited to avoid the surface 
destnuction. 



2.3. Two-Photon Photoemission spectroscopy: 2PPE 

Two-photon photoemission (2PPE) spectroscopy was applied in this work to know the 

electronic states and its dynamics. 2PPE spectroscopy based on ultrafast laser pulses is a 

powerful method to probe unoccupied levels and electron dynamics in the levels [4,5]. In 

2 PPE, a first light pulse excites electron from an occupied level to an unoccupied level. The 

excited electron is probed by photoemission with the second pulse. When photon energies of 

pump and probe pulse are the same, the kinetic energy of photoelectron EK from this two-step 

process (10») is written as 

(2.3) 

where h v is the photon energy and Em (> 0) is the energy of the unoccupied level with respect 

to the EF. The two-step process (1) competes with the coherent two-photon process (20») 

which results in the photoelectron of 

(2.4) 

where Ei « 0) is the initial energy of the occupied level. One of the key points of 2PPE 

spectroscopy is this competition of two processes. The energy diagrams of these two 2PPE 

processes are shown in Fig. 2- 3(a). By plotting Ek against h v, photoelectrons from 10) 

process lie on a line with slope one, and those from 20) process, on a line with slope two as 

shown in Fig. 2- 3(b). We can thus assign occupied and unoccupied states from 2PPE 

measurements by using different photon energies. Moreover, when photon energy corresponds 

to Em - Ei , 2PPE signal is resonantly enhanced confirming the initial and intermediate states. 

The energy resolution of the measurement is better than 30 meV, as discussed in Chapter 3. 

The resolution is better than IPES by one order of magnitude. We can also perform the time 

resolved measurement by pump probe method [4,5]. 

2PPE has been applied effectively to probe image potential states and its dynamics on 

metal or semiconductor surfaces [6], while only several examples of the unoccupied states for 

functional organic thin films have not been reported so frequently. One of the reasons is that 

the understanding of 2PPE process is not sufficient from theoretical point of view. This is 

discussed as one of the main subjects of this thesis. The facing problem of 2PPE is briefly 

mentioned in Chapter 4. 2. By clear understanding of 2PPE process, 2PPE spectroscopy will 

be widely applied for many materials and adsorbed systems to investigate their unoccupied 
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3. Experimental system and sample 

3. 1. Brief description of 2PPE measurement 

All 2PPE measurements were performed in an ultra high vacuum (UHV) chamber. The 

overview of the experimental set up including light source was shown in Fig. 3- 1. 

The light source was p-polarized frequency tripled of tunable titanium sapphire (Ti: Sa) 

laser output pumped by Neodymium Yttrium Vanadate (Nd: YV04) laser. The repetition rate 

and pulse duration of the TH were 76 MHz and 100 fs, respectively. The photon energy region 

of the TH was 4.04-4.77 eY. The power of the incident light was controlled to be less than 

0.19 nJ/pulse in order to avoid surface destruction. The light focused onto the sample in UHV 

through quartz window by an r = 70 cm concave mirror at the incident angle of 60°. The spot 

size was about 80 pm. 

Photoelectrons emitted to the surface normal were detected with a hemispherical energy 

analyzer which has nine channeltrons. Photoelectrons emitted to the surface normal were 

detected with a hemispherical energy analyzer of 20 me V resolution. The total energy 

resolution of the 2PPE system including laser band width was -30 meY. The analyzer was 

modified to limit the electron acceptance angle to be ± 1°. Well ordered 1 ML PbPc on 

graphite was prepared in a preparation chamber separated by gate valve. The details and 

principles of each part were addressed after this section. 
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Nd :YV04 Laser 
532nm,5 W 

Ti:Sa Laser 
780 nm-920 nm 
76 MHz -100 fs 

Frequency tripler 
hv = 4 .04-4.77eV 

Electron analyzer 
VGCLAM:4 
t.E=20 meV 

Preparation 
chamber 

chamber 
-1 x1 0.10 Torr 

Fig . 3-1 . Experimental set up of 2PPE spectro scopy 
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3.2.3. Sample mounting 

In the 2PPE experiments, the sample should be stabilized in UHV because the electron 

energy analyzer detects photoelectron from focused small laser spot (-80 ,urn) on the sample. 

We employed a commercial manipulator, thermo vacuum Generator products, which has x, y 

and z axes micrometers and differentially-pumped e sample rotating system. The sketch 

around the sample holder is shown in Fig. 3- 3. The sample mounted on OFHC insulated from 

the ground by sapphire plate. The sample can be easily cooled to be 90 K by introducing 

liquid nitrogen to the upper stainless steel tube. The sample temperature was monitored by 

chromel-alumel thermocouple. In the photoelectron spectroscopy, the electrically-charging 

around the sample is especially serious problem. Therefore, all insulating materials are set to 

the back of the sample and sealed by thin tantalum cover. 

The sample was transferred to the preparation chamber when we perform the sample 

heating or evaporating PbPc molecule on the sample. The simple manipulator at the 

preparation chamber consists of electron bombardment sample heating system. The electrical 

connection is shown in Fig. 3- 4. The thermo electrons are preferentially accelerated toward 

the backside of the sample by applying the sample bias of -+ 150 V and sealed electrically 

negative plate behind the tungsten filament. Then the sample is preferentially heated and the 

temperature is achieved to at least 700 K. 
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3. 3. Photoelectron spectroscopy 

3. 3. 1. Hemispherical electron analyzer 

Hemispherical electron energy analyzer is frequently used for the detection of the 

photoelectron. On the other hand, time of flight (TOF) spectrometer is also used when the 

amplified laser systems are employed together with optical parametric frequency conversion. 

However, the high repetition laser systems such as 76 MHz in our work results in very high 

signal to noise ratio even at low energies per pulse, which are necessary in order to avoid 

space charge effect [I]. Another advantage of the hemispherical type is its constant energy 

resolution at whole energy range while the resolution of TOF type should depend on the 

electron energy; the resolution of slower photoelectron should be better than higher than that 

for faster one. The theoretical energy resolution of hemispherical type is following below. 

The schematic diagram of the hemispherical energy analyzer is shown in Fig. 3- 6. The 

energy ofthe photoelectron through the out slit (pass energy) Eo is determined by 

(3. 1) 

where Rl and Rz is the radiuses of inside and outside the hemisphere, respectively and VD is 

the difference of electrical potential between them [2]. By using the average of the radius Ro 

(=(R/+R2)/2) and slit width of the analyzer W, the principle energy resolution !!.E of the 

analyzer is given as 

W 
I:J.E = 2Ro Eo (3.2) 

Therefore, !!.E should change with Eo and it is a quite problem. In generally, a spectrum is 

taken with the same Eo at whole measurement and the velocity of photoelectron from the 

sample is controlled by scanning the voltage of electron lenses placed in front of the entrance 

slit. When the Eo is set at lower energy, the energy resolution becomes better in cost of the 

signal to noise ratio. Normally, we set the pass energy to be 3 eY. Since the Ro for the CLAM 
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3. 4. The light source 

3. 4. 1. The light source for 2PPE spectroscopy 

Since the transition probability of 2PPE process is much less than that of IPPE process, 

highly photon flax should be needed for efficient 2PPE signal. Mode-locked titanium sapphire 

pulsed laser and its high harmonics or optical parametric amplifier are often used as a light 

source of 2PPE experiment. In addition, high repetition rate of the pulse is used preferably in 

order to suppress the peak intensity of electric field per pulse which leads to space charge 

effect [1]. The optical components of our 2PPE experiment are already described in Fig. 3- 1. 

The detail descriptions of the pump laser (Nd: YV04, COHERENT, Verdi- 10), Ti: Sa laser 

(COHERENT, Mira-900F), and its frequency tripling with nonlinear crystals are explained in 

3.4. 

3.4.2. Nd: YV04 laser (COHERENT: Verdi-tO) 

We used Ti :Sa laser as a fundamental light source. Ti3+ in the sapphire crystal can absorb 

efficiently green or blue pumping light. In this work, we employed the Nd: YV04 laser 

. (COHERENT, Verdi-l0, CW-532 nm) for a pump laser. The laser medium ofNd: YV04 has a 

high absorption coefficient which allows a shorter crystal length and high stimulated emission 

cross section which is higher than that of Nd: YAG (yttrium aluminum garnet) laser medium 

[4]. With such a development of solid state laser, very stable Ti: Sa laser operation can be 

achieved with smaller power source. 

In the Verdi-l 0, Nd+3 single resonance line of 1064 nm in the ring cavity pumped by diode 

lasers was frequency doubled by intra-cavity nonlinear crystal (LiB30s: LBO) to generate 

continuous 532 nm green output. The phase matching between 1064 and 532 nm propagations 

in LBO crystal can be accomplished by temperature tuning of the crystal. In that case, the 

crystal temperature is kept at approximately 150 DC for successful phase matching. 
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3. 4. 4. Mode locking 

The ultrashort laser pulses are achieved by mode locking technique, which is described 

mathematically in this section. An electric field can be established between two parallel 

mirrors only when a wave propagating in one direction adds constructively with the wave 

propagating in the reverse direction [6,7]. The result of superposition is a standing wave 

which is established if the distance L between the two mirrors is an integer multiple of the 

half wavelength of the light. Therefore, the standing wave condition is fixed to the value of 

the positive integer n, which written as 

nc 
v = 2L (3.3) 

where v is the light frequency, and c is its velocity in the vacuum, 2.998 x 108 mls. The cavity 

has a specific period of T = n/v, which is also round trip time of flight T = 2L/c by 

remembering v = c / A. For the Mira900-F which has L = 2.0 m, characteristic values of the 

cavity are about T = 13 ns and v = 76 MHz. 

The general laser spectrum is shown in Fig. 3- 8. In the efficient pumping condition, the 

number of modes can be emitted, depending on the band width of the net gain [7]. 

The basis of the mode-locking is to induce a fixed phase relationship between the each 

mode in a laser cavity. An total electric field in a laser cavity E(t) is the sum of each mode, 

which written as 

E(t) = I Amexp{i21fvm(t - CPm)} (3.4) 
m 

where Am, ¢m are the amplitude and phase of mode m, respectively. By using the central 

frequency of a laser cavity Vo and frequency difference of the neighboring mode is VF from eq, 

(3.3) 

E(t) = exp{i21fvo(t - CPo)}' I Aqexp{i21fVF(t - CPq)} 
q 

(3.5) 

The phase parts ¢q's are generally independent of neighboring modes (continuous wave (CW) 

laser). However, when all ¢q'S are constant (fixed to 0) by some optical techniques, the mode 

locking is achieved and the E(t) results in 
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Thus the 2m component in the eq. (3. 24) implies the second harmonic generation. 

However, such second order nonlinear phenomena arise only in the non-centrocymmetric 

medium. BBO is most frequently used as a nonlinear crystal. 

By mixing of fundamental wave and its second harmonic in the second BBO, the sum 

frequency 3m can be generated by 

p(Z) = coX(Z) E . E 

= coX(Z)E1 coswt • EzcosZwt 

( Z) _co_s....:C""Z_w_+_w-,-)_t-::;+,-c_o_s....:C_Zw_-_w---,-) t 
= coX E1 · Ez Z (3.25) 

The second term in the right hand in the bottom of eq. (3. 25) implies also difference 

frequency generation. 

3.4. 9. Time plate 

In order to generate efficient THG, we have to compensate the time or phase difference 

between FW and its SH before BB02 in Fig. 3- 11. Instead of harmonic separators and a 

delay stage such as shown in the inset of Fig. 3- 11, the time plate (TP) which made of 

high-temperature phase of BBO crystal (a-BBO) was used as an optics for the compensation. 

By using the TP, the THG can be thus easily generated in a small space. In this session, 

comprehensive description ofthe TP was displayed. 

A light velocity in a material vp is described by using its refractive index n and the light 

velocity in vacuum c as 

c 
vp =­n (3.26) 

Since the n in the material depends on the wavelength of light and is generally larger as 

shorter wavelength around the visible wavelength, SH is faster than FW in all material except 

for TP. The TP (a-BBO) is used as an optics for polarizer because of its scarce nonlinear 

effect. In the TP, SH of extraordinary ray (small n) is faster than FW of ordinary ray (large n) 

due to its birefringence. Therefore, we can compensate the time difference between FW and 

SH beams by rotating the crystal axis related with the index ellipsoid. The thickness and 
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cutting angle of the time plate depends on the thickness of BBO 1, WP2 and other various 

factor. We obtain efficient TH signal with 2 mm thickness of AR coated time plate. The 

efficiency (see Fig. 3- 12) is almost same (or better) with general TH generator with delay 

line. 

3.4. 10. Details of BBO crystal 

BBO crystal is generally used as not only SHG or THG but also optical parametric 

amplifier because of its high nonlinear coefficient, transmittance in ultraviolet region, and 

damage threshold. BBO is one of the optically uniaxial crystal which has crystal axis of a = b 

= 12.532 A, c = 12.717 A. By using BBO, short wavelength limit of SH signal of 205 nm by 

nonlinear crystals has been reported [9]. THG by FW+SH can generate shorter wavelength 

less than 200 nm. Because BBO is sensitive to humidity, we have to be careful for the 

operation in atmosphere while the commercial crystals are generally coated for protection. 

The cutting angle of the crystal should be determined to obtain adequate conversion 

efficiency. In the case of SHG, the phase matching condition between FW and generated SH 

is achieved by birefringent uniaxial crystal for which ne < no, where ne and no stand for the 

extraordinary and ordinary indices of refraction, respectively [6,7]. The extraordinary 

refractive ne in the crystal depends on the crystal axis which is given by 

(3.27) 

where () is wave propagation angle related with the c-axis. Since no is independent of the 

crustal angle, the condition gives the angle of propagation of incident light with respect to the 

optic axis in which the ne of the SH equals to that of no of the FW. When the indices of 

refraction of the FWand SH waves in the material are equal, i. e., ne (2a» = no (a», the phase 

matching condition is fulfilled. The phase matching condition can be demonstrated by the 

index of refraction ellipses as shown in Fig. 3- 13(a). The the phase matching angle ()p 

corresponds to the intersection of the ordinary and the extraordinary index curves and is also 

calculated by 

- 32-



n (W)-2 - n (2W)-2 
{} = sin-1 0 0 

p n e(2w)-2 - n o(2w)-2 
(3.28) 

The: phase matching by such a situation is called type I. The wavelength dispersion of the 

Indices of BBO crystal are 

2 0.01878 2 
no = 2.7359 + ,12 _ 0.01822 - 0.01354.1 (3.29) 

2 . 0.01224 2 
ne = 2.3753 + ,12 _ 0.01667 - 0.01516,1 (A:Jlm) (3.30) 

which are given by Ref. 8. The calculated ()p by using eq. (3. 28), (3. 29) and (3. 30) is plotted 

against the fundamental wavelength in Fig. 3- 14. For example, when the FW wavelength is 

840 nm, the {}p = 27.180
• By tuning the crystal angle, the efficient SH is generated in the wide 

range. 

In the same way, the phase matching angle (type I) for third harmonic is calculated by 

3w . n(3w, (}) = W· no(w) + 2w . n o(2w) (3. 31) 

Therefore, the ()p for 3m is given as 4l.45° at 840 nm FW and the refraction ellipses is 

displayed in Fig. 3- 13(b). 
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(a) c-axis direction (b) 

n 

n 

ne(2w, 8) 

c-ax is direction 

n 

ne(3w,8p )= 
[no(w)+2no(2w)/3] 

n 

ne(3w, 8) 

Fig . 3-13. The phase matching condition for (a) second harmonic (type-I)and 
(b)third harmonic with respect to the crystal c- axis direction. The phase 
matching angles ep correspond to the intersection of the index curves . 

g> 
"0 80 -

400 500 600 700 800 900 1000 

Fundamental wavelength / nm 

Fig. 3-14. Phase matching crystal angle 0" related with c-axis 
of SSO for frequency doubling the fundamental frequency 
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3. 5. Sample and its properties 

3. 5. 1. Substrate: highly oriented pyrolytic graphite (HOPG) 

HOPG is typ icall y produced by the pyrolytic decomposition of carbonaceous vapors, 

where under suitably contro ll ed condition (i.e. temperature of - 3000 °C and pressure of - 400 

atm) [9]. The deposit is made of highl y ori ented basal layers so called honeycomb structure. 

In other words, the HOPG is said " polyclysta line graphite crystal" . HOPG is generally used as 

a monochromater at X- ray region and standard sample of scanning tunneling microscope. 

The idea l construction of graphite crystal is shown in Fig. 3- 15. The crystal lattice of 

graphite consists of an ordered ABAB stacking of honeycomb structure where carbon atoms 

locate within the plane. Each carbon atom in the plane is trigonally bounded to three 

neighboring carbon atoms by mainly s/. An unhybridized p, orbita l also participate in the 

bond as rr interaction. The resulting inter atomic distance is 1.41 A. The interaction between 

the basa l planes of graphite is largely dominated by van der Waals interaction. The weaker 

interaction leads to the large interl ayer spacing of 3.35 A [10] . Therefore, it can be easil y 

cleaved by scotch tape 

We used ZYA grade HOPG procured from SP I. Inc. the In order to obtain clean HOPG 

substrate, it was cleaved in air and then heated in UHV to 673 K for at least 12 h. When we 

introduced new HOPG, the heating time shou ld be longer at least 60 h to degas from 

honeycomb interlayer. 

1.41 A 

A 

B 

Fig . 3- 15. The crystal structure of 
hexagonal graphite. Each carbon atom 
within the basal plane is covalently 
borded to three nearest neighbors by 

A mainly sri' hybridized orbital. The 
weak interlayer interaction is largely 
due to van der Waals interaction 
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3.5. 2. 2PPE spectrum for clean HOPG substrate 

Fig. 3- 16 shows general 2PPE spectrum for HOPG substrate measured withp-polarized 

4.43 eV photon energy at room temperature. The lower and upper horizontal axes were final 

and intermediate energy (final energy - Ih v), respectively .. Work function of 4.45 eV for the 

substrate was determined by lower energy cut-off of the spectrum. Remarkable features of 

broad structure at around 1.7 eV intermediate energy and IPS (n = 1) were observed. Those 

features previously assigned to unoccupied structure by measuring the photon energy 

dependence of 2PPE spectra. The broad structure at EF+ 1. 7 e V was attributed to the 

unoccupied rc * -band of graphite [11]. The rc * structure has also been reported in the inverse 

photoemission spectroscopy [12-14]. 

The energy ofIPS was +3.58 eV. Though slight sample or experimental dependence of the 

intensity ratio between rc * -band and IPS was observed, cleanliness of the substrate was 

confirmed by the value of work function and the width ofIPS peak ofless than 140 meV [15]. 

The general physical description ofIPS is discussed in 3.5.3 and rc* structure was discussed 

in relation with the band structure of graphite and the result of PbPc film on HOPG in 6. 4. I. 

W 
0.. 
0.. 
N 

4 

o 
Intermediate Energy (eV) 

1 2 3 4 

HOPG 
2PPE hv=4.43 eV 

IPS (n=1) 

E 

Evac=4.45 eV 

5 6 7 8 9 

Final Energy (eV) 
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Fig. 3- 16. 2PPE spectrum for a HOPG 
substrate measured at room temperature. 
The lower and upper horizontal axes were 
final and intermediate energy, respectively. 
The photon energy was used p-polarized 
4.43 eV. Work function of 4.45 eV was 
determined by lower energy cut-off of the 
spectrum. At 1.7 and 3.58 eV intermediate 
energies were due to 1l'-band and IPS (n=1), 
respectively. 



3. 5. 3. The description of image potential state 

This part describes image potential state formed on the substrate. When the electron 

locates outside the surface, the electron feels the Coulomb potential as if the positive charge 

called image charge is in the bulk [16-18]. Fig. 3- 17 displays the image of the image charge. 

Bulk 
Fig. 3- 17. The inducement of an "image 
charge" in a surface opposite to a test 
charge distance from surface, r. 

The work function is defined by the minimum energy required to remove an electron from 

a solid to sufficient distance outside the surface such that it no longer feels the effect of the 

image charge [16]. The surface Coulomb potential "image potential" is described by 

electromagnetic concept which is given by most simply 

e2 

F(r) = 4nEo(2r)2 (3.32) 

where r, eo, and e are the distance between the surface and electron, dielectric constant of the 

vacuum, and elementary charge, respectively [17,18]. The potential energy is given with 

respect to the vacuum level Evac which is defined the energy level of EF+work function 

e2 

VCr) = Evac - 4nEo . 4r (3. 33) 

Equation (3. 33) has the same form as the radial part of the hydrogen problem. It differs only 

by a factor of 4 in the denominator. Therefore, the energy of the unoccupied levels so called 

image potential states (IPS's) are expect to form a discrete Rydberg series which result in 

Ry 
E = E - -:-:-:--"---:-:0 

n vac 16(n + a)2 
0.85 

(n + a)2 (eV) 
(3. 34) 

where n is the quantum number, a is the quantum defect depending on the band structure of 

the material, and Ry is a constant Rydberg energy of 13.6 eV [16,17]. As an example, the 

image potential curve and wavefunction of the IPS on Cu(lOO) surface were shown in Fig. 3-
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3. 5. 4. Band structure of graphite 

In order to consider the origin of broad n * -band observed in 2PPE, the calculated band 

structure of graphite was shown in Fig. 3- 19 from Ref. 27. We measured photoelectrons 

emitted normal to the surface, that is, we probed the r -point of the surface Brillouin zone. The 

energy region between 0 and 4 eV above EF at the r-point of bulk graphite is in the band gap 

and there is no unoccupied band. The n*-band in the energy region between 1 and 2 eV is 

located at the momentum region from M, K to H points [27,28]. It seems as if no projected 

unoccupied band could be the intermediate state for the 2PPE process. Actually, the origin of 

the n * -band in 2PPE can be explained by taking into account the electron-phonon interaction 

which is discussed together with the result of PbPc films on HOPG in 6. 4. 1. 

>" 6 
Q) ->. 4 
e> 
Q) 
c: 2 
Q) 

o 

r M K H rA DOS 

Fig. 3- 19. Band structure and density of state (DOS) of 
graphite from Ref 27. The r point is in a large band gap 
around the EF• The saddle point is located at M and K 
point of Brillouin zone and high DOS is projected at 
EF+1.7 eV. 
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4. Previous work and facing problem 

4. 1. Summary of Previous results of Microspot- 2PPE 

In the main body of this thesis, we focused on only 1 ML coverage, while the sample 

preparation, evaluation, and assignment of the observed energy levels were based on our 

previous microspot- 2PPE work [I] which covers in this part. The previous work carefully 

determined the ML and established the method to make well-ordered 1 ML film. The' 

coverage dependence of microspot-2PPE spectra for PbPc/HOPG measured with h v = 4.33 

e V is shown in Fig. 4- 1 [I]. The horizontal axis is the final energy of photoelectron with 

respect to EF• By adsorption of PbPc, three peaks labeled L], H, and H2 appeared in addition 

to IPS which was seen for the bare, 0.3 and IML films. The H" H2 and L, shift to lower final 

energy with increasing coverage. The coverage was determined from the work function 

change. The work function decreased as the coverage increased up to 1 ML. According to Ref. 

2, the decrease is due to the dipole layer formed on the graphite; PbPc molecules in the I ML 

film were lying flat on the substrate directing Pb atoms to vacuum side. When the second 

layer is adsorbed on the 1 ML film, the work function increased again. This indicates that the 

second-layer molecules stacked on the IML film forming PbPc dimmers [2]. Then, the dipole 

layer was canceled at 2 ML and work function was almost revived to that of the bare substrate. 

The molecular orientation at I ML and 2 ML were illustrated in the right hand of Fig. 4- 1. 

These behaviors were also reproduced with our microspot-UPS result [3]. Therefore, the I 

ML coverage was determined when the lowest work function was observed. 

After suitable annealing at 100°C for I hour, the IPS became sharp and L, split into La 

and L, without changing the work function. The work function was 4.28 eV which is 0.19 eV 

lower than that for clean HOPG. The binding energy of IPS with respect to the vacuum level 

was -0.77 eV, slightly smaller than that for the bare HOPG, -0.89 eY. Since the IPS is very 

sensitive to surface flatness or defects, we could confirm that well ordered 1 ML PbPc film 

was really prepared. The IPS broadening at sub-ML coverage reflects the confinement of 20 

free electron IPS in nm-size areas among molecular clusters but was not discussed here for 

sub- ML. 
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unoccupied levels, Lo, LI, L2, and IPS were 0.71,0.87,2.94, and 3.51 eV (final energy-Ih v), 

respectively. 

Fig. 4- 4 compares the observed energy level with the results of density functional theory 

(DFT) calculation. The molecular orbital energies are aligned with the experimental vacuum 

level. The DFT calculation was performed for PbPc free molecule with B3LYP method and 

LANL2DZ basis set. The results of the calculation were similar to those of Refs. 2 and 4. The 

molecular orbitals from HOMO-2 to LUMO+2 and were shown in the top of Fig. 4- 5. 

HOMO-I is mainly composed of orbitals of Pb atom, and other occupied and unoccupied 

orbitals, HOMO, LUMO, LUMO+!, and LUMO+2, are composed of n-orbitals of 

phthalocyanine ring. The character table and direct product of C4V is shown in the Fig. 4- 5. 

The unoccupied levels Lo and Ll are related with the degenerate LUMO and LUMO+ 1. 

The degeneracy was released by adsorption. The unoccupied level of L2 should be related 

with LUMO+2. According to the character table in Fig. 4- 5, optical transition from HOMO to 

LUMO+2 is forbidden. The observed resonance indicates that the adsorbed molecules are 

deformed from C4v symmetry. Thus all occupied and unoccupied energy levels from 

HOMO-I to LUMO+2 for this system could be obtained. In addition, the 2PPE resonances 

from HOMO to LUMO+2 and HOMO to IPS were observed at hvof4.3 and 4.8 eY. Now we 

expanded the work for well ordered PbPc film with improved signal to noise ratio, to obtain 

more details of excitation dynamics around the resonance 
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4. 2. Facing Problems for understanding 2PPE spectroscopy 

This section clarified the facing problems for 2PPE spectroscopy. Though the 2PPE 

spectroscopy is an excellent method for the understanding the unoccupied state, some 

unresolved question still exists. Weinelt addressed this question as following in the next page 

[5]. He has been carefully measured the photon energy dependence of 2PPE spectra and 

pointed out the different resonance behavior in 2PPE between Si(lOO) and Cu(lll) result. 

In the case of 2PPE for Si(lOO), as shown at the yellow under line in the article, the 

unoccupied state (n = I) was invisible below the resonance, and occupied state (Dup) was 

invisible above the resonance (see left hand of FIGURE 3). In other words, the 2PPE intensity 

was "switched" at the resonance. 

In contrast, both occupied (n = 0) and unoccupied (n = I) state were observed both below 

and above the resonance photon energy for Cu(lll) (blue under line). The line width and 

intensity of 2PPE spectra for Cu( Ill) around the resonance have been deeply discussed by 

taking into account "dephasing" process (green box). This is supported by Ueba's 2PPE 

theory [6-8]. 

However, the intensity switching observed in 2PPE for Si( 1 00) cannot be explained by 

"dephasing" process. The red box in the article addresses the clear contradiction of resonance 

behavior for Si( 1 00). Similar intensity variations around the resonances were known for other 

transitions ofSi(lOO) and Si(lll) [9,10]. 

As mentioned in Introduction, it is the serious problem whether occupied and unoccupied 

states are detected. The unresolved question of the intensity variation should be a key to solve 

the problem. The intensity variation may reflect some important hidden physics which has not 

been taken into account in the existing theoretical works [6-8]. 

The PbPc film showed clear resonances, HOMO to LUMO+2 and HOMO to IPS. The 

system is an excellent example for understanding of the intensity variation around the 

resonance. 
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