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Preface

This Activity Report covers the research activities done by over 800 users from
about 60 institutions at the UVSOR facility in 1999. This is the sixth volume in the
red-covered Activity Report series for the second 10 years in UVSOR, where the first
SR was emitted in November 1983. The improvement and upgrade projects of
monochromators and end stations are under way. Unfortunately, since 1998 we have
lost 15% of the total budget for the UVSOR facility. This budget cut policy has been
applied to all the facilities under the Ministry of Education, Science, Sports and
Culture (Monbusho). We have to reduce the beamtime and postpone the upgrade
and the UVSOR-2 projects. Now we will try to get a special budget for the upgrade
of the light source of UVSOR for the third 10 years. We hope that we can start the
upgrade project in 2001.

For these six years, several UVSOR staff members were changed in spite of the
small number, that is, three associate professors and four research associates. In the
beamline division there are only two associate professors and two research
associates. In FY99 one associate professor and one research associate were
changed. After Associate Prof. Toyohiko Kinoshita moved to the University of Tokyo
in November 1998, we had Dr. Eiji Shigemasa as a new associate professor from the
Photon Factory in May 1999. He is in charge of science for free molecules. In
November 1999 Dr. Shin-ichiro Tanaka was promoted to an associate professor of
Nagoya University. In April 2000 Dr. Kazutoshi Takahashi will come as a new
research associate from Tohoku University. On the other hand, in the light source
division there are only one associate professor and two research associates. The
machine group is indispensable to maintain and upgrade the UVSOR facility and
realize the UVSOR-2 project. In September 1999 we lost Associate Prof. Hiroyuki
Hama, who was in charge of the UVSOR-FEL(free electron laser) and UVSOR-2
projects but moved to Tohoku University. Fortunately, in March 2000 we can have
Dr. Masahiro Kato as a new associate professor, He was in charge of the upgrade of
Photon Factory, and now is in charge of the upgrade of UVSOR to get lower
emittance, more straight sections and sophisticated insertion devices. Furthermore,
we will try to augment a full professor position in the light source division to assure
to the users the best light source for a long term.

March, 2000

oGy

Nobuhiro Kosugi
Director of UVSOR
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The UVSOR Accelerator Complex in 1999

Hiroyuki HAMA, Masahito HOSAKA, Shigeru KOUDA, Jun-Ichiro YAMAZAKI, Toshio KINOSHITA
UVSOR Facility, Institute for Molecular Science, Okazaki 444 Japan

1. General

Monthly statistics of the light source operation
of the year 1999 are shownin Fig 1. These a couple
of years we regularly have 4 shut-off terms for
machine maintenance. In 1999, there were the new
year shut-off (2-week), the spring term shut-off (4-
week), the summer shut-off (4-week) and the fall
term shut-off (2-week). Consequently the machine
was totally operated for about 240 days (induding
test operations), and the integrated operation time
reached approximately 2700 hours. In the spring
shut-off term, pulsars for kicker magnets on the
storage ring were replaced by new ones which
employed IGBT switchings, and a new controller
for charge and discharge of those pulsars was
installed. Fall time of the bump orbit for the beam
injection was reduced to 1 ps, so that the injection
efficiency was improved. To avoid effects of ion-
trapping, we have employed a partal filling
operation so far. Number of filled buckets was
further reduced to 11 from 12 after investigatons
during the shut-off. In addition to ordinary
maintenance of accelerator devices, a klystron of the
injector LINAC was replaced by new one in the T '
summer shut-off term.

There was fortunately no serious trouble in the
whole year. However the superconducting 4 T
wiggler, which had been operated from December,
1998, was completely stopped in the beginning of
June because of a fatal malfunction of the
refrigerators. We have not dedded yet whether . s
the wiggler should be further operated. The E

Operation Days
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SR Ae i Giiried] Newyoar shut-off

ek
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1T (AsHour)

! Inc. baam tast oparation |
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operation, which means an extra budget is required. s °f
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concluded from a view of scientific opportunities, E o

so that a possibility of development of other 3 A 1 2

insertion devicesis expected to be considered in the o BT

discussion. o8 10— L R S
Another minor trouble was occurred on the RF i‘ia o ]

< ;

Fig.1 Monthly statistics of the UVSOR light sourcein 1999. § MR S T S (R s ESK 1
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system of the storage ring, which was exposed in November. Reflected power from the main cavity
has been increased, and then the RF power amplifier was frequently down because of safety. It was
finally found that a drculator, which guides the reflected power into a water load, was malfunction.
New one will be installed in March, 2000. By setting a tuning angle of the cavity small, the reflected
power was reduced to be lower than a threshold power of the interlock system of the power amplifier
in the ordinary multi-bunch operation.

400 —r—r—— S —— 12
3 July-1,'98 ]
* Beam Current Multibunch (11-bunch filled) 1
o Lifetime ]
z 300 _ h‘“{ 9
= o QY c
- e 1 =
5 | ~ | g
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100 | 43
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Time

Fig. 2 Variations of the beam current and the lifetime in one-day operation with the multi-bunch mode
(July-1, 1999).

Generally speaking, the operation of the UVSOR accelerators in 1999 was pretty stable and
successful.

2. Improvement

As mentioned above, the kicker pulsars and the power supplier on the storage ring were replaced
by new ones. In the injection scheme of the UVSOR accelerator system, 4-bunch train is extracted
from the booster synchrotron. Because the flatness of the fastkicker pulse on the booster is imperfect,
the overall horizontal emittance of the bunch train is very large. In order to obtain better injection
efficiency, the fall time of the bump orbit of the ring should be fastto avoid beam lossat the septum
after the first turn. By adjusting capacitance of the IGBT pulsar, the fall time of ~ 1 ps was achieved
(former value was ~ 1.5 us), so that the
beam injection rate was improved to be 2 ~
3mA/sfrom1~2mA/s. 400: """""""""""""""" 1

After the spring shut-off term, the 1 P2 ]
beam orbit has been corrected after each -

200f / \
an application for steering magnets control 100
to change the beam orbit as one likes.

beam injection. An on-line software for
Averaged rms orbit deviations in the ol / \ 1

)
S
o
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calculation of linear lattice parameters
incduding effects of insertion devices was

completed. This software was linked with

horizontal and the vertical directions have i

been kept within ~ 50 pm and ~ 80 pum, s
respectively, in the user machine times.

Time (us)

‘ Fig.3 Pulse shape of discharge current of a new IGBT pulsar
L/[,,/g,s'og for a kicker magnet.
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ACCELERATOR COMPLEX

Injection Linac

Energy

Energy Spread
Frequency
Acceleration
Length
Klystron Power
Repetition Rate

15 MeV

~ 1.6 MeV

S-band 2856 MHz
2n/3 Traveling Wave
25m

1.8 MW

2.6 Hz

Booster Synchrotron

Lattice Type
Energy

Beam Current
Circumference
Super Cell
Bending Radius
Betatron Tune

Momentum Compaction
Harmonics

RF Frequency
Repetition Rate

Storage Ring

Lattice Type
Energy

Critical Energy
Super Cell
Bending Radius
Betatron Tune

Momentum Compaction
Emittance

RF Frequency
Harmonics

Beam Current

Life Time

FODO

600 MeV

32 mA ( 8-bunch filled )
26.6 m

6

1.8 m

2.25 (' horizontal )
1.25 ( vertical )
0.138

8

90.115 MHz

2.6 Hz

Chasman-Green

750 MeV

425 eV

4

2.2m

3.16 ( horizontal )
1.43 ( vertical )
0.0264

164 nm rad ( horizontal )
90.115 MHz

16

Multi-Bunch 200 mA
Single-Bunch 70 mA
4 h at 200 mA



Additional Equipment

Higher-Harmonic Cavity
Super-conducting Wiggler
Undulator

Helical Optical Klystron

Control System

3x90.115 MHz

4 T ( maximum )

for SR

for Free Electron Laser

Preface: Based on Dual-Host system with CAMAC loop and friendly

man-machine interface
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Beam Lines in 1999

Masao KAMADA
UVSOR Facility, Institute for Molecular Science

There are 20 beam lines operational in UVSOR facility, 11 beam lines of which are
opened beam lines for many users coming from outside of IMS, while the rest 9 beam lines are
in-house beam lines dedicated to the research groups in IMS. The followings are the status of
the beam lines in 1999.

<Open beam lines>
OBLIB

This beam line is one of the busiest beam line in UVSOR. The beam line has been
used for general purposes in VUV region and has welcome many users all the time since the
beam line has the following advantages. 1) It has large acceptance angles to provide high flux
VUV light. 2) Standard measurements such as absorption, reflection, and luminescence can be
conducted at low temperatures down to 10 K. 3) This beam line covers the wavelength
ranges from 650 to 30 nm, which overlaps with those of the usual light sources in users’
institute or university. 4) Since windows are available in the wavelength more than 110 nm,
beginners can start their experiments by themselves without feeling any restriction. 5) The
window makes possible for us to try many materials such as liquid, high-pressure, gaseous
phase, high-vapor-pressure, bio-specimens, and so on. 6) Only usual vacuum techniques are
required to conduct their experiments. 7) There is no similar beam line in other facilities in
Japan.

In 1999, the computer control system of a 1-m Seya-Namioka monochromator has been
renewed. The old control system consisted of motor drivers, encoder, limits, and a computer
was replaced completely by the new system. The new system consists of components which
can be supplied on commercial base. This improvement may make us easy for maintenance.
The gratings were also exchanged by new ones. We installed two G3 and one G1 grating
because of usefulness of the G3 grating in VUV region. The upgrade of a second-
monochromator system will be done in 2000. We expect that this beam line can be used
continuously in VUV region.

OBL2B1

This beam line consists of a grasshopper monochromator, a double-pass CMA, and
coincidence analyzer. This beam line has been used mainly for surface science because
useful equipment for surface science such as LEED, Auger, Ar-ion gun, and gas doser are
installed at BL2B1. This beam line covers soft x-ray regions up to 800 eV and therefore
useful for core level spectroscopy for C, N, and O elements. Photoelectron spectroscopy and
electron-ion-coincidence spectroscopy can be carried out on adsorbed surface and bulk
materials. Besides these spectroscopies, NEXAFS/XAFS are also powerful techniques for
molecular science.

In 1999, a new version of an electron-ion-coincidence instrument has been installed,
resuiting in better efficiency in collecting data. An analyzing chamber for the experiments in
UHV was also improved in order to install many apparatuses for surface science. Moreover,
pre-mirror M2 was renewed and the trouble in driving mechanism of a Grasshopper
monochromator was fixed, but not completely.

The performance of the monochromator is not good in comparison with gimilar beam
lines in other facilities. This indicates that we must find our own idea such as an EICO
method all the time in order to keep the activity of this beam line. We expect users'
collaboration and proposal for future.

We would like to express our thanks to Prof. S. Nagaoka for his collaboration to
maintain the activity of this beam line.



OBL3A1/BL3A2

These beam lines can share intense synchrotron radiation from a planar-type undulator.
At BL3A1 the intense undulator radiation has been used without monochromator for SR-CVD,
light-amplification, desorption, and luminescence experiments. At BL3A2, a constant-length
SGM has been used with the undulator radiation for SR-laser combined experiments in
gaseous phase.

In 1999, usual maintenance for vacuum systems has been done to keep activities at
BL3A1/3A2. Besides this, the renewal program of the CL-SGM driving system at BL3A2
and also the improvement of the second-monochromators at BL3A1 have started. We have
started thinking about a future plan of this beam line for coming century. Everybody having
ideas and opinions is welcome.

OBL5A

This beam line consists of a high-resolution photoelectron spectrometer and a spin and
angle resolved photoelectron spectrometer. Besides SR from a dipole magnet, circularly
polarized radiation from a helical undulator can be used at BL5SA.

In 1999, the mechanism of the pre-mirror VM for SGM-TRAIN monochromator was
improved. This could solve the interference of the user experiments with the FEL studies.
The powerful laser system consisting of a TiS laser, RegA, and OPA was also installed for user
experiments.

OBLSB

This beam line was constructed for calibration of many optical elements and detectors in
VUV and soft x-ray regions. Since there are no similar beam lines in other facilities, BL5B
has been contributing to the various fields such as astro-science, nano-science, besides
synchrotron science and technology.

In recent years, the mechanical and optical components were repaired. The program
was also renewed from old digital controller to the computer control system. However, there
are several points which should be improved to keep the performance of this beam line.

OBL6A1

The BL6A1 has been used as a unique IR and FIR beam line. It consists of FT-IR and
FT-FIR interferometers and covers wide wavelength range from sub-milli to near IR. Lots of
research studies such as high-pressure with DAC, magnetic circular Dichroism, and time-
dependence have been carried out.

In 1999, the new Labview system for FT-FIR was commissioned. Many detectors and
beam splitters are always maintained to keep the activity of this beam line. Another IR beam
line is now under construction at Spring-8. This means not only many needs for IR beam
lines with SR, but also the necessity and the possibility for the improvement of BL6A1. We
started to discuss the improvement of this old but still powerful/useful beam line.

OBL7A

This beam line was constructed at the first construction stage of the UVSOR facility in
mid of 1980 for soft x-ray spectroscopy. This beam line has been providing soft x-rays in the
energy range from 0.6 to 3 keV without the 4T-wiggler and up to 6 keV with the wiggler.
However, the mechanical problem happened on the cryogenics for the wiggler in 1998. In
1999, the 4T-wiggler was shutdown completely. We have decided to provide better SR from
a dipole magnet with good crystals such as beryl, YB66, InSb, KTP, and alumna to cover the
soft x-ray region less than 3 keV one hand, and to think deeply about the future of the wiggler
and the BL7A with active users on the other hand.

OBL7B
The 3-m NIM at BL7B was constructed to provide good SR with a high resolving power
in a wide wavelength range from near IR to VUV. Although the installation took long times,



users have started taking good data at He temperature and showed the good performance of
BL7B in 1999. Few points still remain to fix and may be completely established in 2000.

We would like to express our thanks to working group, especially Profs. K. Fukui, K.
Nakagawa, T. Kinoshita, and Dr. E. Okamura, for their efforts to construct this beam line.

OBLS8A

This beam line has no monochromator and any special equipment. This means that users
can install their own instruments which are brought from their institute or university. The
UVSOR facility will support the users of course. For examples, a differential pump system can
be provided for SR-CVD experiments. In 1999, the vacuum condition of the pre-mirror
chamber and the differential pump system were improved.

OBLS8BI

This beam line can provide soft x-rays with a high resolving power and cover the energy
range of K-shell excitation in light elements. The TOF-mass instrument makes it possible to
take ionization spectra of various molecules. Yield experiments on solid state phase are also
available. In 1999, the alignment of the CL-SGM monochromator was improved to provide
good linear polarization, which was monitored by a multi-layer polarizer

<In-house beam lines>
OBLIA

This beam line was constructed for solid state experiments in soft x-ray region. High
performance photoelectron analyzer produces good data in recent years.

OBL2A

This beam line was constructed for experiments in gaseous phase and have produced a
lots of scientific results. This beam line is now going to bio-science use under collaboration
with bio-scientists in Okazaki institutes. Many apparatuses for experiments in gaseous phase
have been removed in 1999. We would like to express our sincere thanks to all 2A users and
active SR persons for their lots of efforts to construct this beam line and to keep activity of
BL2A. We never forget the memorial fact that the first scientific data with using UVSOR
had been obtained at 2A. We are also expecting many active bio-scientists who want to use
UVSOR.

(OBL2B2 :

The construction of a dragon-type new monochromator has commissioned in 1999. The
good performance of a high resolving power will contribute experiments in gaseous phase
soon.

OBL3B

This beam line consists of 3-m NIM and two-dimensional photoelectron analyzer. This
has been used for experiments in gaseous phase. In 1999, the vacuum leakage happened into
the monochromator and pre-mirror chamber, but fortunately the interlock system could protect
the storage ring from the accident.

(OBL4A/4B and BL6B

The re-arrangement of the beam lines at BL4A , 4B, and 6B has started in 1999. The
SR-CVD instruments installed at 4B will move to BL4A, and the SR-STM system at BL4AB
will move to BL6B, since the IR station at BL6B was completely shutdown and the
construction of a new soft x-ray beam line at BL4B was proposed.

(OBL6A2
The optical elements including gratings and the control system were completely replaced
by new ones in 1999. The micro-ESCA system will be installed to this beam line soon.



(OBLS8B2

The high-performance multi-channel photoelectron spectrometer is under installation. This is
powerful for the angle-resolved photoelectron spectroscopy to investigate the relation of
molecular orientation on the surface and the electronic states

Therefore, the UVSOR facility will have twenty stations operational; two soft-x-ray
stations equipped with a double-crystal monochromator, nine extreme ultraviolet stations with
a glancing incidence or a plane-grating monochromator, four vacuum-ultraviolet stations with
a Seya-Namioka-type or a normal incidence-type monochromator, one (far) infrared station
equipped with a FT interferometer, a multi-layer monochromator, and three white-light
stations without any monochromator. In 1999, many and interesting results were obtained at
UVSOR beam lines and they are presented in this activity report.

The UVSOR facility strongly asks all users to conduct their experimental procedures
according to the beam line manuals and the guidebook. The persons who want to use the open
and the in-house beam lines are recommended to contact with the following station master or
supervisor and the representative, respectively. The persons who want to know updated
information of the UVSOR facility are recommended to open http://www.uvsor.ims.ac.jp/.

Table I.  Station masters and supervisors of open beam lines in 1999
Beam | Station Master Sub Master Supervisor
Line

1B M. Hasumoto M. Kamada M. Kamada
2B1 E. Nakamura S. Nagaoka M. Kamada
3A1 M. Kamada E. Nakamura M. Kamada
3A2 N. Kondo T. Gejo E. Shigemasa
5A M. Hasumoto M. Kamada M. Kamada
5B M. Hasumoto E. Nakamura E. Shigemasa
6A1 E. Nakamura O. Matsudo M. Kamada
7A E. Shigemasa N. Kondo T. Kinoshita
7B K. Fukui M. Hasumoto M. Kamada
8A T. Gejo E. Nakamura E. Shigemasa
881 T. Gejo N. Kondo E. Shigemasa

Table I1. Representatives of in-house beam lines in 1999.

Beam | Representative Department/Facility
Line

1A N. Kosugi VUV Photo Science
2A N. Kosugi VUV Photo Science
2B2 K. Mitsuke VUV Photo Science
3B K. Mitsuke VUV Photo Science
4A T. Urisu VUV Photo Science
*4B T. Urisu VUV Photo Science
6A2 M. Kamada UVSOR

*6B K. Yakushi Molecular Assemblies
8B2 T. Urisu VUV Photo Science

*The new representatives of BL4B and 6B in 2000 are Profs. E. Shigemasa (UVSOR) and T.

Urisu (VUV Photo Science), respectively.




Beam line of UVSOR

Beam Monochromator, Wavelength Acceptance Experiment
L.ine Spectrometer Region Angle(mrad)
Horiz.  Vert.
BLIA Double Crystal 2.1-03nm 4 | Solid (photoemission)
BLIB I-m Seya-Namioka 650 - 30 nm 60 6  Solid (absorption)
BL2A 1-m Seya-Namioka 400 - 30 nm 40 6  photoabsorption
BL2BI 2-m Grasshopper 60 - 1.5 nm 10 1.7 Solif & surface
(photoemisson)
BL.2B2 18-m Spherical Grating 60 - 6 nm 15 6  Gas (photoionization,
photodissociation)
BL3IAI None (Filter, Mirror) (U) 0.3 0.3 Solid & irradiation
(photodissociation)
BL3A2 2.2-mConstant Deviation 100 - 10 nm 10 4  Gas & solid
Grazing Incidence q8) 0.3 0.3 (photoionization &
photodissociation)
BL3B 3-m Normal Incidence 400 - 30 nm 20 6  Gas (photoemission)
BL4AI Multi-Layered-Mirror 13-23 nm 16.6 12.8 Irradiation
Monochromator Mo/Si MLMs
BL4B None 8.3 6 [rradiation
BLSA None (OK) FEL
SGM-TRAIN 250 - 5 nm 10 3 Solid (photoemission)
BL5SB Plane Grating 200 - 2 nm 10 2.2 Calibration, gas
(photodissociation) &
solid (absorption)
BLOAI Martin-Puplett FT-IR 3000 - 30 mm 80 60 Solid (absorption)
Michelson FT-IR 100 - 1 mm 80 60
BLOA2 Plane Grating 650 - 8 nm 10 6 Solid & surface
(photoemission)
BL6B FT-IR 200 - 1.7 mm 70 25 Solid (absorption)
BL.7A Double Crystal 1.5-0.8 nm 2 0.3 Solid (absorption)
1.5-02nm (W) 1 0.15
BI.7B 3-m Normal Incidence 1000 - 50 nm 65 10 Solid (absorption)
BL8A None (Filter) 25 8 Irradiation &
user’s Instrum.
BLEBI 15-m Constant Deviation 40 - 2 nm 10 1.5 Gas & solid
Grazing Incidence (absorption)
BILER2 Plane Grating 650 - 8 nm 10 6 Solid (photoemission)

SGM-TRAIN: spherical grating monochromator with translating and rotating assembly
including normal incidence mount
U: with an undulator

W with a wiggler

OK: with an optical kiystron



BLIA

Soft X-Ray Beamline for Photoelectron-Photoabsorption Spectroscopy

BLIA is a soft x-ray beamline for photoelectron-photoabsorption spectroscopy. The
beamline is equipped with a focusing premirror and a double crystal monochromator [1]. The
monochromator serves soft x-rays in the energy range from 585 to 4000 eV by using several
kind of crystals such as B-ALOs;, beryl, KTP (KTiOPOy), quartz, InSb and Si crystals. The
throughput spectra are shown in Fig 1. Typical energy resolution (E/AE) of the
monochromator is about 1500 for beryl and IbSb.

For photoelectron-photoabsorption spectroscopy, an ultra-high-vacuum (UHV) apparatus
is connected. The top view of the apparatus is shown in Fig 2. It is equipped with a high-
performance electron energy analyzer (SES-200, SCIENTA Co.). The pass energy can be varied
between | and 500 eV. Using the apparatus, resonant photoelectron spectra for solid samples
can be obtained with the total energy resolution of 0.7eV around hv=1000 eV.

Reference
[1] A. Hiraya et al., Rev. Sci. Instrum., 63 (1992) 1264.
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Figure 1. Throughput spectra of the double Figure 2. Top view of the UHV apparatus for
crystal monochromoator at BLTA. photoelectron-photoabsorption spectroscopy.

Specification

Monochromator :double crystal monochromator

Monochromator crystals :B-Al O3 (22.53A, 585-1609¢V), beryl (15.965A, 826-2271eV),

(2d value, energy range)  KTP (10.95A, 1205-3310eV), quartz (8.512A, 1550-4000eV),
InSb (7.481A, 1764-4000eV), Si (6.271A, 2104-4000eV)

Resolution : E/AE=1500 for beryl and InSb

Experiment : photoelectron-photoabsorption spectroscopy for solid



BLIB
Seya-Namioka Monochromator for General Purpose in VUV Region

The beam line 1B has been used for many experiments such as absorption, reflectivity,

photo-ionization, and luminescence in condensed phase. The system consists of a pre-mirror,

a 1-m Seya-Namioka type monochromator, and a post-mirror.  Three gratings with 600, 1200,
and 2400 gr/mm can cover the wavelength range from 40 nm to 650 nm, and two post mirror
make it possible to change the focus point. A long-focus mirror is usually used with a LiF
window to separate a main chamber for spectroscopy in liquids and biospecimens, while a
short-focus mirror is suited to solid-state spectroscopy.  The output flux from this
monochromator is about 10'° phs/s around 200 nm with 0.1 mm slits. The spectral
distributions obtained with three gratings are shown in the figure, although they are not the
best data because of the contamination of the mirrors and gratings due to the recent careless
accident,
A second monochromator (Spex 270M) and a LN-cooled CCD detector (Princeton Inc.) are
available for luminescence experiments, together with a liquid helium-flow type cryostat. A
time-resolved system to observe luminescence and excitation spectra with three time-gates is
also possible. The decay measurement is one of the highlights of this station. A couple of

weeks are supplied for the decay measurements under single bunch operation. A TAC system

is therefore one of the standard instruments at this beam line.
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BL2A

Gas Phase Photoabsorption and Fluorescence Spectroscopy

Photoabsorption cross section and fluorescence excitation spectra of gaseous
sample are simultaneously measured in a vacuum cell or effusive jet condition.
The primary photons in the 30-400 nm region are dispersed by a 1-m Seya
monochromator. Higher order light in the 80-120 nm range is suppressed by
using a long channel with a cross section 2.5 X 5.0 X 170 mm long filled with
argon gas at a pressure =0.3 Torr as shown in fig. 1. No filter is used between
30 and 80 nm since the photon flux at A<40 nm is very weak (see fig. 1). The
gas filter and cell are placed in a main chamber which is evacuated by a 5000 I/s
diffusion pump (Varian, Model VHS10). A LiF window is used for the
measurement at the 105<A<210 nm range as usual. Thus, the total photo-
absorption cross section and fluorescence excitation spectra are available in the
wide wavelength region 30-210 nm without or with little contamination by the
higher order light.

Dispersed fluorescence and polarity of emission from the excited fragment
are also measurable in addition to the total photoabsorption and emission cross
sections. In the single bunch operation of synchrotron radiation with the period
of 178 ns, a radiative life time can be measured.

120 80 60 40 3onm  Specification
MITT T T T ] T [ [

Monochromator :  1-m Seya
. - Wavelength range : 30-400 nm
Resolution : AE/E=107 at 100 nm
. Grating : 1200 //mm blazed at 96 nm
Experiments :
. oVacuum cell or effusive jet
eTotal photoabsorption cross section
eFluorescence cross section
eDispersed fluorescence
eRadiative lifetime
eEmission polarity
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Fig. 1. Transmitted I, intensity with and without an
Ar gas filter.



BL2BI
Soft-X ray beamline for solids and solid surfaces

BL2BI is a beamline in order to study solids and solid surfaces by the use of
photoabsorption and photoelectron spectroscopy. A 2-meter grazing incidence
monochromator (‘Grasshopper’ type, Mark XV; Baker Manufacturing Co.) is installed. A
2400 I/mm grating has-been installed since April 1994, and was replaced by a 1800 Vmm
grating at March 1997. The resolving power is better than 600 at C-K edge (about 290 eV).
Figure 1 shows the photoelectron yield from the Au mesh (10%-transmission) located near
the position of a sample by the use of the 1800/mm grating. The dip around 300 eV is due to
carbon contamination of optical elements.

The analyzing chamber is installed at the focusing point of the monochromized light.
The pressure is less than 1x10™"° Torr. A double-pass CMA, a LEED optics, an ion-gun for
sputtering, and a sample holder which can be cooled with liquid nitrogen and heated, etc. are
equipped for the ‘in-situ’ measurements. The photoelectron spectroscopy including CIS

(Constant initial state

] spectroscopy), CFS
1 ] (Constant  final  state
é 6—d spectroscopy) can  be
3 5 - measured using CMA,
:(A 1 which is controlled by a
a 4
= personal computer.
é 3 Samples can be
3 o transferred to the
L ] . h f
@ i analyzing chamber from
= ] the air, through the
0 T T T T T preparation chamber in
0 200 400 600 800 1000

Photon Energy (eV) which sample treatments

(e.g. cleaving, filing, and

Figure 1. Photoelectron yield measured by the use of the Au mesh deposition) can be made

Specification

Monochromator :2m grasshopper type

Energy range :95-1000 eV ( 1800 I/mm)
Resolution of photon :<0.4eV at 300eV (1800 I/mm)
Resolution of photoelectron :<0.3eV (hv=150eV)

Experiment : Photoelectron spectroscopy, X-ray absorption spectroscopy,



BL 341

Irradiation Port with Undulator Radiation

The beam line 3A1 has been used for various kinds of experiments with intense
undulator radiation. In recent years, photo-desorption, photo-chemical reaction, SR-CVD,
Photo-etching, irradiation damage effects in condensed phase, light amplification induced by
core-level excitation, and so on have been carried out at the beam line 3Al. The
luminescence from High-T¢ superconductors, scintilator, and organic materials has been
observed. Combination experiments with undulator radiation and lasers has also been
successfully conducted for SR-induced desorption and SR-excited light-amplification.

A planar-type undulator installed in a long straight section of the UVSOR storage ring
can provide an intense quasi-monochromatic radiation to beam lines 3A1 and 3A2. The
photon energy range from 8 to 52 eV is covered by the fundamentals with K-values of 0.62-3.6
and higher harmonics are mixed in the spectral distribution of the undulator radiation in case of
high K-values.

The beam line 3A1 has no monochromator between the undulator and a sample
chamber. The radiation is introduced by a toroidal focusing mirror into the sample chamber
A gold mesh is
A typical

The

through a pinhole of 1 mm in a diameter and metallic filters (Al, Sn, and In).
always istalled in the sample chamber to monitor the incident photon flux.
spectral distribution measured with the monochromator at BL3A2 is shown in the figure.

4-
01 15

photon flux provided with the gap of 60 mm is about 1 phs/s on the samples.

A differential pumping

4 AU.076 '

[x1077] . '

I U1 GAP48mm
G1

system consisting of three TMP
pumps can be available for the
users who want to use gaseous
materials.  Visible and VUV
second monochromators for
measurements

(Jobin-Yvon HR320 for visible

luminescence

range and home-made NIM
monochromator for VUV range)
A He

Au Yield (A/100mA)

are also provided.
flow-type cryostat and a TAC

system are useful for the time ok

resolved experiments under a

single-bunch operation.
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BL3A2
Gas-Phase Dissociative Photoionization Apparatus

This machine has been constructed to study the formation of multiply-charged ions and
their dissociation processes. The monochromator is constant-deviation grazing-incidence
type with 2.2m focal length and covers wide wavelength region(10-100nm) where many
kinds of molecules and multiply-charged ions are effectively measured. High intensity
photon beam is available by introducing the radiation emitted from the undulator to the
monochromator. The apparatus contains an angle-resolved time-of-flight mass
spectrometer (TOFM) equipped with automatic data acquisition system for photoion-
photoion coincidence measurements. For full understanding of dissociative multiple
photoionization, we detect the coincidence signals of two fragment ions produced from a
parent ion, evaluate the kinetic energy release in “Coulomb explosion”, and measure the
angular distributions for the fragment 1ons. The sensitivity with respect to high-speed ions

(several tens of electron volts) is much improved in comparison with commercial TOFMS.
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Specifications
monochromator : 2.2m Constant-Deviation Grazing-incidence
Spectral range : 10-100nm (15eV - 120eV)
Resolution : 550-800 (0.03eV -0.18eV)
Mass spectrometer ;300
Length of the drift tube : 02-1m
Rotatable angle g 0-90° with respect to the photon beam



BL3B
Beam Line for Gas Phase Two-Dimensional Photoelectron Spectroscopy

This beam line is devoted to studies of elementary atomic and molecular processes

induced by excitation of valence electrons. A monochromator is a vertically dispersed nor-
mal incidence type with 3m focal length and 10° angle between the incident and diffracted
photon beams. The maximum wavelength resolution of 0.007nm is narrow enough to sepa-
rate vibrational levels of excited states for various molecules. A main component in an ex-
perimental chamber is a spherical sector electrostatic energy analyzer which has been de-
signed and setup for photoelectron spectroscopy. One can perform two-dimensional photoe-
lectron spectroscopy with good resolution (< 30meV) in which the photoelectron yield is
measured as a function of both photon energy and electron kinetic energy (binding energy).
A two-dimensional spectrum, usually represented as a contour plot (e.g. Fig. 1), contains rich
information on photoionization dynamics and properties of superexcited states. A great vari-
ety of interesting high-lying states involved in autoionization have been studied as follows:
(1) a bound valence state of nitric oxide whose autoionization gives rise to a number of irregu-
larly spaced peaks in its photoionization efficiency curve,” (2) the (.30'g,)'1(.3’cr,,)l valence
state of acetylene which dominates photoionization cross section and leads to strong vibra-
tional excitation,” (3) Rydberg states of

nitric oxide which undergo dissociation Energy Difference, AE (€V)

into N** + O('D%, P°) followed by bi 1§ Difs D,

autoionizing transitions of the superex- J 5 e

cited nitrogen atoms,” and (4) multiple- 165 | l@ b

electron-excited Rydberg states of car-
bonyl sulfide which are primarily pro-
duced by conversion from the Rydberg
states converging to OCS"(B*=") and sub-
sequently dissociate into S** + cox'zsh

giving rise to autoionizing transitions of
4)

15.5-

the superexcited sulfur atoms.

1) K. Mitsuke et al., J. Electron Spectrosc. Rel.
Phenom. 79, 395 (1996).

2) H. Hattori and K. Mitsuke, ibid. 80, 1 (1996); H. 14.5
Hattori et al., J. Chem. Phys. 106, 4902 (1997).

3) Y. Hikosaka et al., ibid. 105, 6367 (1996).

4) Y. Hikosaka et al., ibid. 107, 2950 (1997).

Photon Energy, E4, (eV)

Kinetic Energy, £ (eV)

Specification Figure 1. Two-dimensional photoelectron
spectrum of OCS taken at the photon energy
range from 142 to 16.8eV. The electron
yield is presented by the plots with eight tones
Resolution :0.007 nm at 100 nm from light to dark on a linear scale.”

Monochromator : 3 m normal incidence
Wavelength range : 30 - 200 nm



BL4Al

Multilayered-mirror monochromator beam line

for the study of synchrotron radiation stimulated process

A multilayered-mirror (MLM) monochromator beam line designed specially for synchrotron
radiation (SR) stimulated process experiments has been constructed for the first time. The most important
point in constructing a MLM monochromator beam line for the study of SR-stimulated processes is the
optimization of the beam line optics to obtain a large photon flux. The second most important point is to
remove the background existing in the low energy region caused by the total reflection. Optimization
concerning the reduction of the low-energy background due to the total reflection has been made for the
combination of the Mo/Si MLMs and the C filter. Mo/Si MLMs have a (normal incident) reflectivity of
over 60% can be made for the energy region around 100 eV, which contains the core electron binding
energies of Al and Si (important materials in semiconductor processes). The beam line was designed by
the criteria ; a beam spot size on the sample surface = 3X3 mm?, a density of total irradiated photons =

10" photons/cm® (for an irradiation time of a few tens of minutes to a few hours) and low-energy

background = 1% of the output."

[1] H. Mekaru, et. al., Rev. Sci. Instrum., 70, 2601-2605 (1999).
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Figure 1. Top and side views of the MLM monochromator beam line (BL4A1) constructed
at the UVSOR facility of the IMS.

Specifications

Monochromator :Multilayered-mirror monochromator

Wavelength range 1133 -22.5 nm

Resolution 5 -9 eV (FWHM)

Experiments :Excitation energy dependence of the SR processing
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BL 54

Photoelectron Spectrometer for Solids and Surfaces

The beamline 5A is designed for spin- and angle-resolved photoelectron experiments for
solids and surfaces with the circularly polarized synchrotron radiation from a helical undulator
The

beamline consists of a Spherical Grating Monochromator with Translational and Rotational

and for high-resolution photoelectron experiments with bending magnet radiation.

Assembly Including a Normal incidence mount (SGM-TRAIN), a spin- and angle-resolved
photoelectron spectrometer, and a high-resolution photoelectron spectrometer.

The SGM-TRAIN is an improved version of a constant-length SGM to aim the
following points, (1) wide energy range of 5-250 eV, (2) high resolving power, (3) use
of linear and circular polarization, (4) reduction of second-order light, and (5) two driving
modes by a computer control.

The second-order light is well suppressed by using

laminar-profile gratings and combinations of mirrors and gratings.

Specifications

1)Monochromator

Type:SGM-TRAIN

(two glancing-incidence and one normal-incidence)
Energy Range: 5-250 eV

Resolution: 0.5-80 meV with slits of 0.01mm

Flux: 3x10'° phs/sec at 120 eV with slits of 0.1 mm
(for bending manget radiation)

2) Main Instruments

Two-levels UHV chamber (1x10™° Torr)
Hemi-spherical electron-energy analyzer
(OMICRON HR-125)

Spin- and Angle-resolved spectrometer
(low-energy diffused scattering type)
LEED of reverse type (OMICRON)

. Ion-gun (ULVAC-Phi)
He-lamp for UPS
Low-temperature cryostat (>30 K)
3)Helical Undulator (Optical Klystron)

Number of periods 18 ey

Period length 110 mm ol

Length of dispersive part 302.5 mm 1 GIM21
Total length 2351.2 mm 1201 2 2 GOM2?2
Deflection parameter, Kx,y =~ 0.07-4.6 (helical mode) '
Deflection parameter, K 0.15-8.5 (planar mode) 100+ 3. G2M23

Fundamentals 2-45 eV (Circular polarization)

4 GaM24
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Fig. 1 He ionization spectrum Fig. 2 Typical spectral distribution

Refs: M. Kamada et al., Rev. Sci. Instrum. 66, 1537 (1995), N. Takahashi et al., Jpn. J. Appl. Phys. 35, 6314 (1996).



BL5B

Calibration Apparatus of Optical Elements

BLSB has been constructed to calibrate optical elements. The beam line consists of a
plane grating monochromator (PGM) and three chambers (Fig. 1). The chamber A is used
for calibration of optical elements, the camber B for optical measurements of solids and the
chamber C for photo-stimulated desorption (PSD) experiments. The chamber C is
sometimes changed to a chamber for photoemission microscopy.

The calibration chamber is equipped with a goniometer. The goniometer, which was
installed for the characterization of optical components, has six degrees for freedom; X-Y
translation of a sample, and interchange of samples and filters. They are driven by vacuum
pulse motors.  Since the polarization of SR is essential for such measurement, axis of the

rotation can be made in either horizontal or vertical direction (s- or p-polarization).

- ]
Mengchromaior Chaérber A Chamlber B Chamber C
. . I
& 00)
i [i '(.'\1 :

Figure 1. Schematic figure of BL5B spectrometer system.

Specification Photon energy (eV)
, 3 2
Monochromator: Plane grating 107 1 L 10°
7
Wavelength range: 2 - 200 nm (Fig. 2)
Resolution: 4 / AL =300 ~ 500 <
. " : =
Experiments:  Calibration of  optical S
- . ‘ X -10
elements, absorption of solids, photo- = 1077k
stimulated desorption from rare gase <
solids, photoelectron microscopy. 2
>
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w
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E
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Figure 2. Throughput spectra of BLS5B 10 10° 10" 102

detected by a gold mesh (84% transmission).
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BL6AI

Fourier-Transform Middle- and Far- Infrared spectrometers for solids

Synchrotron radiation of UVSOR covers a very wide energy region from soft-X ray to millimeter wave. BL6A1

was constructed in order to cover a long wavelength part in the spectral distribution from near infrared to milli-

meter wave. The beamline is composed of two kinds of interferometers, a Martin Puplett type and a Michelson

type (Fig.1). The spectrum from 0.7 um to 2 mm is measureable by changing three kinds of detectors; MCT, Si-

bolometer and InSb hot electron detector (Fig.2). Owing to the high brightness of the SR, the present

spectroscopic system is especially favorable to the transmission and reflection measurements on tiny specimens.

In summer 1998, the control system for the Martin-Puplett type interferometer ( SPECAC ) was replaced

owing to its lots of troubles. Most of the components in the control system were newly installed except the

chopper controller and the PC. After some correction, the system is now under use regularly.

We have also installed new beamsplitters in the rapid scan type interferometer (Bruker IFS66V): Quartz( 11 )

and myler( 23 micron ). It expands the measurable region.
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Fig.1 Top view of BL6AL.

Specification
Interferometers: a Martin-Puplett type and a Michelson type
Detectors:  Si bolometer ( 20-1000 cm-1 )
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Fig.2 Throughput spectra of BLEAI.

Ge bolometer ( with polyethylene window, 30-300 cm-1)

Ge bolometer ( with quartz window, 10-200 cm-1)

InSb bolometer { 5-50 cm-1)
MCT ( 400-10,000 cm-1)

Photovoltaic type MCT ( 400-4000 cm-1, time response: 10 nsec )

Wavelength range: 5~300 c¢m-1 by the Martin-Puplett type interferometer

40~28,000 cm-1 by Michelson type interferometer

Experiments: Temperature dependence of reflectivity and transmission spectra, absorption under high pressure

(up to 20 GPa ), reflectivity under magnetic field ( up to 8 T ) and time-resolved spectroscopy.



BL6A2

Photoelectron Spectrometer for Solids and Surfaces

The beamline 6A2 has been used for photoelectron spectroscopy on solids and surfaces
with bending magnet radiation. The beam line consists of a Plane Grating Monochromator
(PGM), and an angle-resolved photoelectron spectrometer (ARUPS).

The PGM has several combinations of mirrors and gratings to cover wide energy range
of 2-150 eV with less higher order light. Since the monochromator has no entrance slit,
resolving power depends on the beam size and the divergence, but not only on the width of the
exit slit. The ARUPS is mounted on the two-axes goniometer. The usual instruments for
surface analyses are available. Recently, the combined experiments with SR and lasers are
being carried out at this beam line. The upgrade of the BL6A2 is also in progress. The
renewal of this beam line will be completed in 2000.

Specifications

1) Monochromator 2) Main Instruments

Type:PGM Two-levels UHV chamber (1x10™° Torr)
(Plane-Grating Monochromator) Hemi-spherical electron-energy analyzer
Energy Range: 2-150 eV (two-axes)

Resolution: 0.1 eV at 70 eV with slit of 0.01mm LEED Optics (OMICRON)

Flux: 1x10"! phs/sec at 120 eV with slit of 0.1 mm Ar-ion gun (ULVAC-Phi)

Mode-locked Nd: YAG laser

EAC 1 Hz v
System Oscilator |~ ||eh2
chl

T I

A
-sl,-jts?em Pre Amp.-lDiscri}(- Gate,System% PC

1 Hz (laser on)




BL7A

Soft X-ray Spectrometer for Solids

The beamline BL7A equipped with a double crystal monochromator was constructed
for spectroscopic investigation on solids in the soft X-ray range ( 0.6 to 5 keV). In order to
make the EXAFS experiments at the Mg (~1300 eV) and Al (~1550 eV) K-edges possible, a
pair of KTiOPO, [KTP] (011) crystals was introduced and its performance test was done in
1999. In the past, it has been necessary to use beryl and quartz crystals to approach these
two edges. The combination of an artificial crystal, YB,(400), with the wiggler has been
another possibility to access the Al and Mg K-edges. However, YB is unsuitable for the
radiation from the bending magnet, due to its low reflectivity, and there is a disadvantageous
characteristic caused by a anomalous (600) reflection at the Y L-edge for carrying out the
EXAFS experiments with the YB, crystals.

Figure 1 shows the photon flux of the KTP monochromator crystals over the photon
energy range 1200-3000 eV. It is found that the photon intensity from the KTP crystals
without the wiggler is almost the same as that from the YB, crystals combined with the
wiggler. The ability to cover the Mg, Al, and Si K-edges with a single pair of the KTP
crystals seems to be attractive for many users. Further details can be seen in this activity
report (by Shigemasa).
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Figure 1. Throughput from KTP monochromator crystals on BL7A.
Specification :
Monochromator: Double-Crystal
Energy range: 0.6~3.0 keV, without wiggler (~6.0 keV, with wiggler)
Experiments: X-ray absorption (by total electron- or fluorescence-yield methods)



BL7B

3m Normal Incidence Monochromator for UV, VIS and IR
Spectroscopy of Solids

The reconstruction of the beamline BL7B has been almost completed. The Im
Seya-Namioka type monochromator was replaced to the 3m normal incidence monochromator
(3m NIM; McPherson upgrade model of 2253) for the extended researches of the highest level
with the higher resolution and intensity, the wider wave-length region available and so on. It will
be also possible to utilize the linear and circular polarization inherent in synchrotron radiation
(SR) and to realize some combined experimental systems, for example, with the synchronized
laser to SR pulse or with the extended field. The outline of the new beamline is shown in Figure 1.
The main parts of the system are a pre-mirror focusing system, a 3-m NIM and a post-mirror
focusing system. The light from 50 to 1000 nm wavelength region is covered by changing three
gratings in situ. Each spherical grating is original laminar type fabricated on SiO; and has
effective grooved area of 120 x 40 mm?® The 2 focusing positions are available for the
experiments. At the position between 2 positions, LiF or MgF, window valve is installed.
Therefore, the measurements for the organic materials, liquid and biochemical ones are possible at
the 2™ focal position.

This beamline is used for absorption, reflection and fluorescence measurements on
various materials with higher performance (high energy resolution, high intensity, well-polarized
light, short repetitive pulse light) not only on the VUV region but also in the near UV, VIS and
near IR region. The performance of the beamline is presented in this activity report. The beamline
has been opened to the users from April, 1999.

555 o &= o =
: -
D\'
Specification
Monochromator : 3m Normal Incidence Monochromator
Wavelength range : 50 nm — 1000 nm
Typical resolution : E/AE = 4000 - 23000 for 0.01 mm slits
Experiments : absorption, reflection, fluorescence spectroscopy, mainly for solids



BL8A
Free Port

This beamline was constructed as a free port to which user can connect their own
instruments. The beamline consists of a front end, a focusing premirror chamber and a
separation chamber. Both focused and unfocussed beam can be used. A general purpose
rcaction chamber and a two (or three) stage differential pumping system are available
for the experiments that use gas samples without window. With using three stage
differential pumping system, gas pressure at the reaction chamber upto 0.5 torr can be

used while keeping ultra high vacuum at the premirror chamber.

S B

......... - ; BLBA
FRONT END

FOCUSING_¥ |RROR SEPARATION
CHANBER

— 2500mm — |« 2807mm —

UP VEW OF BLBA

Specification
Spectral range : whole range of synchrotron radiation from UVSOR
Acceptance angle
Unfocused beam : 25 mrad (horizontal) X 8 mrad (vertical)
0.6 mrad (horizontal) X 0.6 mrad (vertical)

(with ¢ 3 mm aperture before sample)

Focused beam : 7.7 mrad (horizontal) X 8 mrad (vertical)
Beam spot size at focu 3 mm (horizontal) X 2 mm (vertical)
Source - mirror distance 2500 mm

Mirror - focus distance . 2807 mm



BL8BI1

Photoabsorption and Photoionization Spectrometer

The beam line BL8B1 was constructed for observation of high resolution photoabsorption

and photoionization experiments in the photon energy range from 30 to 800 eV, which

includes the 1s core excitation energy of C, N and O atoms. For high resolution measurement

among these energy, a constant-deviation constant-length spherical grating monochromator
(CDCL-SGM) with three gratings (G1: R = 15 m; 1080 I/mm, G2: R = 15 m 540 /mm, G3: R

= 7.5 m; 360 I/mm) has been employed. The entrance and exit slit positions and directions of

incident and exit photon beams do not change during its scan. Consequently, it provides us
with a resolution (E/AE) of 4000 at 400 eV and of 3000 at 245 eV. A current of a Si diode

reveals the absolute photon flux normalized by an ring current when two slit widths are 10 pm

(Fig. 1).

Being Equipped at the downstream of
the monochrometer, an chamber with a
time-of-flight ion detector and a
photoelectron detector, they allows us to
measure  photoelectron - photoion
coincidence (PEPICO) and photoion -
photoion coincidence (PIPICO) spectra.
Measurements of absorption, electron
yield and emission spectra of solid

samples are also available.

Intensity (Photon Number/100mA)
S
1

1 G3:3601/mm

Slit 10pm

G2:5401/mm

'''''' . G1:10801/mm
~.

\-

200

400 600 800 1000
Energy(eV)

Figure 1. Absolute photon fluxes measured by a Si photodiode

Specification

Monochrometer : 2.2 m constant-deviation grazing incidence
Wavelength range :30to 800 eV

Resolution : E/AE = 4000 at 400 eV and 3000 at 245 eV
Available Experiments  : Measurement of photoabsorption and photoionization

spectra for gas and solid sample



BL8B2
Angle-Resolved Ultraviolet Photoelectron Spectrometer for solids

BL8B2 is a beamline for angle-resolved ultraviolet photoemission spectroscopy
(ARUPS) system which is designed for measuring various organic solid such as molecular
crystals, organic semiconductor, and conducting polymers. The beamline consists of a plane-
grating monochromator (PGM), a sample preparation chamber with a fast entry Load-Lock
chamber, a measurement chamber with an accurate manipulator for temperature dependence
(base pressure 3 X 10" Torr), a cleaning chamber (base pressure 2 X 10" Torr), and a sample
evaporation chamber (base pressure 3 X 107'° Torr). The cleaning chamber is equipped with
back-view LEED/AUGER, Ar" gun and an infrared heating units. The PGM consists of pre-
mirrors, a plane grating, focusing mirror, and a post-mirror, with an exit slit. It covers the wide
range from 2 to 150 eV with exchanging two
gratings (G1; 1200 I/mm, G2; 450 /mm) and

five cylindrical mirrors. The toroidal mirror

focuses the divergent radiation onto the
sample in the measurement chamber. The spot

=)
s
T

size of the zeroth-order visible light at the
sample surface is about 1< Imm®. The energy
resolution at a slit width of 100 um was found
to be 0.004 - 0.3 eV in the wavelength range

1010 |
from 2 to 130 eV. A hemispherical electron E

2o aaal

energy analyzer of 25 mm mean radius with an
angular resolution of 2° can be rotated around

Au Mesh Yield (Normalized by the ring current)

vertical and horizontal axes. The sample
01
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mounted on a manipulator can be also rotated
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Figure Throughput spectra of plane-grating
monochromator at BL8B2 with 100 pum exit slit.

Specification
Monochromator : plane grating monochromator
Spectral range 12-130eV

Resolution :0.25 eV at 40 eV, as determined by the Fermi edge of gold.
Experiment . Ultraviolet Photoelectron Spectroscopy for various organic solids
Polarization 1 85~91 % at 5000 A
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In-house beam lines
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Performance of the UVSOR-FEL with new optical cavity

Shigeru. KODA, Jun-ichiro YAMAZAKI, Masahito HOSAKA, and Hiroyuki HAMA
UVSOR Facility, Institute for Molecular Science, Myodaiji, Okazaki, 444-8585, Japan

After shutdown due to a conflict between the FEL mirror and the beam line BL5A, an
FEL optical cavity and a control system were newly installed in the UVSOR-FELI[1,2]. The
optical cavity was designed to reduce mechanical vibration, which is considered to spoil the
lasing stability of the FEL. To escape from complicated mechanical resonances, the structure of
the mirror chamber was simplified. Number of control axes for the cavity mirrors were reduced
from ten axes of the former UVSOR-FELI[3] to five axes. In addition, to decrease mechanical
vibrations, marble stones with weight of 2 t were employed as the bases of the optical cavity
mirrors.

The first lasing of new FEL system was achieved in May, 1999. The lasing
experiment was operated with an electron beam energy of 607 MeV with a maximum beam
current of about 50 mA/bunch. An experiment at a visible wavelength of 520 nm was
performed in order to check the FEL system and another experiment in the UV region was
also carried out at a wavelength of 270 nm. Multi-layered mirrors of HfO2/SiO2 were used as
the cavity mirror. Measured FEL spectra around 270 nm lasing are shown in Fig 1. The
out-coupled power of the FEL was fairly stable in the CW region around the best synchronism
between the electron bunch and the FEL micropulse. A measured intensity variation of 520 nm
is shown in Fig. 2. The average power was 12 mW for the electron beam current of 30
mA/bunch, which corresponded to an energy of 1 nJ/pulse. Since observed rms width of an FEL micropulse
in the CW region was approximately 10 ps, the out-coupled peak power reached at least 40 W. For the 270
nm lasing, a mirror with large transmission of 0.06% was employed for the backward mirror
and the averaged lasing power was attained to be 10 mW for the electron beam current of 40
mA/bunch. Detuning dependence for the RF frequency was measured as two-dimensional time
spectra by a dual-sweep streak camera. Typical cases are shown in Fig. 3. In a region of the
small detuning around the best synchronism, a CW lasing was observed, which is shown as a
case of Afrr =0 Hz in Fig. 3. In the region of the large detuning of Afrr=10 Hz, a macropulse
structure arose. Continuous lasing called quasi-CW was observed in the larger detuning region
of Afrr=100 Hz. In the former UVSOR-FEL experiment, the lasing around the best synchronism was
unstable and it was difficult to maintain the CW lasing [4]. In the new system, the CW region was clearly
observed and stable in both points of the micropulse time jitter and the FEL intensity.

In summary, we carried out the FEL experiment with new optical cavity, which had
the heavy and simple structure, and measured the lasing performances in visible and UV
regions. The lasing stability was especially improved relative to former UVSOR-FEL and the

stable lasing was easily maintained in the CW region.
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Fig. 3 Typical detuning dependence in the FEL lasing at the wavelength of 520 nm. Time

structures of the CW, the pulse and the quasi-CW lasings were observed in order of

detuning of the RF frequency. The rf frequency of the best synchronism was 90.101MHz.
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Development of a longitudinal feedback system for the UVSOR-FEL

Shigeru KODA, Masahito HOSAKA, Jun-ichiro YAMAZAKI and Hiroyuki HAMA
UVSOR Facility, Institute for Molecular Science, Myodalji, Okazaki 444-0867

Synchronism between an FEL micropulse and an electron bunch is crucial to maintain
lasing stability of storage ring FEL. However, in actual lasing, the synchronous condition is
continuously disturbed by various factors such as thermal deformation of the optical cavity
mirrors due to spontaneous radiation. We are developing a feedback system which corrects an
longitudinal length of the optical cavity by changing the storage ring rf frequency. The control
accuracy of the time deviation between the micropulse and the bunch has been required to be less
than 10 ps that is the temporal width of the FEL micropulse. A phase detection technique was
employed as a measurement method of the time deviation. The feedback system based on this
method is different from systems developed in other FEL facilities of Super ACO[1] and Duke
University[2].

The FEL light signal f,,, (t) and the electron bunch signal f,(f) can be expanded by
harmonics of a round-trip frequency f, in the optical cavity as following

fre @) = fo iFFEL (2’”‘](0)32”%”,
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o
where n is a harmonic number and Fp;, (2naf,), F,(2nnf,) are Fourier transforms for the
pulse shapes of an FEL micropulse and an electron bunch with angular frequency @ = 2naf,,,
respectively. When the time deviation Af of the micropulse signal occurred with respect to the
electron bunch signal, the phase between the micropulse and the bunch is changed as
A¢ = 2mf At in harmonic number of n. The time deviation Af can be decided by measuring
the phase A¢ . The sensitivity for the time deviation is directly proportional to the number n in
principle.

The schematic diagram of the feedback system is shown in Fig. 1. Band pass filters
extract one harmonic component from signals of the electron bunch and the FEL light. The phase
in the harmonic component is measured by a phase detector and then the rf frequency is
controlled according to the detected phase. Considering the tradeoff between S/N ratio and the
phase angle sensitivity, we measured the phase in a frequency component of 270 MHz, which
corresponds to the 24-th harmonic component for the round-trip frequency f, of 11.3 MHz.

The flowchart of the feedback is shown in Fig. 2. The phase was converted to an
amplitude signal by the phase detector. The signal is sampled by an ADC with sampling rate of

108 samples/sec, and an average phase deviation is calculated. When amplitude of the phase

deviation exceeds one threshold value A8, the rf frequency is changed by values of + Af,, or



- Af,; to dump the time deviation. In the experiment, the value Af,, was set to be the minimum
step frequency 0.1 Hz of the rf synthesizer. The ratio of ag,, /Af, was chosen to be equal to a
measured ratio Ag/aAf of the phase deviation A8 for change Af of the rf frequency in the CW
lasing region.

The demonstration data of the feedback is shown in Fig. 3. The lines of upper and lower
sides are the measured phase and the change of the rf frequency, respectively. The phase
deviation of the FEL micropulse for the electron bunch was able to be maintained within range of
0=0.5 deg which means the time deviation of 5 ps.

The synchronism between the FEL micropulse and the electron bunch was successfully

stabilized by the feedback system. As a next step, we are considering to develop more practical
feedback system with faster response.
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Fig. 1 Outline of the feedback circuit. The Fig. 2 Flowchart of the feedback program. The
system consists roughly of the phase detection program repeats calculation of average phase
and the rf control. and control of the rf synthesizer every one sec.
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Fig. 3 Demonstration of the feedback operation. Measured phase (upper line) and changed rf
frequency (lower line) are shown as a functions of time.
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Measurement of nonlinear momentum compaction factor
in the UVSOR storage ring
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There is a growing interest in operating of ring accelerator with extremely low momentum compaction
factor. Such low momentum compaction factor, if attained, would lead to short bunched-beam that can be used
for the generation of coherent radiation, and an isochronous condition that enables high power storage ring free
electron laser. On the UVSOR storage ring, we have succeeded to operate the ring with momentum compaction
factor reduced to one hundredth of the ordinal value by changing the dispersion function [1]. In the study we have
found that nonlinear terms are serious problem to reduce momentum compaction factor further and precious study
on them is needed, however there was no exact theoretical approach on them. Only recently Tanaka et al. have
formulated a nonlinear dispersion function in storage ring and developed a code which gives higher order terms up
to the fifth order [2]. In order to proceed with the study we have performed an experiment to observe the
nonlinear behavior of momentum compaction factor and compared the result with the theoretical calculations.

The momentum compaction factors o, ,,;,...connect the momentum deviation dp/ pto the fractional
elongation Al/[ as

Al IT=a,(Ap! p)+a,(dp il p) +a,(bp/ p) +... . (1)
Then a local value of the momentum compaction factor at a momentum deviation of dp/ p can be written as

d(Al71)

O pu(Bp 1 p) = =a, +2a,(Ap/ p)+30,(Ap/ p) + ..., 2
Locat(BP 1 P) d(Ap 1 p) | 2(8p 1 p) 3(8p/ p) @
and the synchrotron oscillation frequency is given as
_ 1 eVRF _ 1 eVRF 2
LS s = M\j o |t +20,(8p / p)+ 305 (Ap / p) +] 3)

where e, V., Tand E are the electron charge, the slope of the RF field, the revolution time and the electron
energy, respectively. Thus the nonlinear behavior of the momentum compaction factor can be investigated by
measuring the synchrotron oscillation frequency as a function of the momentum deviation.

The experiment was carried out at the electron energy of 600 MeV, which is the maximum energy of the
synchrotron and at the operation points of both positive and negative linear momentum compaction factor [3].
The synchrotron oscillation frequency was deduced through the collective synchrotron oscillation excited due to
beam instability. We varied the RF frequency from the central value step by step until the acceptance limit and
measured the synchrotron frequency as a function of the RF frequency. We also varied excitation current of
focusing sextupole magnets in order to derive the dependence on sextupole strength. In Fig.1, the experimental
local momentum compaction factor (¢, ) deduced using Eq (3) as a function of the deviation of the RF
frequency is shown. As seen in the figure, nonlinear behavior due to the higher order momentum compaction
factors (or,, &5,...) is clearly observed.  The central RF frequency (Af/ f =0)in the figure was derived from the
cross point that is independent of the value of the sextupole strength. This means that in the central RF frequency
the electron beam passes through the averaged magnetic center of the sextupole magnets. The calculated local
momentum compaction factor using the code [2] is also shown by the solid line in the figure. In the calculation,
we have taken into account the higher order terms up to the fifth order (the maximum order obtained in the
calculation code) and made a correspondence between the deviation of momentum and RF frequency as



AL f= f[a] +0,(Ap! p)+ o (Ap ! p) +a,(Ap/ p) +o(Ap/ p)“](Ap / p). )

As seen in the figure, the calculated local momentum compaction factor agrees well with the experimental value.
In order to confirm significance of the higher order terms of momentum compaction factor, we changed the
maximum order of ¢ included in the calculation and compared each value with the experimental ones. In the
comparison, we found that up to the third order the calculation comes closer to the experiment as the maximum
order increases, but on the calculation up to the forth order no actual improvement can be observed.  This indicates
that the contribution from more than the forth order terms is small and is obscured by the experimental errors.  We
think that source of the error comes from the incomplete modeling of the magnetic strength and the closed orbit
distortion.

In this work, we have shown validity of the formalism by Tanaka et. al. up to the third order terms. More
accurate study is needed to investigate further higher order terms and we are proceeding with it.

0.05 ——————rr T 0_"‘
o, = +0.0263

Local

= -0.04

Figure 1. Variation of the local momentum compaction factor versus RF frequency for different sets
of sextupoles , for positive (a) and negative first order momentum compaction factor. The solid
line shows the calculated value.
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Development of a new electron-ion coincidence analyzer
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Energy-selected electron ion coincidence (EICO) spectroscopy is an ideal tool for investigations of the
ion desorption induced by electronic transitions, because it provides ion mass spectra for the ion desorption
channels related to the selected electron transitions [1].  We have developed the first EICO apparatus combined
with synchrotron radiation for the study of surface dynamics in 1996 [2]. A remodeled EICO analyzer was
developed in 1998 the sensitivity of which was improved by the factor of 5 as compared with the second one [1].
In the present article, we describe the third EICO analyzer developed recently [3]. Every EICO analyzer was
constructed on a 203-mm-diameter conflat flange as a bolt-on instrument, which consists of a cylindrical mirror
analyzer (CMA) for detection of energy-resolved electrons, a time-of-flight ion mass spectrometer (TOF-MS) for
ion detection and a retraction mechanism. Since the signal-to-background ratio of coincidence spectroscopy is
linearly dependent on the collection efficiency of electrons and ions, the solid angles of CMA and TOF-MS were
improved at every remodeling. Figure 1 shows a schematic diagram of the third EICO apparatus. In order to
achieve a fair signal-to-background ratio within a reasonable data collection time, the solid angle of the CMA is
designed to be 1.1 sr. The TOF-MS without a deflector is located coaxially with the CMA.  With these
reforms the signal-to-background ratio was improved by a factor of 5 as compared with the second one. The
resolving power of the CMA was limited to E/AE = 100 because of the large solid angle, the relatively large
spot size of synchrotron radiation (1< 1 mm?) and ion extraction field (17 V/mm). The ion detection efficiency
of the TOF-MS is 0.4, The EICQ analyzer was attached to an ultrahigh vacuum chamber at the BL-2B1. The
surface normal was set coaxial to the CMA and TOF-MS. A sample surface was excited by p-polarized
radiation with an incident angle of 60° , and the emitted electrons were energy-selected and detected by the
CMA, while the desorbed ions were mass-analyzed and detected by the TOF-MS. The ion counts were
recorded as a function of the TOF difference between the energy-selected electron and the ion with a multi
channel scaler (MCS) by taking the electron

signal as the starting trigger  The ion
desorbed in coincidence with the detected
electron gives a coincidence signal at a specific

TOF, while the ion irrelevant to the electron
increases the background level.  Since the
selected electron kinetic energy corresponds to | |Samele ' : L[ﬁ-
particular photoemission or Auger transitions, :
the coincidence signal intensity offers the yield
of the ion desorption induced by the selected
core-excitations or Auger transitions.
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Performance of the Dragon-type monochromator
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A Dragon-type monochromator has
been newly constructed at the bending-
magnet beamline BL2B2 of the UVSOR. 300
The monochromator has been designed to

—r——T T
Grating : G3
slit width : 100 um - 100 pm

sranaalonss

cover the energy range of 20 — 200 eV with 20

three gratings (G1: 80 — 200 eV, G2: 40 -
100 eV, G3: 20 - 50 eV). Aresolving power,
E/AE, of 5000 and a photon flux more than
1 x 10" photons s at 100 mA ring current
are expected. The details of the
monochromator were described in Ref [1].
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series of Ar (256 - 30 eV, for G3). Figure 1
shows the ion yield spectrum of 3sinp

evaluated from the ion yield spectra of the

Fig. 1. Ion yie{d spectrum of 3s'np series of Ar
with a slit width of 100 pm.
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of the grating [1]. The measured resolving Fig. 2. Resolving power vs. slit width at 30 eV.
power is higher than that expected. The solid line shows the expected values [1].



The spectral shape of the 2snp + 2pns series of helium is asymmetric, and it is therefore

difficult to estimate the resolution. However, the peaks become more symmetrical with increasing

n because of the system resolution. Hence, we have judged the resolution based on the FWHM of

the symmetrical peak. The resolution at 91.2 eV is obtained by fitting of the line shape of the

3ds26p peak of krypton to a Veigt function.

Figure 3 illustrates the resolving
power and photon flux under the condition
at the 100 mA ring current when both the
entrance and exit slits are set to 100 pm
wide. The solid line in the panel indicating
the resolving power shows the expected
values. Values of the resolving power
measured at 30 eV and 60 eV are twice as
high as those expected. It is lower than 5000
at 91.2 eV, though such performance has
been predicted on the original design of the
monochromator. At this energy the resolving
power is also above the expected one. We
have confirmation that the alignment
procedure is fully completed.

The photon flux has been estimated
by measuring the photocurrent of the gold
mesh. The photon flux is more than 1 x 10'°
photons s in the region of 50 — 160 eV. In
the region covered with G3 the photon flux
seems to be low. However, the photon flux
above 1 x 10 photons s has been achieved
when the resolving power is lowered to
5000.

The alignment of the Dragon-type
monochromator has been almost finished.
The resolving power of 2000 - 8000 is
available with the condition of the photon
flux of 1 x 10¥ photons s at 100 mA ring

current.
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Fig. 3. Resolving power (down) and the photon
flux at 100 mA ring current (up) when the entrance
and exit slit widths are set to 100 wm. The solid
lines in the lower panel show the expected values.
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Replacement of the new Pre-mirror Chamber in the beam line 4A
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Since the beam line 4A1 and 4A2 are going to be used for experiments of fabricating nano-structures
by SR-stimulated etching and thin film deposition, and for analysis of the SR-stimulated reaction by several in
situ observation techniques, we established several criteria for the design of the beam lines. The beam spot
size on the sample surface was designed to be =3 X3 mm’. To obtain a large photon flux, we decided to use
only one pre-mirror for focusing, designed so that it can accept as wide a horizontal divergence of the emitted
beam from the light source as possible. .

The pre-mirror of the beam line 4A1 is an elliptically-bent cylindrical quartz mirrer with a Pt coating
on its surface. (The radius of the cylindrical curvature is 253.0 mm and the longer and shorter radii of the
elliptical curvature are, respectively, 4880 mm and 290 mm.) A length of the pre-mirror is 530 mm and a
height is 30 mm. It was set at a point 2.35 m downstream from the light source point of the bending magnet
with a grazing incident angle of 4 degrees. The horizontal and vertical acceptance angles of the pre-mirror are,
respectively, 16.0 mrad and 13.0 mrad. The reflected beam is focused at a point 7.4 m downstream from the
center of the pre-mirror and has an elliptical spot size of about 5 mm X2 mm at this focus point.

The pre-mirror of the beam line 4A2 is also an elliptically-bent cylindrical quartz mirror with a Pt
coating on its surface. (The radius of the cylindrical curvature is 210.0 mm and the longer and shorter radii of
the elliptical curvature are, respectively, 7248 mm and 279 mm.) A length of the pre-mirror is 490 mm and a
height is 30 mm. It was set at a point 2.35 m downstream from the light source point of the bending magnet
with a grazing incident angle of 3 degrees. The horizontal and vertical acceptance angles of the pre-mirror are,
respectively, 11.1 mrad and 13.0 mrad. The reflected beam is focused at a point 12.2 m downstream from the
center of the pre-mirror.

; : o BLAA2 =
<7 light souce point

BL4Al =

Figure 1. Top view of the pre-mirror chamber of the beam line 4A.
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Improvement of the degree of liner-polarization at BL8B1
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It is well known that synchrotron radiation (SR) having a vertical spread of ~1 mrad from
bending magnets is linearly polarized (more than 90%) horizontally. The degree of linear
polarization depends on the detection angle for SR relative to the orbital plane of the electrons
stored. This will be a maximum when the vertical position of the center of the first mirror
matches with that of the orbital plane. At BL8B1 the degree of linear polarization was measured
with the use of a soft X-ray multilayer polarizer and was determined to be about 0.6 [1]. This
poor value was attributed to the fact that the vertical center of the acceptance angle of the first
mirror was lower than the orbital plane.

The linear-polarization degree of monochromatized SR has been improved by the re-
alignment of the beamline components (M1, M2, gratings, M3 and TOF chamber), with the help of
well-polarized UV light. Fig. 1 shows the setup for monitoring the degree of linear polarization of
the UV light. The vertical aperture of the diaphragm was placed in front of a UV filter and a
polarizer. The width of the diaphragm was kept at lmm during the measurements. In order to
obtain only the central part of the photon beam, the polarization degree was monitored with the
polarizer and a Si photodiode. Then, the position of the diaphragm was determined to be the
polarization degree at maximum. After the determination of the central part of the SR beam, the
heights of all the beamline components were moved so as to align the beam through the
diaphragm. Consequently, we have moved them down 3mm to the ground level. The angle of
the gratings was so important that a tilt angle of the monochromator was monitored during the
re-alignment by a tilt sensor (Koku-Denshi MC100L) and was maintained at the fixed angle
during the course of the experiments.

The improved polarization degree has been measured, again, by the soft X-ray multilayer
polarizer and was determined to be more than 98%. This improvement will be particularly useful
for Magnetic Circular Dichroism (MCD) measurements in core absorption.

Mr. Hayashi and Mr. Kondo at IMS deserve special thanks for their technical support. We
are also indebted to Mr. Saito and Prof. Watanabe at Tohoku University for providing us the
information on the degree of linear polarization.

[1] T. Hatano, W. Hu, M. Yamamoto and M. Watanabe, UVSOR Activity Report 1997, 64.
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Fig. 1: The system for measurement of the polarization degree of UV light.
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Nano structures must open new windows not only for surface physics and chemistry but also for electronic
and photonic devices. Synchrotron radiation stimulated surface chemical reactions have been a most promising
way to fabricate nano structures, because they offer a process with the advantages of high-site selectivity by core
electron excitation and also free-of damage with atomic scale. Since a new beam line with higher flux is required
for the processing, we have been designing and constructing BL-4A2 beam line for the nano structure
fabrication.

We have been constructing a new beam line BL-4A2 which consists of white ray beam, ultra-high vacuum
scanning tunneling microscope (UHV-STM) and photo-stimulated reaction chamber. In near future, we are
going to join a near field optical microscope for monitoring optical properties with the atomic scale to them.
Figure 1 shows the outline of the beam line, which consists of pre-focusing mirror (M 1), secondary mirror (M2),
monitor port, two differential pumping ports, reaction chamber and STM. An elliptically bent cylindrical mirror
made of quartz coated with platinum is used as the pre-mirror. The reflected beam is focused at a point of 12.7 m
down stream from the center of the pre-mirror and has a spot size of 8x6 mm®*. Low energy electron diffraction

(LEED) is installed in the reaction chamber for in-situ characterization of substrate surfaces and also STM is for

Reaction Chamber

Pre-mirror Chamber

Differential

Monitor Port Chamber Pumping Chamber
Secondary Mirror Chamber STM Chamber

2378.8 12700

Figure 1. Schematic drawings of the BL-4A2 beam line with a reaction chamber and STM.



observation of the surface processes with atomic scale. We have a plan to make a photonic band-gap structures in
a SiO, planer waveguide and study evanescent light from the waveguide surfaces with near field optical
microscope.

First, we replaced the mirror chamber of the beam line BL4A with the new type of thing. In case of the
new model chamber, when an optical-axis was considered a x-axis and a perpendicular on the floor was
considered a z-axis, the tilting ( ¢ ) which moved around the x-axis, and a liner motion in the y-axis direction are
possible. Though only the rotation which moved around the z-axis could be adjusted in case of the usual
chamber by the liner motion feedthroughs in the vacuum. Helium neon laser was irradiated from the downstream
side of the beam line to adjust the optical-axis, without SR. It is because the front-end valve has the atmosphere
leak and it is dangerous to keep the pre-mirror chamber atmospheric pressure for a long time. Each degree of
vacuum of the pre-mirror chamber and the secondary-mirror chamber reaches 9.8 X 10 Torr and 3 X 10" Torr
at present. However, a mirror of a BL4A2 inside the pre-mirror chamber, which should be faced on the xy-plane,
is slanted and it was proved that a beam form warped in the parallelogram. It can think that this is because a
displacement occurred in the holder by the vibration when a HELICOFLEX of the pre-mirror chamber were
secondary tightened. The pre-mirror chamber will atmosphere leak on that occasion, and alignment will be done
with the SR because the valve exchange of the front end is done when it is shut down next time. Therefore, the
adjustment of the STM2 chamber that is STM chamber

Reaction chamber
an end station is being made in the present.

We must attain the ultra high vacuum of
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10" Torr level to do in-situ observation
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Recent conceptual and technological improvements to monochromators for synchrotron
radiation have enabled us to realize various studies on vibrational spectroscopy in the soft x-
ray range (100 ~ 1000 eV), which contains the K-shell thresholds of chemically important
elements like C, N, and O, even without the use of undulator radiation [1]. At the UVSOR,
there is only one monochromator for high resolution spectroscopy in the photon energy region
of interest (250-550 eV). A maximum resolving power of 4000 at 400 eV is achievable
with this monochromator, but due to a little complicated scanning mechanism, it has difficulty
maintaining such high resolution in the entire photon energy range. Design study for a new
monochromator at BL4B has recently been started in order to improve the situation. A
Varied-line-spacing Plane Grating Monochromator (VPGM) has been chosen for this work.
Thanks to the availability for high quality gratings and simple scanning mechanism, VPGM
seems to be one of the most trustworthy monochromators to realizing high resolution in the
soft x-ray range.

Figure 1 shows a schematic layout of the optical elements of the present VPGM. In
front of all optical elements, there is an aperture, located 1.9 m from the source position.
The usual setting of this aperture is 3.8 mmy X 14.3 mmpy, which limits the half acceptance
angle to 1 mrady X 3.75 mrady. The radiation is deflected horizontally by a cylindrical
mirror M,. This also serves as a vertical focusing mirror (sagittal focusing), which focuses
the radiation onto an entrance slit S,. A cylindrical mirror M, is located 1.1 m behind M,,
and focuses the radiation horizontally. M, and M, (Si substrates) are cooled from both sides
by water-cooled copper blocks coated with Ni. A spherical mirror M, is one of the most
important optical element to realizing high resolution, which focuses the radiation through S,
onto an exit slit S,. Two holographically ruled laminar profile plane gratings with the
varied-line-spacing are designed to cover the energy range from 100 eV to 700 eV. The
gratings with the groove densities of 266.7 and 800 I/mm cover the spectral ranges of

100-250 and 250-700 eV, and are interchangeable without breaking the vacuum. The



including angle of the gratings is 174°, and the fixed entrance- and exit-slit arm lengths are
4.0 and 4.006 m. A refocusing mirror M, has a toroidal shape, which focuses the
monochromatized radiation at the sample position. The incidence angle of M; is 87.5%, in
order to make the exit beam horizontal. All the gratings and mirrors are coated with Au.

The resolution of the present monochromator was studied by ray-tracing simulation as
well as analytical estimation. As a result, it is found that a resolving power E/AE of more
than 5000 is achievable over the energy range from 250 to 700 eV with one single grating
having the groove density of 800 I/mm. It is also seen that the beam size (FWHM) at the
sample position is smaller than 0.4 mmy x 0.6 mmy, even with full size openings of the
entrance and exit slits. The throughput photon flux estimated ranges from 10° to 10

photons/sec for the ring current of 100 mA, with a resolving power of 5000.

References
[1] Y. Kitajima et al., J. Synchrotron Rad. 5, 729 (1998).
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Figure 1. Schematic layout of the designed monochromator.
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Schwarzschild Objective
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Two-color multilayers reflecting both He-I (58.4nm) and He-II (30.4nm) resonance lines have been designed
and fabricated for reflection coatings of Schwarzschild objectives of micro ultraviolet photoelectron spectroscopy
(UPS) instruments. They were designed to consist of top layers and piled double layers so that their reflectances
for both He-I and He-II resonance lines are more than 20 %. Fabricated are multilayers of SiC(top layer)-Mg/
SiC(double layers) and SiC(top layer)-Mg/Y 203 (double layers), and their reflectances for the He-I and the He-II

are 23 % and 17 %, and 20 % and 23 %, respectively.

KEYWORDS: multilayer, He-l, He-ll, resonance line, ultraviolet, reflection ceating, mirror

1. Introduction

Photoelectron micro-spectroscopy is powerful method
to investigate electronic structures of condensed matters
of small size and those consisting of grains.!) In labo-
ratories, He-I (58.4nm) and He-II (30.4nm) resonance
lines are used for ultraviolet photoelectron spectroscopy
(UPS). Changing the exciting photon energy for photo-
electron spectroscopy is important to obtain partial den-
sity of states (p-DOS) of valence bands.?) Even if the
energies of the initial states are same, symmetries of fi-
nal states excited by He-I and He-II lines are different.
The difference is due to the dependence of the transi-
tion matrix element on the exciting photon energies.> %
Therefore, the p-DOS with different symmetries can be
seen even if the photoelectrons are emitted from valence
states with the same binding energy. For example, the
Ce 4f p-DOS’s in CeSi; were obtained using He-I and
He-II lines.¥) Therefore, the microUPS instruments of
the practical use are very promising tool if the suitable
demagnifying optical elements for both resonance lines
are available.

The Schwarzschild objective (SO) is one of micro-
focusing optical elements in ultraviolet and soft x-ray
regions.) In the SO unit, the mirror surfaces should be
coated with high reflectance materials for normal inci-
dence. One of such materials is the multilayer of the
piled double layers consisting of two materials with pe-
riod of more than 10 (usual multilayer). However, the
usual multilayer has a high reflectivity at only a certain
wavelength for a fixed angle of incidence.

Therefore, in this paper, special two-color multilayers
reflecting both He-I and He-II resonance lines have been
designed and fabricated for reflection coatings of the SO
units in microUPS instruments.

2. Design and fabrication of {wo-color multilayers

There are several materials which reflect He-I line ef-
ficiently (> 20 %) by their single layers. However, there
are no such materials for He-II line, so that usual mul-
tilayers are required. Extinction coefficients of materi-
als are generally larger for He-I line than for He-II line.
Therefore, the two-color multilayer was designed to be
composed of the top single layer reflecting He-I line with
high transmittance for He-II line and the usual multi-
layer reflecting He-II line under the top layer.

To obtain high reflectance at interfaces, two materials
were selected according to the following principle. The
principle is that, the absolute value of the difference of
Fresnel reflection coefficients (abs.) between two mate-
rials has to be as large as possible at the design wave-
length.®) (The Fresnel coefficient of the vacuum is 0.)
Adding to this, the imaginary parts of these Fresnel co-
efficients (#m.) which are proportional to the extinction
coefficients have to be as small as possible to minimize
the absorption of the light.

In Figs. 1(a) and 1(b), Fresnel reflection coefficients of
various materials for He-I and He-II resonance lines at
the angle of incidence of 0° are plotted in the complex-
plane using the Henke's and the Palik’s data.™"® The
single layer of SiC was chosen for the He-I reflection,
because in SiC the abs. is large for He-I line as shown
in Fig. 1(a), and the #m. is small for He-II line as shown
in Fig. 1(b). The piled double layers of Mg/Y;03 and
Mg/SiC were chosen for the He-II reflection. In the case
of Mg/Y;Q; multilayer, the abs. between Mg and Y503
is large as shown in Fig. 1(b), so that the high reflectance
can be achieved by a small number of layers. In the case
of Mg/SiC multilayer, the abs. between Mg and SiC is
small, but the im. of each material is small, so that the
high reflectance can be achieved by a large number of
layers.

Calculations of reflectance of the multilayers are per-
formed using the recurrent method with extension as for
the number of materials.®) The two-color multilayers
were designed to have reflectances of more than 20%
for both He-I and He-II lines. Through the calculations,
the thickness of the layers in the SiC (top layer)-Mg/SiC
(double layers) and the SiC (top layer)-Mg/Y203 (dou-
ble layers) were determined. The former multilayer has
an advantage of being composed of only two materials.
Calculated reflectances are presented as dashed curves in
figure 2. The angle of incidence to all multilayers is 10°
in the figure.

All samples were fabricated by magnetron sputtering.
The sputtering system (ANELVA SPL-500) is of a ver-
tical type with the targets and substrates placed ver-
tically. Mg was dc-sputtered with an input power of
100 W, and SiC and Y2 O; were rf-sputtered with input
power of 200 W. The Ar pressure was 2.0 mTorr for all the
depositions, while the base pressure was 2.0x 10~ Torr.
The multilayers were deposited onto commercially avail-
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Fig.1: Fresnel reflection coefficients of various materials
for He-I (58.4nm), (a), and He-II (30.4nm) resonance
lines, (b).

able 4inch (10.16 cm) Si wafers. Effective deposition rate
of Mg, SiC, and Y203 are 0.12nm/s, 0.02nm/s, and
0.04nm/s, respectively. The film thickness was measured
by an x-ray diffractometer within 5% error for the top
layers and 2% error for the double layers.

3. Results and Discussion

Reflectances of two-color multilayers were measured
with a reflectometer at the beamline BLSB.19) In this
experiments, we used the combinations of the G3 grat-
ing and the M25 mirror for the 25-60nm range and the
G3 grating and the M26 mirror for the 50-70 nm range.
An average resolving power A/dX was about 500. The
resolution of the angle of incidence was about 1° in re-
flection measurements.

In Fig. 2, reflectances of 5iC({14.4nm)-Mg(10.4nm)/
8iC(6.1nm) multilayer at the angle of incidence of 10°
are presented. In the figure, the left and right solid curves
represent experimental results obtained by the G3-M25
and G3-M26 combinations, respectively. The dashed
curve represents the calculated result. In the figure, the
measured reflectance shows the rise around 28 nm, be-
comes maximum (20%) at 31nm and decreases toward
33nm. From 33 nm to 40 nm, the reflectance is less than
10% showing small oscillation. Above 40nm, the re-
flectance increases toward the longer wavelength. Com-
paring experimental result obtained by G3-M25 combi-
nation with calculated ones, spectral shapes and abso-
lute values of reflectances resemble to each other between
30nm and 40nm. The measured reflectance obtained

by the G3-M25 combination did not connect smoothly
to that obtained by the G3-M26 combination between
50nm and 60nm. The reflectance obtained by G3-M26
combination increases from 20% to 30% as the wave-
length increases from 50 nm to 7T0nm. The measured re-
flectance obtained by G3-M26 does not differ much with
the calculated one above 55 nm. Therefore, we supposed
the discrepancy may be due to the effect of the higher
order light in the output light in the G3-M25 combina-
tion. Therefore, we adopted the results of the G3-M26
combination as the obtained values of the reflectances
for He-I line. The reflectance of the SiC-Mg/SiC for the
He-1is 23% and for the He-IL, 17 %.

In this study, the reflectance of the SiC-Mg/Y,0; was
also measured. It was 20 % for the He-I and 23 % for the
He-II. The detailed results will be reported elsewhere.

0.4 T T ; - -
| SiC(14.4 nm)-Mg(10.4 nm)/SiC(6.1 nm)

Reflactance

Wavalength (nm)

Fig.2: Measured reflectance of SiC-Mg/SiC multilayers
for 10° angle of incidence.
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We plan to optically observe ion and neutral atom distributions in space plasma environment.
Tons and atoms resonantly scatter the solar emissions in extreme ultraviolet region. Our targets
are helium ion emission at 30.4nm (Hell emission), helium atom 58.4nm (Hel emission) and
oxygen ion 83.4nm (OII emission). Intensity of emission is proportional to column density of
particles along the line of the sight, so optical observations bring to us the macroscopic particle
distribution.

Japan’s Mars orbiter Planet-B (NOZOMI) was launched in July 1998 to the parking orbit
around the earth and now is cruising to the Mars orbiter. The eXtreme UltraViolet (XUV) scanner
is onboard the NOZOMI spacecraft and observes resonantly scattered light from helium atoms and
ions. We succeeded to observe the terrestrial plasmasphere by detecting Hell emission [1] and the
emission reflected from the surface of the moon on the parking orbit, and in the cruising phase to
the Mars detect Hel and Hell emission from the interplanetary medium.

Also we are developing a mirror for detecting OII emission. In this machine time, we examine
the characteristics of SOR beam at BL-5B and build the method to produce monochromic beam,
which includes no high order light in extreme ultraviolet region, especially from 20nm to 100nm of
wavelength. Finally, we measure transmittance of thin metal filters, reflectivity of multilayer-
coated mirrors and quantum efficiency of Micro Channel Plates (MCPs) detector with the

monochromic beam.

Method to produce monochromic light.

In the latest machine time, we confirm that an Al/Mg/Al filter removes the high order light in
25-50nm wavelength region and make the monochromic light beam produced to the calibration
chamber. As the same way, we tried to remove high order light in other region with Al 430.6nm-
thickness filter, Sn 354.5nm filter, and In 583.0nm filter. Figure 1 shows diffraction patterns of
beams transmitting the Sn filter at the wavelength of 58.4nm. This pattern has no high order line,
therefore, it is clear that the beams consist of one specific wavelength light. Furthermore we
measure transmittances of some metal filers and compare the ones evaluated with discharged
light source. The results are shown as Figure 2a, 2b, and 2¢, which represent the transmittance of
Al 149.2nm, Sn 184.0nm, and In 158.0nm filter, respectively. We conclude that high order cut filter

have good performance.

Quantum efficiency of MCPs

The quantum efficiency measurement of backup MCPs for the XUV is effective to estimate

— 46—



temporal development of the detectable efficiency on flight. So we revalue quantum efficiency of a
reference MCPs for laboratory at 30.4nm and 58.4nm. We evaluate the efficiency by the
comparison between the output current from absolutely calibrated photodiode and the count rate

of the MCPs, to be 5% at 58.4nm and 10% at 30.4nm.
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Extreme Ultraviolet Lithography (EUVL) is attracting much interest and actively studied as a new
technology to fabricate semiconductor devices in near future generations. In the EUVL method, multilayer
mirrors are used not only in the demagnifying projection optical system but also in the reflection masks to print
IC patterns on wafers. The reflection masks have currently been developed for the wavelength of 13.5 nm and
have been prepared by patterning metal thin films as absorber materials deposited on EUV reflecting substrates
coated by Mo/Si multilayers. Although Au, Ge, W, and Ni have been used as a absorber metal previously, the
studies on absorber materials and their processing method are insufficient.

We chose chromium, Cr, and tantalum, Ta, metals as a new absorbing material for EUVL reflection mask.
These metals are frequently used in photomask or X-ray mask for lithography and their fabrication processes are
well investigated. Figure 1 shows the calculated transmittance of EUV light for various metals at the wavelength
of 13.5 nm, As shown in Fig. 1, the transmittance (or absorbing ability) of Cr and Ta metals for the EUV light is
nearly equal to that of tungsten, W.

We have fabricated the reflection masks with Cr or Ta metal absorbers deposited on top of Mo/Si multilayer
reflectors. The Cr absorber mask with absorbing film thickness of 44 nm was patterned by conventional lift-off
technique. The schematic diagram of the fabrication process of Ta absorber mask is shown in Fig. 2. The Ta
absorbing layer with 100 nm thickness was deposited on top of the multilayer with 10-nm-thickness SiO2 etch-
stop layer. The Ta absorber mask was patterned by ECR-plasma etching technique.
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Fig. 1. Transmittance of metals at the wavelength of Fig. 2. Fabrication process of Ta absorber
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The mask contrast measurement was carried

out by synchrotron radiation source beamline with

«Ref lectivity measurement Pattern,

lane-gratin, r n
p grating ~ monochromate; around  the AL Rl

wavelength of 13.5 nm (UVSOR BL-5B). A
silicon membrane with thickness of 150 nm was
used as a low-pass filter. In the mask with 3" Si
wafer substrate, we made a reflectivity Resolution Evaluation Pattern
measurement pattern of 4 mm square in addition
to resolution evaluation patterns illustrated in Fig.
3. The contrast was measured by measuring the 3” Si wafer

reflectivity of reflecting and absorbing parts of the ]

patterns using movable stage in the reflectivity Fig. 3. Mask pattems of the present study
measurement system.

The peak reflectivity of the non-processed surface of Mo/Si multilayer deposited by a RF-magnetron
sputtering method was about 62%. For the Cr absorber (44 nm thickness) mask, measured peak reflectivities at
the reflecting and absorbing parts of the processed patterns were about 59% and 4.9%, respectively. The
reflection contrast of the Cr absorber mask was about 12. On the other hand for the Ta absorber (100 nm
thickness) mask, measured peak reflectivities at the reflecting and absorbing parts of the processed patterns were
about 50% and 0.48%, respectively. The reflection contrast was about 105. From an AFM observation we got a
roughness value of 1.3 nm(rms) on the surface of SiO2 etch-stop layer of the Ta absorber mask. The reduction of
the peak reflectivity at the reflecting part of Ta absorber mask would be coursed by both absorption and

scattering of light by SiO2 etch-stop layer.
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Fig. 4. Reflectivity of the Cr absorber reflection mask ~ Fig. 5. Reflectivity of the Ta absorber reflection
mask
It is noted that the masks were prepared at about one year before the reflectivity measurements and had been
kept in the normal air. However there was no significant degradation of the reflectance or surface quality of the

reflection masks.
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A variety of monochromator crystals with different 2d spacings is required for
providing the monochromatized radiation in the soft x-ray region (0.7-3.5 keV) with double-
crystal monochromators. Above about 1.7 keV, semiconductor crystals such as InSb and Si
are available and it is known that such crystals are thermally strong and can endure long
exposure to the intense X-rays even from the 4T wiggler , which is installed in the straight
section upstream of the B7 bending magnet. Below this energy, the Al (~1550 eV) and Mg
(~1300 eV) K-edges lie. It had been necessary to use beryl and quartz crystals to approach
these two edges. However, these crystals are quite sensitive to radiation damage with
considerable degradation in performance. Furthermore, the beryl and quartz crystals contain
the Al and Si elements, respectively. This property prevent users from performing EXAFS
measurements at the Mg and Al K-edges.

The combination of an artificial crystal, YB(400), with the wiggler has been another
possibility to access the Al and Mg K-edges at BL7A in the past [1]. Their low reflectivity
makes YB,, unsuitable for the radiation from the bending magnet. The focusing mirror
system for the wiggler radiation was successfully installed in 1998 [2]. The basic ability to
cover the Mg, Al, and Si K-edges with a single pair of monochromator crystals is very
fascinating, but there is a disadvantageous property for the EXAFS experiments with the YB
crystals, that is, two positive glitches at 1385 and 1438 eV caused by anomalous scattering for
the (600) reflection at the Y L, (2080eV) and L, (2156eV) edges. It is quite hard to
compensate the glitches completely even though the cutoff mirror is introduced.

In order to meet the demand to perform the EXAFS experiments at the Mg and Al K-
edges in the UVSOR, a pair of KTiOPO,(011) (KTP) crystals has been introduced and its
performance test has been carried out on BL7A and BL1A. Figure 1 shows the photon
intensity of the KTP monochromator crystals over the photon energy range 1200-3000 eV,
comparing with those from other crystals. The silicon photodiode from IRD Co. was used to

estimate the photon flux for each pair of crystals. The solid line represents the photon flux



for the KTP crystals measured after the optimization at 1500 eV, and the solid line with black
circles indicates that the intensity was measured at each data point showed by the circles after
the optimization. Comparing with these two curves, it is clear that the detuning by the
irradiation happens, even against the radiation from the bending magnet. However, it can
easily be seen that the photon flux from the KTP crystals without the use of the wiggler
radiation is almost the same as that from the YB,, crystals combined with the wiggler and the
focusing mirror system. The weak structure around 1800 eV and sharp drop around 2150 eV
on the curve corresponding to the KTP crystals are attributed to the Si K-edge jump of the
photodiode and to the P K-edge absorption of the KTP crystals, respectively. The excellent
ability to cover the Mg, Al, and Si K-edges without any structures is quite suitable for

performing the EXAFS measurements at the Mg and Al K-edges.
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The beamline BL7B at the UVSOR facility for solid-state spectroscopy has been opening for

users from April 1999. This beamline is reconstructed on the basis that the synchrotron radiation is

still an important light source, not only for the VUV region but also for the UV, VIS and IR regions,

Fig. 1
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owing to the  wavelength
continuity of synchrotron radiation
with no structure. Then, this 3 m
normal incidence monochromator
(modified version of McPherson
model 2253) covers the 50 — 1000
nm range with three gratings. The

optical design and setup has been

reported in Ref. 1.

The outline of the new
beamline is illustrated at BL7B
page of Status of UVSOR in
this report.  The optical design is
also shown in Fig. 1. The
design parameters of the optical
elements are summarized in Table
1, 2 and 3 in Ref. 2 without
coating material of G2 as
mentioned after. The coverange

of the three gratings in design is



50 — 150 nm for G1, 80 — 300 nm
for G2 and 150 — 1000 nm for G3.

This beamline covers the wide

wavelength range, so that the
reduction of the higher order light

becomes important. Good purity of

Reflectance

the monochromated light is almost
fulfilled over whole wavelength by

using the low wavelength cut filters

such as LiF, quartz, pyrex glass and

0.0 . ' : . : L ' , :
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Figure 2 shows the output

Fig. 3 spectra of BL7B. Both entrance and
exit slits are 50pm. LiF and quartz filters are used in G2 and G3 spectra, respectively. Re-coating from
Al to Au of G2 gives us the sufficient flux increase at higher energy of G2 region. It is difficult to
estimate the intensity of the scattered light, but comparison between the spectra with and without the
filters represents that the intensity ratio of the visible scattered light to the average output is expected
less than 0.5%. Figure 3 shows Fe,VAI reflectance spectrum as an example of the wide range

measurements. Details of the spectrum will be seen in Ref.3.
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(BL3A2)
Two-dimensional imaging technique for measuring translational energy and
angular distribution of ionic photofragments

Tatsuo Gejo, Eiken Nakamura, Eiji Shigemasa and Norio Saito*
Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan
A Blectrotechnical Laboratory, Umezono, Tsukuba-shi, 305-0045, Japan

During the last decade, the dynamics of molecules in the valence energy regime has been
investigated by preparing excited state at well-defined energy, and analyzing photoelectron energy
and angular distribution of ionic photofragments involved. Two-dimensional (2D) imaging
technique is one of the most powerful tools for obtaining this information because 2D data and its
simple calculation on the basis of momentum conservation law, provide Newton diagram of
photofragments, which leads to dynamical process involved immediately

At beamline 3A2 of UVSOR, we have tested this two-dimensional imaging system using a
position sensitive detector (PSD) (Roendek). Last year, although, we successfully measured the
image of N* and N," signals from nitrogen molecules in the valence excitation region (20-100 eV),
significant noise level excluded us from analyzing data. Therefore, we have improved mechanics
and electronics as follows:

1) Molecular beam was replaced with an effusive beam from a nozzle.
2) The flight region of photofragments was made shorter.
3) Anew TDC system (Lecry4208) was introduced, allowing us to develop our software system.

The system mainly consists of accelerator lens, a PSD and an electronic system for data
analysis and a computer. After the gas passes synchrotron radiation (SR) region, less than one
molecule per one photon beam on the average undergoes ionization and/or dissociation. The
direction of polarization of SR is parallel to the axis of TOF tube (10 ¢cm). After the acceleration by
the ion lens, ionic fragments fly through the TOF tube and hit the PSD. The determination of the
impact position on the detector is based on the time delay between two signals from each end of a
the wire behind the MCP. The position is obtained by the subtracting of time when each two
signals arrive, providing us its velocity and direction in the center-of-mass frame. Fig. 1 shows the
2D imaging of N, after the excitation of the valence electrons. This figure indicates that the
interaction region was relatively large because the photon beam was not well focused.

With this technique, we will try to perform the triple coincidence in the ionic
fragmentation following inner-shell excitation.
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Fig. 1: 2D imaging from N,".



(BL3A2)
Single- and double-photoionization of nitrogen dioxide (NO,) and ionic

fragmentation of NO," and NO,”

Toshio MASUOKA

Department of Applied Physics, Faculty of Engineering,, Osaka City University, Sugimoto 3, Sumiyoshi-ku,
Osaka 558-8585

Doubly charged molecular ions are produced in abundance at high energies. However, since molecular
double ionization (m*) is usually followed by the production of an ion pair (m," + m,", dissociative double
ionization) doubly charged molecular ions are rare or non-existent in the mass spectra of many molecules. In
the determination of double-photoionization cross section (c*), it is essential to include both the stable m*>* ions
(if they exist) and the m," + m," ion pairs. Another problem is that the m," ion is produced from m" or m™ at
excitation energies where dissociative single and double photoionization take place concomitantly. It is
desirable to determine how many m," ions are produced respectively from m" and m*".

In the present study, molecular and dissociative single- and double-photoionization processes of
nitrogen dioxide are examined in the photon energy region of 37-120 eV by use of time-of-flight mass
spectrometry and the photoion-photoion-coincidence method together with synchrotron radiation. The TOF
mass spectra and the PIPICO spectra were measured at an angle of ~55° with respect to the polarization vector
where the second-order Legendre polynomial is close to zero. Under these conditions, the effects of anisotropic
angular distributions of fragment ions are minimized [1].

Shown in Fig. 1 is a typical time-of-flight mass spectrum measured at a photon energy of 100 ¢V by
using the rf frequency as the start input of a TAC under the single bunch mode. The spectrum is complicated
because two or three bunches pass the front end of the beam line in the time range of the mass spectrum. The
ratio of double to single photoionization is shown in Fig. 2. Above 100 eV, the ratio exceeds 0.2. This ratio may
be regarded as a lower limit of 6**/c* because the O"+O"+N channel of NO,*" is not included in the evaluation
of o¥ and discrimination effects against energetic ions produced in dissociative double photoionization has not
been corrected. However, it should be noted that the correction due to the latter effects is at most about 10%
since the average kinetic energy release is about 10 eV at 100 eV for the N*+O" dissociation channel and about
7 eV for the O"+NO™ channel [2]. Since the total photoabsorption cross section of NO, in this photon energy
region has been reported by Au and Brion [3], the o*/c" ratio can be converted to the absolute cross sections
for the single and double photoionization.

Jon branching ratios for the individual ions respectively produced from the parent NO," and NO,” ions
are determined separately, thus enabling more detailed study of the dissociation processes of the NO," and
NO,* ions. These results are shown in Figs. 3 and 4. Looking at the ion branching ratios of NO,", we notice that
there is no outstanding variation in the fragmentation as a function of photon energy. Only the O" ion increases
with photon energy. The thresholds for the O'+NO* and N'+O"+O dissociation channels of NO,* are at
34.7+0.5 and 43.6+0.2 eV, respectively. These thresholds observed in the present study are in good accordance
with those reported previously [4]. The O'+NO" dissociation channel of NO,* is dominant below 90 ¢V and
above this energy the N*+O'+0O channel is a main dissociation process. Charge localized dissociation products,
N* and O*, are observed above 60 eV.
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(BL3A2)
Laser Induced Fluorescence Excitation Spectroscopy of CN(X *Z%, v = 0) Produced by
VUV Photoexcitation of CH;CN

Masakazu MIZUTANI, Hiromichi NIIKURA* and Koichiro MITSUKE

Department of Vacuum UV Photoscience, Institute for Molecular Science,
Okazaki 444-8585, Japan
AThe Graduate University for Advanced Studies, Okazaki 444-8585, Japan

It is important to measure the internal distribution of neutral fragments resulting from VUV
photoexcitation of gas phase molecules because the internal distribution contains information on predissociation
dynamics of superexcited states. However, detection of neutral fragments is difficult by means of conventional
methods such as mass spectrometry and photoelectron spectroscopy. Unless the fragments experience radiative
transition, fluorescence spectroscopy is ineffective.

The pump-probe experiment combining synchrotron radiation and a laser is expected to be one of the
most effective method for probing ionic and neutral fragments resulting from VUV photoexcitation. We have
developed laser induced fluorescence (LIF) excitation spectroscopy of ions prepared by VUV photoexcitation
with synchrotron radiation. The rotational states of N,'( X 23t v =0) produced from N, or N;O are resolved and
their distribution is analyzed.!” Following these experiments, we are trying to realize LIF excitation
spectroscopy of neutral fragments produced by VUV photoexcitation.

A molecular beam of the sample gas of CH;CN is expanded from a multi-capillary nozzle and
subjected to photoexcitation with an intense undulator radiation (Esz = 18 ¢V) which is supplied as the zeroth
order light of a grazing-incidence monochromator. Formed neutral fragments, CN(X I3 v"=0), are excited to
the B 22", v'=0 state by irradiation of the second harmonic of a mode-locked Ti:sapphire laser. The fluorescence
due to the transition (B X', v'=0) — (¥ =", v"=1) is detected by using a combination of an input optics, a
secondary monochromator and a photon-counting system including a photomultiplier. As far as we know, there
is no experimental work on laser spectroscopy of the CN(X *£") radicals produced by VUV photoexcitation of
CH;CN. The signal intensity is estimated to be very low because the cross section for the formation of CN(X' 16
is no more than 1 Mb.

In order to improve the collection efficiency of the fluorescence, we are planning to improve the input

optics. The revised optics consists of spheroidal and spherical mirrors and a optical fiber.
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(BL3A2)
Fragmentation of Cl3SiC=CSi(CHs)s vapor following Si:2p core-level
photoexcitation. A search for a site-specific process in complex molecules

Shin-ichi Nagaoka and Joji Ohshita
Institute for Molecular Science, Okazaki 444-8585 and ADepartment of Applied Chemistry,
Faculty of Engineering, Hiroshima University, Higashi-Hiroshima 739-8527

Synchrotron radiation has provided a powerful means to obtain information about
core-level excitations, and the dynamic processes following the core-level excitations in molecules
have long been a subject of interest. In contrast to valence electrons that are often delocalized
over the entire molecule, the core electrons are localized near the atom of origin. Although core
electrons do not participate in the chemical bonding, the energy of an atomic core-level in the
molecule depends on the chemical environment around the atom. A shift in the energy levels of
core electrons that is due to a specific chemical environment is called a chemical shift.

Monochromatized synchrotron radiation can excite core electrons of an atom in a specific
chemical environment selectively, discriminating the core electrons from those of like atoms
having different chemical environments. This site-specific excitation often results in site-specific
fragmentation, which is of importance in understanding localization phenomena in chemical
reactions and which is potentially useful for synthesizing materials through selective bond
breaking. Studies of the site-specific fragmentation of organosilicon molecules would also be of
interest from the viewpoint of photochemical vapor deposition using synchrotron radiation in the
processes of semiconductor fabrication.

To elucidate the site-specific fragmentation, we have studied the spectroscopy and dynamics
following core-level photoionization of various molecules condensed on surfaces [1-4]. In contrast
to the cases of ClsSiSi(CHs)s and FaSiCH:Si(CHs)s, the site-specific fragmentation was clearly
observed in the mass spectra of FsSiCH:;CH2Si(CHs)s (FSMSE) in the vapor phase [2,3];
production of SiCHs* and SiF+ions is enhanced by Si[Mel:2p and Si[F]:2p excitations, respectively.
It is considered that the site-specific fragmentation is observed in molecules in which the two Si
sites are located far apart and, thus, electron migration between the two Si-containing groups is
not effective. In the present study, we studied the fragmentation of ClsSiC=CSi(CHa)s (CSMSA)
vapor following Si:2p core-level photoexcitation to elucidate the effect of the unsaturated bond (C
=() between the two sites.

CSMSA was synthesized for the first time in this study with the reaction of BrMgSiC=
CSi(CHs); and SiCls. The experiments were performed using a time-of-flight spectrometer with
variable path length, coupled to a constant-deviation grazing incidence monochromator installed
on the BL3A2 beamline [5].

Figure 1 shows the total photoionization efficiency curve of CSMSA. Figure 2 shows an
example of the photoionization mass spectrum of CSMSA taken in the photoelectron-photoion



coincidence (PEPICO) mode at a photon energy of 105 eV. Assignments are given in the figure.
Figure 3 shows plots of the ratios of the integrated intensities of SiCHs* and SiCl* peaks in the
photoionization mass spectrum to the total photoion intensity (Tion/Ttot-ion) as a function of photon
energy. In contrast to the case of FSMSE, Lion/Ttotion's for SiCHs* and SiCl* are similar to each
other in CSMSA, except for the increase in the Tion/ltotion for SiCl* at 110 eV. The site-specific
fragmentation of CSMSA is less remarkable than that of FSMSA. Further investigations are

clearly needed on the reason for this difference.
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(BLL3A2)
Rotational State Distribution of N;(X"Z;, v = 0) formed by N,0.

Hiromichi Niikura’, Masakazu Mizutani and Koichiro Mitsuke
*The Graduate University for Advanced Studies, ** Institute for Molecular Science,

Myodaiji, Okazaki, 444-8585, Japan.

The rotational temperature of N," (X 2).?;, v = 0) formed by undulator radiation excitation of N,O at
18.556 eV reduces to be 200 - 230 K from 300 K in the course of the dissociation [1]. Dissociation leading to
N;(X 2}3;) + OCP) is known to be promoted at Eg, = 18.556 eV by autoionization of the 3dm Rydberg state to
the Nzo*(Bz IT) state. The energy released at a time of dissociation, referred to here as the available energy E ,
are distributed to the fragment rotational energy in addition to the initial rotational energy of the parent N,O'(B
ZH), E_,is defined by

E,=Eg-E,-Dy=I-D, (0
where E, is the excitation photon energy for the 3dm Rydberg state (E, = 18.556 eV), D, is the NN-O bond
dissociation energy (17.25 eV measured from the electronically ground state of NO), E is the kinetic energy
of the ejected electron, and 7, is the ionization energy for a vibrational state of N,0* (B ).

The available energy is calculated from an Eq. 1 to be 3200 - 10500 cm™ depending on | & On the other
hand, the average rotational energy of the N, (X 22;, v = 0) fragment is obtained from 7= 220 K to be 150
cm’'. The percentage of the rotational energy of N,"(X 2)38*, v = 0) to the available energy is thus only 1.5 -5 %.
This small fraction of the fragment rotational energy indicates that the available energy is distributed dominantly
to the relative translational energies of N," and O and/or to the fragment vibrational energy.

The impulsive model assumes that the molecules dissociate so rapid that the available energy can not
randomizes to the all phase space equally but is specified by the geometry at a instance of dissociation. The
distribution of the available energy to the fragment rotational and/or vibrational energy of fragments are evaluated
by using E_, the masses of the three atoms and the bond angle, 6 ,of N,O'(B *IT) in its equilibrium geometry.
Unfortunately, the exact equilibrium geometry of N,O" (B *IT) has not been elucidated yet because of a strong
vibronic coupling between two electronic states located at around 17.5 eV whose configurations are expressed as
@em? 3m' and Un)'. Itis possible that the ion with the former configuration has a bent equilibrium geometry
on account of the accommodation of an electron in the w* orbital. Therefore, we calculate the average rotational
energy of N,"(X ZE;, v = () as a function of 8 by a similar procedure to that reported by Levine and Valentini [2]
who have assumed a stiff NN bond and no vibrational excitation (modified impulsive model). For simplicity, we
make further assumptions: The bond length of NN-O is equal to that of N-NO, the three atoms have the same
mass, and the dissociation is assumed to proceed on the plane where the three atoms are located. The contribution
of the bending motion to the fragment rotational energy is disregarded. A space-fixed Cartesian coordinate
system is employed with the origin at the center of mass of N,O". The rotational angular momentum of N,0"(B
*I) perpendicular the molecular plane, namely, J  1s taken as the initial angular momentum even in the C, bent

geometry.



Figure 1 shows the calculated rotational energy of N, (X 223*, v =0) as a function of O when E_ takes a
value of 3200 cm’', assuming that the dissociation takes place from the vibrational ground state of N,O"(B ’mn,
i.e., at the lowest peak of the vibrational band (/. = 17.65 €V) in the reported photoelectron spectrum. Two
rotational energies were calculated which correspond to two extreme cases: the high J limit and low J limit.
Those are classified by the direction between the initial rotation of N,O"(B ’IT) and the repulsive force generated
at a time of dissociation. In the low J limit the calculated curve once goes down to zero and goes up again with
decreasing bond angle. The increase in the rotational energy with decreasing bond angle is attributed to the
increase in the component of the rotational angular momentum of N,"(X 223*, v = () resulting from the repulsive
force. The dashed line at the rotational energy of 200 cm™ shows the initial rotational energy of N,O'(B ‘Myat
300 K. The rotational energy of N,"(X 2):;, v = 0) is smaller than that of the parent N,O"(B hat 6 = 130° and
6 = 165° in the low-J and high-J limits, respectively. This clearly suggests the possibility of less rotational
excitation in N,'(X “Z", v = 0) than in N,O'(B*IT) at @ 2 130°. The LIF spectrum of N,(X "X", v = 0) has
demonstrated that the average rotational energy of N,"(X ZE;, v = 0) is smaller than that of N,O°(8 “ID). From
these considerations, we can draw the conclusion that the equilibrium bond angle for the vibrational ground state
of N,O'(B *IT) is larger than ~ 130°.
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(BL-3B)
Development of a new angle-resolved energy analyzer for photoelectron
spectroscopy of polarized atoms

Kota IWASAKI and Koichiro MITSUKE

A Institute for Molecular Science, Myodaiji, Okazaki 444-8585 , Japan

A new angle-resolved electron energy analyzer incorporating a position sensitive detector (PSD) has been
designed 1o measure the angular distribution of photoelectron from polarized rare gas atoms in BL3B. There are
two ways 1o obtain the angular distribution of photoelectrons: rotating an energy analyzer with respect 1o its the
symmetric axis or using angle-resolved energy analyzer. The former is simpler than the Jatter one, however the
Jatter one gives promise of achieving good angular resolution and wide angular acceptance simultancously. We
think that an angle-resolved analyzer is nceded to measure complicated angular distributions of photoclectrons
caused by the atomic alignment with relatively short accumulation time of signals.

The following specifications are required for developing the analyzer available in the present experiment.

1. Photoelectrons should be detected with relatively good energy resolution that is smaller than the energy
difference 177meV between Ar'(’P,,) and Ar'(°Psy). Since the energy resolution is generally proportional to the
transmission energy, high resolution can be obtained in an analyzer of low transmission energy. However, we
should consider the fact that transmission efficiency of an analyzer decreases as the transmission energy is
reduced. The transmission energy is therefore expected to be larger than 3¢V.

2. In our experiment, target atoms are excited with linearly polarized synchrotron radiation (SR) and ionized
with YAG laser (532nm). Both two light beams intersect each other in the right angle, and the YAG laser beam is
introduced to pass through an entrance slit and an exit hole of the electron analyzer. The exit hole should be
designed to avoid the scattering of the laser light. Therefore, the width of the slit, defining the energy resolution,
is determined from the diameter of the laser beam (¢p2mm).

3. Angular resolution of a spherical analyzer equipped now in the end station of BL3B is about 8 degrees; this
value is equal to the angular acceptance and not enough for our purpose. We intend to achieve betier angular
resolution and wider angular acceptance.

Considering these factors, we have newly designed a conical analyzer consisting of a set of an inner and
outer conical deflector electrode, cylindrical lenses, a gas cell and a PSD unit as shown in Figure L.
Photoelectrons emitted in the gas cell are accelerate between the cell and an extractor electrode, then focused on
an entrance slit by the cylindrical lenses. The trajectories of electrons between the inner and the outer conical

electrodes are similar to those expected for a conventional parallel-plate analyzer. However, the conical analyzer



has rather Jarger energy dispersion and Jarger angular aberration than the paralle]-plate analyzer. Energy selected
clectrons ejected from the conical deflector electrodes are detected with the PSD mounted behind the analyzer
which consists of a resistive anode encoder of an elfective diameter 40mm and micro-channe] plates. The
energy resolutjon is expressed as

AE AR

E 111R

where R denotes the distance between the enfrance and exit slits, o« the angular deviation of electrons about the

1
+hyo+kyo =—,
30

mean irajectory of the incident electrons in the dispersion plane, and k, and k; angular aberration coefficients. On
the other hand, the conijcal analyzer is incapable of focussing in the azimuth direction. The azimuth angular
resolution is thus determined {rom the diameter of the sample volume (¢1mm) and the position sensitivity of
PSD, and we expect the resolution of 1.5 degree. With f{ixing the PSD at certain position, the angular distribution
can be measured in the range of 25 degrees at once. By rotating PSD about the synchrotron radiation propagation
axis, we can oblain the photoelectron angular distribution from =5 to 95 degrees with respect 1o the electric

vector of SR.
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Figure 1. Schematic diagram of the conical analyzer. The principal electrodes of the analyzer are depicled by
taking a cross sectional view on the plane which includes the propagation vectors of the Jaser and SR (Jeft), and

by taking a top view (right).



(BL8B1)
Site-selective fragmentation of core-excited acetylacetone
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Site-selective fragmentation of acetylacetone (CH;COCH,COCH,) after an excitation of
oxygen ls electron has been studied. Ion yields of m/e=15 (CH;") and 43 (CH,CO") obviously
increase at an oxygen ls—n*excitation by comparing pre-edge excitation. On the other hand,
ion yield of only m/e=15 (CH,") shows a prominent enhancement at an oxygen ls ionization
region. Precursor states of these fragmentation processes are discussed from a viewpoint of
resonant and normal Auger decay processes.

Experiments were carried out at BL8B1 of UVSOR. Synchrotron radiation from bending
magnet is dispersed by a constant-length-type spherical-grating monochromator. Energy
resolution (E/AE) of the monochromator is set to about 500 at 500eV. Produced ions are
detected by a reflectron-type time-of-flight mass spectrometer. Mass resolution (m/Am) is
about 600 for zero-energy ions.

Total ion yield curve in the oxygen K-edge region in Fig.1 shows a remarkable peak
structure at 531.4eV. By comparing the peak position to that of acetone (CH;),CO , 530.4eV,
the peak is assigned to Ols—mn™ .., resonance. A broad structure above about 540eV is
ascribed to transitions to the ionization continuum of oxygen 1s electron. Mass spectra were
obtained at the energy of a) pre-edge, b) ™, and c) ionization continuum (Icont) excitations.
Contributions by pre-edge excitation were subtracted from raw spectra for n* and Icont in
Fig.2. Ton yields of the specific mass number such as m/e=15 (CH;") and 43(CH,CO")
obviously increase at an oxygen ls—% .., excitation by comparing pre-edge. Resonant
Auger decay around C=0, which produces a single-charged ion, would weaken the strength of

either C-C bond neighboring C=0 as shown below.

i) H,C-C=0*-CH,COCH, — H,C*—C=0-CH,COCH, — H,C'- -C=0-CH,COCH,
ii) H,C-C=0*-CH,COCH, — H,C-C'=0—CH,COCH, — H,C-C'=0- -CH,COCH,

CH," and CH,CO" are, thus, produced effectively after an excitation of oxygen ls electron to

n* c.o orbital. On the other hand, only m/e=15 (CH;") ion yield prominently enhanced at an



oxygen ls ionization region. Normal Auger decay around C=0, which produces a double-

charged ion, would weaken the strength of both C-C bonds neighboring C=0 as shown below.

iii) H,C-C=0"-CH,COCH, — H,C'*—C=0—"'CH,COCH,
— H,C'- C=0 -*CH,COCH,

Coulomb explosion caused by a hole-hole repulsion initially makes ion pairs of CH," and
CH,COCH,". The fact that m/e=57 (CH,COCH,;") is not observed in the mass spectra suggests
the sequential dissociation of CH,COCH,;" into various kinds of fragments. As a result, only

CH," is produced effectively after an ionization of oxygen ls electron.
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Fragmentation and ionization process of inner-shell excited molecules has been
investigated by the excitation with synchrotron radiation. When one measures time-of-flight
(TOF) spectra of ionic fragments generated from these core-ionized molecule, selecting the energy
of the double charged ion energy by photoelectron analyzer allows us to select a defined initial
state. This measurement is called PEPICO (photoelectron-phootion-coincidence) or AEPICO
(Auger electron-photoion-coincidence) spectroscopy.

A CMA type electron energy analyzer with a TOF apparatus has been constructed and
installed at beamline 8B1 in UVSOR for the measurement of the PEPICO spectra. TOF spectra
have been observed with photoelectron energies being selected by this analyzer. In order to
evaluate this analyzer we used soft X-ray of synchrotron radiation as a photon source and N, and
CO, as target molecules.

Fig. 1 shows the 2D image of PEPICO spectra, in which the TOF spectra was shown with
selecting a given photoelectron kinetic energy. The peak around 420 ns can be attributed to the N*
and those around 650 ns arise from N,". In this figure, strong correlation between Auger electron
around 390 eV and the generation of N, has been observed, suggesting that N,” are mainly
generated via 30, Auger decay process. With this technique, we will try the triple coincidence
of ionic fragments of molecules.
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Fig. 1: PEPICO spectra of N,.
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LiCAF crystal as a new vacuum ultraviolet optical material
with transmission down to 112 nm
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Recently, various new fluoride crystals have been developed as the host crystals for new
solid-state tunable ultraviolet and infrared laser materials. Ce:LiCAF and Ce:LiSAF are
attractive solid-state lasers with their practical tuning region from 288 to 315 nm [I, 2]. To
improve laser performance, further spectroscopic studies of these materials will be necessary,
including accurate band-gap measurement of the host crystal. In addition, optical material for
the ultraviolet and vacuum ultraviolet region has become much more important for the deep
ultraviolet lithographic technology required for the semiconductor processing technology of the
next century and vacuum ultraviolet spectroscopy using synchrotron orbital radiation.

Crystals of LiCAF, LiSAF and LiF were grown by
the Czochralski method. The sample was about 1-mm

1

thick. To measure the transmission edge of various
fluoride materials at room temperature, an experiment
was performed at Ultraviolet Synchrotron Orbital gaF
Radiation Facility (UVSOR). Figure 1, indicates the

transmission spectrum of various fluoride samples.

Transmission

— LiCaAlFg
- LISTAIFg
--- LiF

According this figure, transmission edge of LiCAF,
LiSAF and LiF were 112 nm, 116 nm and 136 nm,
respectively. From the transparent wavelength shorter

!

00 120 140 160 180 200
Wavelength (nm)

than that of conventional LiF, the non hydroscopic
nature of LiCAF, and the better mechanical properties
compared with LiF, LiCAF is shown to be an ideal
optical material for the vacuum ultraviolet region. Fig. 1

The authors are grateful to Mr. M. Hasumoto, Dr. T. Gejo, and Prof. K. Kamada for their
experimental support and stimulated discussion.
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The understanding of molecular behavior at gas/water interface is of central importance in surface science,
film technology, and environmental chemistry. For decades, they have been studied by methods such as
surface tensiometry and radiochemical methods, yielding mostly information on the macroscopic level of
interface. The recently developed nonlinear optical methods, such as second-harmonic generation (SHG), sum-
frequency generation (SFG), and multi-photon ionization, have been providing essential information on
microscopic molecular states of surfaces since they have specific sensitivity of 'just' interface. Though they are
excellent in selectivity at interfaces, the mechanism of multi-photon process is usually complex and difficult to
analyze quantitatively because resonant states often intervene in those processes. To solve above problem, we
have tried to measure simple single-photon ionization spectra of dye molecule using synchrotron radiation, and
compare the results with those of two-photon ionization and surface-tension measurements.

The experimental setup for single-photon ionization is shown in Fig. 1. Synchrotron photon-energy
from 4.7 to 6.8 eV was used as an excitation source. The beam power was calibrated using a photomultiplier
tube (Hamamatsu Photonics, R955) after each measurement. The beam was irradiated on the water surface
containing various concentration of Rhodamine B (RhB). The solution was kept in a stainless-steel vessel so
that high voltage was appliable between water surface and electron-trapping electrode settled in the gas. The
photoionization current was measured using a current meter (Keithley, 617). Two-photon ionization experiment
was carried out using third-harmonic (355 nm, 5 ns) of Nd:YAG laser (Minilite, Spectra Physics).
Experimental configuration of two-photon ionization was approximately the same except for the excitation
source and cell dimension. Surface tension was measured by a surface-pressure meter (Model HMB,
Kyowakaimen, Japan) equipped with a glass plate of Wilhelmy type. RhB (reagent grade, Nacalaitesque, Japan)
was used as received and dissolved into pure water. Water was purified until resistivity reached higher than 18
MQcm by Milli-Q system (Milli-Q Academic, Millipore).

The normalized one-photon ionization spectra of RhB is shown as Fig. 2. All derived spectra obey a
empirical 5/2 power law represented by

1= C Eg25=C (hv — B2 M)
where E. is the excess energy of the ionized pair; C is the proportionality constant; and £y, is the ionization
threshold. The abscissa in Fig. 2 should give the £y, value of eq.1. The derived threshold energy for RhB lies
at 5.5-5.6 eV and does not depend on the bulk concentration, which would imply neither the chemical state of
RhB nor the length from the surface are largely changed.

At fixed photon energy, the photoionization intensity should be linear with the number of photoionizing
molecule at probe area. In Fig.2, the signal intensity at fixed photon energy above £y monotonously increases

with RhB concentration because surface density increase with bulk concentration. If linearity with surface
concentration (which is equal to the thermodynamic definition of 'surface excess' when dilute solution is used)
and photoionization intensity can be assumed, the adsorption isotherm can be discussed. I[n Fig. 3, the
intensity of photoionization is plotted against bulk concentration, and obviously, it obeys Langmuir isotherm
which was denoted by

N(lmax-T) =Bc @)
where T" and T, denote surface excess and saturated surface excess, respectively; 8 is the adsorption parameter;

and c¢ is the bulk concentration of adsorbate. The result that RhB obey Langmuir isotherm is coincident with
the result of two-photon ionization and surface tension measurement. Table 3 summarizes the result of
adsorption parameter derived from these methods. They agree within a factor or two and show these methods
are reliable to measure surface excess of RhB. Small deviation of each experimental value was, however,

observed in Table 3, which may imply the difference of probe region (probe depth from surface) of these
methods. Further discussion would be carried out in future articles.
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The second-group metal tungstate family has extensive applications and therefore has been intensively
studied during the past half a century. However, there are still unanswered questions concerning the nature of
the optical transitions; e.g., the importance of defects and impurities on the luminescence properties, Until
now, all the crystals investigated have been grown from the melt by the Kyropoulos or Bridgman technique.
This may introduce some local deformation due to thermal stress into the large-volume crystals. The growth
method using flux has several principal advantages; the resultant crystals are relatively free of thermal stress and
has a lower concentration of lattice imperfections, compared to the melt-grown crystals. In the present
experiment, we have, for the first time, investigated the optical properties of CaWO, and ZnWO, crystals grown
by the flux method. Calcium tungstate crystallizes in a scheelite (stolzite) structure, while zinc tungstate has a
raspite (wolframite) structure,

Well-formed crystals of CaWQ, were grown in Na;,WO, flux. The crystal growth was conducted by
heating mixtures at 1100 °C for 5 h, followed by cooling to 500 °C at a rate of 5 °C/h [1].  Crystals of ZnWO,
were prepared in Na,0-WO; flux. The heating conditions for ZnWO, growth were almost the same as those in
the case of CaWQ, growth. Both crystals obtained were colorless and transparent, with flat surfaces. The X-
ray diffraction indicated that our crystals of CaWO, and ZnWOy are single-phased.

A solid curve of Fig. 1 represents the reflection spectrum of CaWO, measured at 6 K under near-normal
incidence configuration. There exist a sharp exciton band at 5.96 eV and a broad doublet structure in the
spectral range between 8 and 12 eV. This spectrum is similar to the previous result obtained in ref. [2],
although our doublet structure is larger in intensity than theirs. The reflection spectrum of ZnWOQ, is shown by
a solid curve in Fig. 2. One can see a strong band peaking at 5.00 eV with sub-structures on the low- and
high-energy sides, and a weak doublet structure in the 8 —12 eV range. To our knowledge, there seems to be
no reflection data of ZnWO, to be compared to our spectrum.

The CaWO, and ZnWO, emit a single luminescence peaking at 2.85 and 2.40 eV under excitation in the
exciton-band region at 6 K, respectively. The spectra are shown in Fig. 3, where the collections were made for
the dispersion of the analyzing monochromator and for the spectral response of the detection system. The
excitation spectra for these two bands are shown by dotted curves in Figs. 1 and 2. It is evident that the 2.85-
and 2.40-eV bands are an intrinsic feature to the respective systems, because they are stimulated with photons
above the onset of the lowest exciton reflection bands. The 2.40-eV luminescence of ZnWOQO, exhibited two
decay components at 6 K; fast one (1.2 £ 0.2 ps) and slow one (21 £ 1 ps). Decay measurement was not carried

out for the 2.85-eV luminescence in CaWQ,. At 295 K, both emission bands are thermally quenched by 50%.



When CaWO, is excited around 4.6 eV on the low-energy side of the exciton band, two weak emission bands
appear at about 2.45 and 2.70 eV. They are most likely due to lattice imperfections. On the other hand, no
other luminescence was observed in ZnWOs,.

According to a recent band structure calculation of some tungstate crystals [3], the main exciton peaks in
Figs. 1 and 2 would be ascribed to the optical transitions from the O 2p states to the W 5d states. It is, therefore,
supposed that the 2.85-eV emission band of CaWO, arises from radiative annihilation of excitons self-trapped
on WO, molecular groups in which four oxygen ions form the tetrahedron with a tungsten ion at the center.
On the other hand, the emission band at 2.40 eV in ZnWO; is attributed to excitons self-trapped on octahedral
WOy groups in which a tungsten ion is surrounded by six oxygen ions. The luminescence in monoclinic
tungstate crystals of raspite-type appears at the energy lower than that in tetragonal ones of scheelite-type. This

general trend has nicely been confirmed for PbWO, by our recent experiment [4].
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Fig. 3. Luminescence spectra of CaWO, and ZnWOQy excited at 6 K with 5.15- and 4.45-eV photons, respectively.
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Category 4. Solid- & liquid-phase spectroscopy 1 (IR, VUV, etc)
I. EXPERIMENTAL PROCEDURES

The amorphous silicon oxynitride (a-SiO.N,) films were deposited on a silicon monocrystal substrate by
plasma enhanced chemical vapor deposition at a substrate temperature of 400 °C using SiH,y, N;O and N; as
monomer gases. The thickness of these films was about 100 nm. By changing the flow rate of SiH., samples
A to E shown in Table I were obtained. The ratio of y/x was measured using X-ray photoelectron spectroscopy
(JEOL JPS-90MX). Photoluminescence (PL) spectra, PL excitation (PLE) spectra and PL decay profiles were
measured using synchrotron radiation (SR) at BL1B line in UVSOR. The PL and PLE spectra were measured
under multi bunch operation mode at 14 K, and the PL decay profiles were measured at 14 K by a
time-correlated single photon counting technique under single-bunch operation mode.

II. RESULTS AND DISCUSSION

Figure 1 (a) shows the PL spectrum of sample B excited by 5.0 ¢V photons. Intense PL is observed at 4.4 ¢V.
Figure (b) shows the PLE spectrum of the 4.4 ¢V band. As shown in Fig.1 (b), the 4.4 ¢V band has two PLE
bands at 5.0 ¢V and 7.3 eV. Figure 2 shows decay profiles of the 4.4V band excited at 5.0 ¢V (a) and 7.3 ¢V
(b). The data were fitted by the least-squares method with the time derivative of a stretched exponential
function,

IMoc(B/T )T ) Pexp(-(V T)P). (1)

Here, T and B are the effective lifetime and a parameter which takes a value of 0< 8 <1, respectively. This
is consistent with many reports which revealed that the luminescence decay in many amorphous materials is
described by the above equation. The lifetime of the 4.4 ¢V band is 3.4 ns under the 5.0 eV excitation and is
2.2 ns under the 7.3 ¢V excitation. These values agree well with the ones reported for the lifetime of 4.4 eV
band due to the oxygen vacancy (=Si-Si=, ‘= denotes bonds with three separate oxygen atoms) in the
oxygen-deficient-type bulk SiO, . The 4.4 ¢V band in Si0O; is considered to be due to an electronic transition
from the excited singlet state to the ground state. The oxygen vacancy in SiO; also gives rise to a PL band at
2.7 eV, which is due to an clectronic transition tfrom the excited triplet state to the ground state. Since this 2.7
¢V band involves a thermally activated intersystem crossing, its intensity decreases as the temperature decreases.
These characteristics, namely, the concurrence of two PLs at 2.7 and 4.4 eV, the PLE spectrum and the lifetime
of the 4.4 ¢V band, and the temperature dependence of the 2.7 eV band agree quite well with those of the PL
bands shown in Fig.1. This indicates that sample B includes oxygen-deficient SiO,.

Figure 3 shows the PL spectrum (a) of sample E excited at 5.0 ¢V and the PLE spectrum (b) monitored at 2.6
¢V. The 4.4 eV band does not appear, indicating that the oxygen-deficient SiO, was not present.  For
comparison, the PL. and PLE spectra are also shown for hydrogenated amorphous silicon nitride (a-SiNg:H)
deposited by low-pressure chemical vapor deposition.  In both samples, the 2.6 ¢V band is seen. From Fig.3 (b),
it is considered that both the 2.6 ¢V band in sample E and the 2.6 ¢V band in SiN, are excited by interband
photon absorption. ‘The subtle ditference in the photon energy at which the PLE spectrum starts to rise is
presumably due to the difference in the optical absorption edge in the two materials.  The lifetime T is3.2 us
for sample E and 3.7 ns for SiNg, while £ is 0.39 and 0.40. This good agreement indicates that the two PLs
are caused by the same mechanism. The 2.6 ¢V band of SiN, is considered to be related to recombination of
electrons and holes, generated by interband photon absorption. It is therefore considered that the 2.6 ¢V band
in sample E is caused by the same mechanism, and that sample E includes, at least partially, the structure of
SiN,.



As a function of y/x, the change of the two PL intensities, 2.6 ¢V and 4.4 ¢V, clearly shows that the

contribution of PI. from SiN, is weak if y/x is small and becomes stronger when y/x becomes larger.

This

indicates that the present samples, SiO.N,, are not a perfect compound, and includes, at least partially, SiO> and

SiN,.

The ratio of SiN, and SiO- depends primarily on the ratio y/x.

Table I. The y/x ratio and refractive index for SiO(N, films examined.
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Lead monohydrogen phosphate PbHPQO4 (LHP) is a hydrogen-bonded ferroelectric material. It shows
a second-order structural phase transition from a monoclinic Pc to a paraelectric P2/¢ at Tc=310 K. The
POy tetrahedra are linked to linear chains by short O-H-O bonds and not cross-linked to one another,
in contrast to well studied KH,PO4 (KDP) [1]. Therefore, LHP and its isomorphic compounds are
regarded as quasi-one dimensional ferroelectrics. The most famous phenomenon of the hydrogen-bondend
ferroelectric materials is the isotope effect — Curie point T corresponding to the onset temperature of
ferroelectric order increases by substituting deuterium for hydrogen atoms —. In deuterium compound
of LHP, PbDPQ4 (DLHP), Tc¢ increases to about 450 K [2].

Up to now, optical response of LHP and PbHAsO4 (LHA) has been investigated [3]. The clear direct
excitonic transitions are observed at the fundamental absorption edge. These transitions are assigned due
to intra-cationic Pb?* transitions (6s — 6p). The Urbach rule holds well for the absorption edge of LHP.
The conversing energy is found to be different between ferro- and paraelectric phases. The temperature
profile of the steepness parameter (o) of LHP derived from Urbach slope exhibits an anomalous behavior.
Moreover, the observed temperature-dependent o is well scaled to that of the spontaneous polarization
(Ps) with the scaling factor ~ 1/2. Recently, Noba and Kayanuma have theoretically shown that excitons
in the ferroelectric phase are strongly affected by the Stark effects induced by the local fields due to the
hydrogen ordering [4]. It is interesting to study the optical properties of DLHP, to see the isotope effect
on the electronic structure of LHP.
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Table 1: The first direct exciton transition energy Ej, the exciton binding energy Ep and the band-gap
energy Eg for DLHP and LHP (E//a).

Ey (BV) Lp (BV) Ea (eV)
DLHP 5.63 0.67 6.30
LHP 5.62 0.67 6.29

In the present investigations, reflection spectra of a single crystal of DLHP have been investigated
for the first time in the VUV region up to 25 eV by using polarized synchrotron radiation at the BL1B
beamline. The specimens of DLHP grown from the conventional gel-growth method were used for optical
measurements.

Figure 1 shows the reflection spectra of a single crystal of DLHP for polarization parallel to the
crystallographic a-axis (E//a) and the c-axis (E//c), respectively, measured at 9 K. The direction of Ps
is in the ac plain, nearly close to the a-axis. Distinguished sharp peaks with dispersive structure are
observed at the absorption edge at 5.63 eV for E//a and at 5.77 eV for E//c. In LHP, these structures
are located at 5.62 eV for E//a and at 5.77 eV for E//c. These transitions have been ascribed to the
cationic transition Pb?* (65 — 6p) based on the comparative results of the isomorphic compound LHA as
well as KDP [3]. Hence, the first excitonic bands in DLHP are assigned as cationic-intraband transition
of Pb?*t jons as in LHP. With increasing temperature, these structures shift to the lower energy side.
They are clearly seen even at room temperature. This fact indicates that the exciton has a large binding
energy (Ep).

A clear shoulder structure is observed on the higher energy side of the first direct exciton transition
for E//a at 6.13 eV. This transition peak is assigned to the n=2 state of exciton Rydberg series. We
adopt the hydrogen-like energy model and estimate Eg and the band-gap energy (Eg) of DLHP as
summarized in Table 1 together with LHP.

Spectral profile and peak energy positions are resemble to those of LHP. These results suggest that
the electronic state of exciton is not affected by the statical hydrogen atoms. Hence the change of ¢ with
temperature as observed in LHP is responsible for the dynamics of surrounding atoms.

The structures around 22 eV are attributed to the Pb?* 5d — 6p core excitons. Sharp peaks at 21.7
eV and 23.0 eV for E//a are assigned to the transitions from the !S; state to the >P; and ' P; excited
states, as in the cases of LHP and lead halides [3, 5]. As compared with LHP and LHA, these structures
are more clearly seen in DLHP. An additional structure on the higher energy at 23.5 eV for E//a is
probably due to the transition to the 3D; state.

We thank Dr. D. J. Lockwood for kindly providing single crystals of DLHP.
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Excitation spectra for luminescence in the energy region exceeding the band-gap energy by
several times are know to contain information on multiplication process of electronic excitations (EE’s).
[1] In the present work, we measured the excitation spectrum for the free exciton luminescence in
CsPbCl; crystals at BL-1B beam line of UVSOR and investigated the multiplication process of EE’s in
this material.

CsPbCl; single crystals were grown from melt in sealed quartz ampoules by the Bridgman method.
The crystal samples were mounted on a Cu holder of a liquid helium cryostat and were cooled down to
15 K by thermal conduction. The free exciton luminescence was detected with a photomultiplier
(Hamamatsu R955) through a grating monochromator (Jobin-Yvon HR320). The excitation spectra
measured were corrected for both the spectral distribution and reflection losses of an excitation light.

Figure 1 shows the excitation spectrum for the free exciton luminescence of CsPbCl; at 15 K.
For reference, the reflection spectrum at 15 K is also shown by a broken line. In spite of the correction
for reflection losses of an excitation light, the excitation spectrum for the free exciton luminescence
exhibits dips at reflection peaks. The dips should be connected to nonradiative annihilation of EE’s at
the crystal surface, because optical excitation at the reflection peaks with high absorption coefficient
creates high concentrated EE’s at the crystal surface.

The free exciton luminescence is excited with photons in the whole absorption region. It
drastically increases its intensity in the energy range of 9.5-12.5 eV, and reaches almost twice that at 9
eV where one photon creates one e-h pair. Such increase in the intensity of the free exciton
luminescence takes place beyond three times the band gap energy. These results undoubtedly satisfy a
condition for multiplication processes of EE’s. Heiderich ef al. [2] measured the reflection spectrum of
CsPbCl; and assigned reflection structures between 8 and 10 eV to electronic transitions from the VB of
Cl 3p states to higher lying Cs 6s conduction states. Furthermore, they calculated its energy band
structure and presented that the Cs 65 conduction states lie above the conduction band (CB) bottom of
Pb 6p orbitals by 2.9 ¢V. It is worth noting that the energy between the Cs 6s and the Pb 6p states is
almost equal to that of the lowest exciton peak. On this basis, the following situation will be supposed
for the increase in the free exciton luminescence intensity in the 9.5 - 12.5 eV range. Hot photoelectrons
optically created in the Cs 6s conduction states will release their kinetic energies through an inelastic
scattering on valence electrons, and then relax into the conduction band bottom. The released kinetic
energies are transferred to cause secondary excitation of the valence electrons. As a result, a free

exction is secondarily produced besides an initially created e-h pair. The production of a free exciton



and an e-k pair results in the twice value of the free exciton luminescence intensity at 12.5 eV.
Therefore, we attribute the increase in the 9.5 - 12.5 ¢V range to secondary formation of free excitons
due to an inelastic scattering of hot photoelectrons in the Cs 6s conduction states on valence electrons.
In the 12.5 - 15 ¢V range, the free exciton luminescence is slightly enhanced. Since this energy
range includes contribution of electronic transitions from Cs 5p core levels to the CB [2], such a slight
enhancement in the free exciton luminescence originates from creation of Cs 5p core holes. From ref. 2,
the energy between the top of the Cs 5p levels and the bottom of the VB is estimated to be about 3 ¢V.
This value is almost equal to the band-gap energy and is enough to excite valence electrons into the CB
bottom. It is thus possible to generate secondary valence excitation, when the Cs 5p core holes combine
with valence electrons to decay nonradiatively. Therefore, we attribute the enhancement in the 12.5 - 15
¢V range to secondary formation of e-/ pairs accompanied by nonradiative decay of a photohole in the

Cs 5p core levels.
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Fig. 1: Excitation spectrum for the free exciton luminescence line of CsPbCl; observed at 15 K. For

reference, the reflectivity spectrum at 15 K is shown by a broken curve.
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We have studied the lowest exciton absorption of (C;HsNH;),CdCl, single crystal and reported
that the upper valence band (VB) and the lowest conduction band (CB) are constructed from the Cl 3p
and Cd Ss states, respectively.” In the present work, we measured the optical reflection spectra of
(C,HsNH;),CdCl, up to 30 eV and investigated the energy band structure and the nature of optical
transitions.

(C,H;5NH;),CdCl, single crystals were grown by slow evaporation method from the aqueous
solution of C,HsNH;Cl and CdCl, at room temperature in dark. The measurements of reflection
spectra for the polarization perpendicular to the c-axis (E L c) were carried out at BL-1B of UVSOR
equipped with a 1m Seya-Namioka type monochromator. The spectral distribution of the incident
light and the reflection light from the sample crystals was detected by a photomultiplier (Hamamatsu
R105) coated with sodium salicylate, which is placed inside the sample chamber.

Figure 1 shows the reflection spectrum of the cleaved surface of (C;H;NH;),CdCl, at 7 K in the
range of 3 - 30 eV for the polarization E L c. The reflection spectrum is more refined than the
previous report.”) A sharp peak (X,) is observed at 6.20 eV with an additional structure (X;) appearing
as the shoulder at 6.35 eV. The energy difference between the structures X; and X, is 0.15 eV and is
comparable with the spin-orbit splitting energy of a Cl atom. Further, the peak energies of the
structures X, and X, are almost same as the ls exciton peaks of cdcL? Thus, we attribute the
structures X; and X, to the excitonic transition from the Cl 3p VB to the Cd 55 CB. A small hump
(X3) is observed at 6.97 V. This hump may be due to the n = 2 exciton series of (C;HsNH;),CdCl,. A
sharp peak (A) is also observed at 8.19 eV.

Figure 2 shows temperature dependence of reflection spectra (E L c) of (C;HsNH;),CdCly in the
range of 5 - 10 eV. The reflection spectra were measured at temperatures of 7 - 280 K. Up on raising
the temperature from 7 K, the X, peak at 6.20 eV shifts continuously to the low energy side, as
indicated by a line. On the other hand, the peak A at 8.19 eV indicates the discontinuous low-energy-
shift by 0.1 eV between 190 K and 220 K, as indicated by another lines. Such a discontinuous peak-
shift is most likely caused by the structural phase transition taking place at 216.2 K in
(C2H5NH3)2CdC]4.4) When the phase transition occurs, the relative arrangement between the NH;
heads and the adjoining Cl ions largely changes, while that between the Cd ions and the CI ions
hardly changes. On the analogy of NH,CI crystal in which the NH, ions form the s-like CB,” we
suppose that the peak A at 8.19 eV originates from the electronic transition from the Cl 3p VB to the

second CB constructed from the s-like states of NH; heads.
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Polyethylene naphthalate (PEN) has a sirnilar molecular structure as polyethylene terephthalate (PET),
having a naphthalene ring in place of benzene in the main chain. As a film, it has somewhat better
physical and chemical properties than PET in a practical sense; it is utilized for various products as electric
insulators, capacitors, videotape bases, APS photographic bases etc.  Structures and properties of PEN
films have been studied by many researchers, but not so extensively as in PET.  As for the electronic
spectra, absorption spectra in solution” and in films” were reported; photochemical phenomena like
coloration®, fluorescence” have been treated to some extent; soft x-ray absorption was also studied®.
However, the spectra relating to the deeper levels of valence electrons have not been examined so far; only a
few studies have been made for PET too in this region.” The present study is being made to examine the
electronic spectra of PEN in the deeper levels of valence electrons.

The measurement was made at the BL-1B where the Seya-Namioka type monochromator was equipped.
Film samples of PEN were supplied from the Film Research Laboratory of Teijin Limited: amorphous
undrawn films of 100 & m, uniaxially 4 times drawn films of 90 /£ m and biaxially drawn films of 40 .t m.

The measurement procedure was the same as for the previous case of PET but with an improvement.
Namely, in the process of obtaining a reflection spectrum from a measured multiple reflection, more
rigorous treatment was made for the spectrum in the semi-transparent region. Instead of approximating the
calculated reflection to a straight line in the region, measured transmission data at each wavelength was put
in the Kato’s formula®; the transmission measurement was made separately by use of a Shimazu UV
spectrometer: UV2400(PC)S.

Reflection spectra of PEN films uniaxially drawn by
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4 times are shown in Fig.1 after correcting multiple re- B o
flection, where the reflection intensity of the film having
its draw axis parallel to the electric vector of the incident
light is more intense than that perpendicular, except in the
region between 1600A and 2000A..

The phase of the reflected light was calculated from
these data of reflection spectra using the Kramers-Kronig

Reflectivity

relation. Contribution to the integral from shorter and
longer side wavelengths was counted by Roessler’s meth-

od as in the previous study. Complex refractive indices

petgdvowpenevrdepanvrnabpnnnienabonagenign

and complex dielectric constants were computed by use 0 1000 2000 3000 4000 5000

of Fr-esnel equations; 'lher?, absorpt.io.n coefficients were Wavelength (A)
obtained from the extinction coefficients. Calculated
refractive indices at 5000A agreed reasonably well with Fig. 1. Reflection spectra of uniaxially
the values separately measured by Abbe’s refractometer, drawn (x4) PEN films. Multiple re-

guaranteeing the validity of the present treatment flection is already corrected..



Fig. 2 shows the converted anisotropic absorption

spectra of uniaxialy 4 times drawn PEN films.
The absorption band of the longest wavelength has two
peaks at 3560A and 3370A. They look rather perpen-
dicular band; but it was slightly parallel according to
the old data obtained by transmission method using ex-
tremely thin cast and drawn film. (Here, parallel band
means that the electric vector parallel to the axial direc-
tion of the drawn film is absorbed more than that per-
pendicular to the axis, and perpendicular band is oppo-
site.). Probably, the difference would be within the
error caused by various approximation utilized in the
Kramers-Kronig conversion. Nevertheless, the absorp-
tion coefficient at this band is much larger than that of
the longest wavelength in a uniaxially drawn PET film.
Second band is of parallel polarity and has three peaks
at 2990A, 2890A and 2760A. Third band is very in-
tense and has also parallel polarity and peaks at 25004,
2390A and 2250A. Fourth band is perpendicular and
peaks at 1700A. Polarity of the band peaking at
1550A is difficult to tell.  Sixth band at 800-900A is
strong and also has about same intensity either for paral-
lel'and perpendicular. General feature of the absorp-
tion spectra looks similar to that of PET exhibited in the
previous report®), whereas the detail is fairly different.

As an example of the optical constants obtained, re-
fractive index and extinction coefficient of the uni-
axially drawn (x4) PEN of parallel alignment is shown
in Fig. 3. Detailed analysis should still to be made.

The authors are thankful to Mr. N. Takagi, Film
Research Laboratory, Teijin Limited, for supplying film
samples to us.
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Optical properties of Pb halides have been studied extensively so far by several groups. Especially,
luminescence studies of these materials have been carried out since they give complimentary information
on the photolysis phenomena. There are two types of luminescence in PbCl, and PbBr; at low temperatures
[1,2]. One is the UV (B) luminescence produced under the excitation in the first exciton region, attributed
to the radiative decay of self-trapped excitons at Pb>* ion sites in PbCl, (PbBry). The other is the BG
luminescence stimulated by photons with energies above the band gap, which originates from tunneling
recombination of holes released from some trapping centers with electrons trapped at the Pb,”" self-trapped
electron (STEL) centers [3].

Orthorhombic Sn halides, SnBr, and SnCl,, have the same crystal structure (space group Pmnb) and the
similar electronic configurations as orthorhombic Pb halides. It is interesting to know the electronic
structures and exciton states in Sn halides. However, optical properties of these materials have not been
revealed clearly so far [5-7]. In the present study , we have measured polarized reflection and absorption
spectra of orthorhombic SnBr, using synchrotron radiation at the BL1B line of UVSOR facility.

Figurel shows the reflection spectra up to 12 eV for polarization E//a, E//b and E//c measured at 12 K.
As clearly seen, structures in the energy region of 3-8 eV show pronounced polarization dependence. The
reflection spectra at the absorption edge are shown in expanded scale in Fig. 2. We can see a prominent
peak at 3.409 eV for E//a, two peaks at 3.410 eV and 3.463 eV for E//b, and a peak at 3.461 eV and a weak
hump at 3.412 eV for Ef//c polarization. These structures are obviously ascribed to the lowest exciton
transitions. The splitting energy of the exciton for £//b polarization is 53 meV. The observed first exciton
peaks in SnBr; are considerably sharp as compared with those in orthorhombic Pb halides. The polarization
dependence of the first exciton band is well interpreted as a cationic interband transition in Sn** (55 — 5p)
under the crystal field with Cs symmetry.

We can see a small hump on the higher energy side of the first exciton band for E//b and Ellc
polarizations as indicated by arrows in Fig. 2. They are located at 3.486 eV for E//b 3.485 eV for Ellc,
probably due to n=2 state of exciton Rydberg series. The exciton binding energy is estimated as 32 meV
assuming the hydrogen-like energy model. It is to be noted that there has been no report on the observation
of higher exciton series in orthorhombic Pb halides.

Absorption spectra near the fundamental absorption edge were also measured in the temperature range
10 to 300 K. The logarithmic plot of the absorption spectrum near the absorption edge is found to give a
straight line, that is, the absorption tail of SnBr; is well described as Urbach rule. Temperature dependence

of the Urbach slope gives the high-temperature value of the steepness parameter oy =0.74 (0.70) and the
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Fig. 1. Polarized reflection spectra of orthorhombic Fig. 2. Polarized reflection spectra of SnBr; in
SnBr; at 12 K. the first exciton region measured at 12 K.

effective phonon energy hm,=24 meV (13 meV) for E//a (E//b) polarization. The small values of oy
indicate that the exciton-phonon interaction is in a strong case, and the excitons are unstable and easily
self-trapped in SnBr».

In summary, polarized reflection spectra of orthorhombic SnBr, have been investigated by using
synchrotron radiation. The first exciton bands with pronounced polarization dependence have been found at
around 3.4 eV in the reflection spectra. Absorption spectra near the fundamental absorption edge are found

to obey Urbach rule, suggesting that excitons are self-trapped in SnBr,.
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Introduction

Neutron irradiation and radiation effects on silica glasses are one of the main concerns for
their application as optical windows, insulators and optical fibers in fusion reactors as well as
fission reactors.[1,2] Recently, dynamic effects of the irradiation in silica glasses have been
observed as degradations of their good transparency, high electrical resistivity, low optical
absorption and luminescence during in-reactor irradiation.[1-5] In order to investigate dynamic
effects of in-reactor irradiation on silica, we have tried to make in situ luminescence
measurement of silica glasses induced by in-reactor irradiation. The in-reactor luminescence
from silica was found to be a powerful technique to observe dynamic effects on the electrical
property of silica, since the luminescence was directly associated with the electron excitation
process under the irradiation. So far, we found that the luminescence mainly originates from the
defects in silica due to an electron excitation during irradiation. However, the detailed dynamic
effects on silica glass are still unknown. For example, the intrinsic defects existing in silica
glasses make our understanding of the defects formation process very difficult. And the influence
of the OH content in silica on the luminescence is also still an open question.

In the present study, optical absorption measurements for the irradiated samples have been
carried out to obtain information of the defects produced by the reactor irradiation.

Experimental

The samples used in this work were fused silica glasses (T-1030 and T-2030) and
synthesized silica glasses (T-4040) of 13 mm diameter and 2 mm thickness produced by Toshiba
Ceramics, Japan with different OH content. Nominal impurity levels in these samples are listed
in Table 1.

In-reactor irradiation have been carried out using the nuclear reactor YAYOI at the University
of Tokyo. YAYOI was operated with a power of 0.5 or 1.5 kW (the neutron flux were about 2 X

1015 n/m2 s and 6 x 1015 n/m?2 s, respectively) with an average neutron energy of 1.3 MeV and y
ray level was about 3.0 kGy/h.[6] The irradiation temperature was not controlled but kept
below 323 K because of small output power of the reactor.

Optical absorption were measured at room temperature using synchrotron radiation at the
beam line 1B station (BL-1B) attached with 1m Seya-Namioka monochromator at UVSOR,
Institute for Molecular Science, Okazaki, Japan, operated at electron energy of 750 MeV. Optical
absorption spectra were detected by a photomultiplier (Hamamatsu R105).

Results and Discussion

Fig. 1 shows the optical absorption spectra of low-OH fused silica glass (T-2030) irradiated in
the reactor and that of unirradiated one. The fluence of the neutron in the irradiated sample
was estimated as ca. 2.8 x 1019 /m2. In the spectrum of the unirradiated one (Fig. 1a), optical-
absorption bands at ca. 5.1, 6.2 and 7.6 eV were observed, which is a clear indication of the
existence of various intrinsic oxygen deficiencies in the unirradiated sample. The band at 7.6 eV
is characteristic of the oxygen-deficient-type amorphous SiO9 [7] and known as E center (=5i-Si=).
And the absorption band appearing around 5 eV has been reported as the Bg center [8] which
has been attributed to either an oxygen vacancy (=3i-Si=) or twofold coordinated silicon (0-Si-0).
The origin of the absorption band at around 6.2 eV is not clear, although this band was observed



for the KrF laser irradiated silica sample. [9] In the absorption spectrum of the irradiated
sample (Fig. 1b), the band at 7.6 €V grow and a new band at 5.8 eV corresponding to E' center
(=Si) [10] appeared, indicating the increase in the number of E and E' centers by the in-reactor
irradiation. On the other hand, as shown in Fig. 2a, the optical absorption spectrum of the
unirradiated high-OH synthesized silica glass (T-4040) had no significant band in the region
from 2 eV to 7.5 eV. The in-reactor irradiation (the neutron fluence of 2.7 x 1020 n/m2) brought
the intense absorption bands at 5.1, 5.8 and 7.6 eV assigned to B2, E' and E centers. Thus, the
optical absorption spectra clearly showed the production of various types of oxygen deficiencies
such as Bg, E and E' by the irradiation. These defects should be produced mainly by the atomic
displacement and electron excitation effects during in-reactor irradiation.

Table 1

Nominal impurity levels in silica glasses (in ppm)

Sample Al Fe Na K Cu B OH
Fused silica (T-1030) 8 0.4 0.8 0.8 0.02 0.3 200
Fused silica (T-2030) 8 0.8 1 1 002 03 1
Synthesized silica (T-4040) 0.1 0.05 0.05 0.05 <0.01 <0.01 800

5 silica (T-2030) 5 o silica (T-4040)

Tow-OH fused high-OH synthesized 7.6
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Fig. 1 Optical absorption spectra of (a) an unirradiated Fig. 2 Optical absorption spectra of (a) an unirradiated
low-OH fused silica glass (T-2030) and (b) the reactor high-OH synthesized silica glass (T-4040) and (b) the
irradiated one (neutron fluence is 2.8 x 10'? n/m.) reactor irradiated one (neutron fluence is 2.7 x 10% /m.)
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A new mechanism of light amplification and laser action effects has been examined in BaF; [1], for which
the hole transitions between the core and valence bands have a primary importance. This experiment has
demonstrated a principal possibility to achieve lasing in compounds exhibiting Auger-free luminescence (AFL).
Since the AFL arises from radiative transitions between the completely filled valence and core bands, the
creation of empty (hole) states in the lower core bands means formation of the inverted population between these
two bands at any excitation intensity. This idea was successfully tested in BaF, [1], but, as it turned out, the
certain threshold of pumping power was needed to the amplification. This is probably because a part of the
AFL is reabsorbed by metastable self-trapped exciton states in BaF,. It is of great interest to extend similar
experiments to other AFL-emitting materials in order to test their potentialities for laser action.

The compounds exhibiting impurity-associated AFL are supposed to be very promising candidates for the
purpose mentioned above. This type of luminescence has been found in AFL-free alkali halides containing
alkali or halogen impurity ions that form the impurity states in the energy gap between the host valence and
outermost-core bands, which provides an additional channel for radiative decay of the core holes generated on
the impurity states. The impurity-associated AFL yield in Rb;..Cs,Cl can exceed the intrinsic AFL yield in
pure CsCl [2]. In the present experiment, we have thus investigated this mixed crystal with x = 0.18.

The undulator radiation at BL3A1 provides quasi-monochromatic light with AA/A = 5% at 36 eV (photon
flux: ~ 10" photons/sec-mm?) and at 15 eV (photon flux: ~ 10** photons/secmm®). A freshly cleaved 1 mm-
thick sample was mounted on a rotatable holder installed in a vacuum chamber. The undulator radiation was
incident at nearly 45° on the sample surface. Two flat multiple-dielectric coated mirrors (the reflectivity R =
100 and 90% in the 260-320 nm range) were placed near the sample in the direction perpendicular to the
exciting radiation. The best collimation of the optical cavity was attained when the images of the iris
diaphragms formed by He-Ne laser light reflected from the front and back mirrors were coinciding with each
other. The luminescence was observed without using lenses through a monochromator equipped with a PM
tube. A single-photon counting technique was applied to decay profile measurements. All the experiments
were performed at room temperature. |

Figure 1 shows luminescence spectra taken under no collimation (broken line) and the best collimation
(solid line). The excitation was made with 36-eV photons, which corresponds to the transition from the deep-

lying Rb 4p core state to the conduction band. The AFL spectra consist of the main band at 275 nm, the high-



energy band at 240 nm and the low-energy tail around 325 nm. An important feature in Fig. 1 is that the peak
intensity of the 275-nm band is enhanced by a factor of 2.6 when the mirrors are adjusted for the best
collimation. Similar enhancement was also confirmed under the excitation with 15-eV photons, corresponding
to the Cs 5p core state — conduction band transition. The enhancement factor was about 1.7 in this case, in
spite of the fact that the photon flux at 15 eV is one order of magnitude smaller than that at 36 eV.
Furthermore, from Fig. 1, one may see a sharpening of the 275-nm band under the best collimation. These
observations indicate the amplification of the impurity-associated AFL in Rb,..Cs,Cl mixed crystals.

In the lower part of Fig. 2 are shown decay profiles of the 275-nm band excited with 36-eV photons under
(a) the best collimation and (b) no collimation. By assuming a single exponential decay for the curve (b), we
obtained a decay constant of 0.9 + 0.1 nsec, in good agreement with the previous result. The decay profile of
curve (a) is different from that of curve (b). This fact is clearly seen in the upper part of Fig. 2, where the
dotted curve was obtained by subtracting the curve (b) from the curve (a). It appears that a faster component
grows up in the peak region of the curve (a). Such a shortening of the luminescence decay profile is a
characteristic feature of stimulated emission.

The above results confirm the validity of our anticipation about the promising potentialities of the
compounds with impurity-associated AFL for light amplification, using the inverted population arising from

impurity-core level excitation.
The authors acknowledge Mr. Y. Bokumoto and Mr. J. Murakami for their assistance in the experiment.
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Amorphous chalcogenide semiconductor materials, such as a-As,S;, a-As,Se; and a-Se
etc., show a variety of photoinduced phenomena. Therefore, these materials are expected as
materials for optoelectronic devices. A lot of work have been done on the photoinduced phenomena
of these amorphous semiconductor materials and various mechanisms have been proposed for
these photoinduced phenomena[l,2]. However, the details of the mechanisms are still unknown.
These phenomena were studied by exciting outer core electrons with the irradiation of the visible
light with the energy corresponding to the optical bandgap or sub-bandgap. Little attention has
been give to photoinduced effects by exciting inner core electrons with the irradiation of higher
energy photon. To obtain a wide knowledge of the photoinduced effects, it is necessary to
investigate photoinduced phenomena on wide energy region. In the previous reports[3,4], we
reported the photoinduced effects in amorphous chalcogenide films by the irradiation of the
vacuum ultra-violet (VUV) light. That is, photodarkening is occurred by the irradiation of the VUV
light and the darkened state is removed by annealing at near the glass-transition temperature. In
our recent study, we observed interesting photoinduced change in the photoconductivity and the
total photoyield of amorphous chalcogenide films by the irradiation of the VUV light[5-7]. In the
present work, we measure the VUV reflection spectra and the total photoyield spectra in these
materials in order to study the photoinduced effects of those optical spectra by the irradiation of
the bandgap light and the VUV lLight.

The samples used for measurements were amorphous arsenic trisulfied (a-As,S;). Thin
films of a-As,S, were prepared onto quartz substrates by conventional evaporation technique. For
the measurements of the total photoyield spectra, an electrode using Al contact was fabricated
first on the substrate before depositing the amorphous film. A typical thickness of an amorphous
film was around 0.7 & m. The samples were annealed at 443K (near the glass transition
temperature) for two hours in a vacuum. The experiments were performed at room temperature at
the BL5B beam line of the UVSOR facility of the Institute for Molecular Science in Okazaki. For
the measurements of the reflection spectra, the incident angle was near normal to the sample
surface and the reflectivity was measured by a silicon photodiode. The reflection spectra were
obtained by normalizing the spectra by the spectrometer system response.

Figure 1 shows the VUV reflection spectrum of a-As,S; at room temperature in the
photon energy region between 35 ¢V and 55 ¢V. One main peak and interfering pattern were
observed at this energy region. This peak around 44 eV corresponds to the 3d core level of As atom.
Figure 2 shows the total photoyield spectrum of a-As,S; at room temperature in the same photon
energy region. As you see in the figure, the peak corresponding to the 3d core level of As atom was
also observed in the total photoyield spectrum. Further analysis of these spectra is now in progress.
We pay attention to the photoinduced effects near this energy region. We now are investigating
photoinduced change on these spectra. The detailed experiments and analysis will be done in the
next step.

This work was partly supported by grants-in-aid for Scientific Research from the
Ministry of Education, Science and Culture of Japan and the OGAWA Science and Technology
Foundation
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The discovery of high-Tc cuprate superconductor by Bednorz and Muller in 1986 has aroused great
interest in strongly correlated electron systems in general, and 3d transition-metal oxides in particular. One of the
most important characteristics for the correlated electron systems is the drastic re-construction of electronic
structure over an energy scale of eV with changes of temperature, doping concentration, and/or external field.
Therefore, optical reflectivity measurement over a wide energy range and the optical conductivity spectra
derived from the reflectivity spectra provide us with very useful information about the strongly correlated
electron systems.

In this beam time, we measured the reflectivity spectra of several transition-metal oxides, including Mn-,
Ni-, Cu-, and Mo-oxides, for an energy range of 4 eV < E < 35 eV at room temperature. The measured
reflectivity data, together with the lower-enegy data measured at University of Tokyo, were used to derive the
optical conductivity spectra or dielectric function via the Kramers-Kronig analysis. As an example, the
imaginary part of the dielectric function of pyrochlore-type Mo-oxide is shown below. This compound is known
as showing geometrical frustration of magnetism, and exhibits an anomalous ferromagnetic state at low
temperatures. The absorption bands indicated as A and B correspond to transitions from O 2p to Mo 1, state and
the bands denoted as C and D are due to the transition between O 2p and Mo e, levels. The splitting (A and B, C
and D) may be caused by the final state Hund's-rule coupling with the Mo #,, spin. The structure indicated as E
and the broad band lying at its higher-energy side correspond to the transition from O 2p to Sm 5d and/or Mo
S5s/5p states.
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Recently, the study of LiNiO, is interesting because it is a promising material for the positive electrode of
the Li ion secondary batteries, We found the drastic increase of the reflection of LiNiO, above 300 K in the
millimeter wave region previously [1, 2]. We suppose that this increase of reflection is related to the motion of
Liion in the system. We extended our study to the low energy region down o 5 em’' and also trying to extend to
the study of Li, Ni O, [3, 4]. This year we extended our study to x=0.11 case.

The reflection measurements of x=0.11 sample have been performed in the spectra region {rom 5 to 60
cm’ using the beam line BL6A1 of UVSOR. For the measurement below 22 em’', low pass filter was used. The
temperature was changed from 79 to 380 K. The gold plate was used as a reference and InSb detector was used
as a detector. Figure 1 shows our results for x=0.11 sample. Overall reflection is low compared to the previous
results of x=0 and x=0.05 samples [4]. Especially the increase of the reflection of x=0.11 sample is small as the
temperature is increased above 300 K. The reflection above 300 K statrts to increase from 50 em’ in the case of
x=0.11 while that of x=0 sample increase steeply below 10 cm™'. Comparing three samples, which are x=0, 0.05
and 0.11, the increase of the reflection becomes steeper as x is decreased. This tendency seems to have
correlation with the fact that the non-stoichiometry degrades the charge and discharge characteristics significantly.
From the point of view of the application, the reflection measurements of Li, NiO, are important as a next step.

[1] H. Ohta et al.: UVSOR Activity Report 1996 (1997) 182.
[2] H. Ohta et al.: proceedings of ICTMC (2000).

[3] H. Ohta et al.: UVSOR Activity Report 1997 (1998) 128.
[4] H. Ohta et al.: UVSOR Activity Report 1998 (1999) 158.
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Culr,X,X=S,Se) are spinel-type compound. Culr,Se, is a metal at atmospheric pressure but shows a
stabilization of insulating phase from metal phase under high pressure [1]. Culr,S, undergoes a temperature-
induced metal-insulator transition (M-I transition) at around 226K [2,3]. The magnitude of the energy
gap in the msulating phase was estimated to be 0.094 eV by the electric resistivity data in the
temperature range between 140K and 200K.* From X-ray diffraction measurement[3], Culr,S, was
found to possess a normal cubic structure in the metallic phase and to be distored to a tetragonal
structure in the insulating phase. However, additional some superstructure spots that cannot be
assigned simply by tetrahedrally distored spinel structure were found in the low phase. The details of
the structure is still unknown in the insulating phase.[3] Band calculations[4] based on a FLAPW
method and photoemission data [5] showed the existence of Ir5dS3p hybridization band near the
Fermi level (E ). It is therefore very interesting to know the fine electronic structure very close to the E ¢
by low energy optical excitation methods.

The temperature dependence of the optical reflection spectrum of the polycrystalline sample of Culr,X,
(X=S and Se) was measured in the energy region of 0.005-6 V. The energy resolution was kept to be 4 cm™. In
the energy range below 0.015 eV, infrared synchrotron radiation at the UVSOR Facility of Institute for
Molecular Science in Okazaki was used as a light source using a Martin-Puplett interferometer. The
optical conductivity spectrum ( o (»)) was obtained from a Kramers-Kronig transformation of the R- spectrum. which

was extrapolated by Hagen-Rubens' relation R(w) «c 1 - a\/; in the lower energy side of the spectrum

and by a well known function of R(w) « bco_4 in the higher energy side.

Figs.1 and 2 show the measured R- (2) and the o-spectra (5 of Culr,S, and Culr,S,, at various
temperatures. From the Drude-like R spectra, Culr,S,, was found to hold metallic properties through the whole
temperature range at atmospheric pressure although it exhibits the R-spectra with many peaks structure as cooling down
to 30 K. On the other hand, the R-spectrum of Culr,S, showed a strong temperature-dependence. Above 222 K, the
R-spectra showed an abrupt rise below 0.3eV which corresponds to a so-called plasma frequency due to
the collective motion of free carriers. As temperature decreases below 221 K, such metallic behavior
was completely suppressed ( the occurrence of M-I transition) and many phonon-like structures
appeared in the narrow energy region of 0.035eV-0.052eV. In the insulating phase, the energy gap was
estimated to be about 0.1eV from the abrupt decrease in the intensity of the o-spectra, which is almost
consistent with 0.094eV given by electric resisitivity data . A new band appeared at 0.4eV and
gradually grew mstead of the band around 0.7eV in the metallic phase as cooling, so as to compensate
the decrease in intensity of the Drude component. In this way, by low energy optical excitation experiment,
we resolved the fine change in the electronic structure within the overall change in the density of state observed in the
photoemission spectroscopy. The o-spectrum in the metallic phase was well fitted by the superposition of
two Drude and two Lorentz functions (see Fig. 3). The existence of two Drude components suggests that
at least two kinds of energy levels go across the E . This is consistent with the band calculation results
of Culr,S,which indicates two conduction bands in the direction of X-I of the B.Z. Conduction bands
in Culr,S, consist mainly of Ir5d and S3p hybridization.
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Cerium-monopnictides (CeX; X = N, P, As, Sb, Bi) have complex magnetic phase diagram with the
eleven layered magnetic structure. The origin of the magnetic phase diagram and the magnetic structure
attract attention and many experimental and theoretical researchers have been investigating over two
decades.

Last year, we started the magnetic reflectivity (MR) and the magnetic circular dichroism (MCD)
experiments of CeSb in the infrared region using UVSOR for the investigation of the electronic structure in
the magnetically ordered states." In this year, we performed the measurement of the MR and MCD of
CeBi, that also has a complex magnetic phase diagram, and we report the experimental result in this paper.

CeBi was grown by the Bridgman method with a tungsten furnace.” The measured surface is along
(100)-plane and was prepared by a cleavage in a helium atmosphere. Since the material is easy to be
oxidized, it was mounted to the sample holder of a cryostat in the helium atmosphere and was set to the
center of the superconducting magnet in a short time.

The temperature dependence of optical conductivity spectra of CeBi at zero magnetic field and the
assigned magnetic structure by neutron scattering” are shown in Fig. 1. The spectrum strongly changes
with temperature. Particularly, the spectrum in the AFIl-phase is strongly changes with changing
temperature in spite that this material in the temperature range is assigned in the same phase by neutron
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Fig. 1. Temperature dependence of the optical conductivity at zero magnetic field of CeBi. The
depicted magnetic structures are referred from neutron scattering data.
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scattering. One peak at 0.27 and one shoulder at 0.53 eV appear at 16 K and the energy separation of
these structures increases as the temperature increases. At last, the spectrum continuously changes to that
in the P-phase. The data indicate that the electronic structure in the AF1-phase strongly changes with the
temperature and the electronic structure in the AF1-phase continuously connects to that in the P-phase.

The temperature dependence of the MCD optical conductivity spectrum at 6 T is shown in Fig. 2.
Below 15 K, the o,(w) and o(w) spectra are different from each other, i.e., the peak of o(w) is located at
0.85 eV which is higher energy than that of o,(w) at 0.6 eV. These spectra indicate that the electronic
structure is the strong polarization. The state is assigned to be in the induced ferro-magnetic phase.
However, these peaks approach each other around 20 K, and finally the o,(w) and o.(w) spectra become
almost equal above 24K.  Since the 0,(w) and o.(w) spectra at 30 K are equal to the o (w) spectrum in the
paramagnetic phase, the state at 6 T above 24 K is in the P-phase. Therefore the spectra indicate the state
changes around 23 K from the induced ferro- to the para-magnetic phases. This is the first observation,
because the phase transition has not been observed in neutron scattering experiment.’

According to the MR and MCD spectra, magnetic phase diagram was determined and is shown in Fig.
3. The outline of the diagram is almost equal to the previous one determined by neutron scattering.’

Therefore the MR and MCD spectra reflect the electronic structure in the magnetically ordered states.

'S, Kimura et al., I. Phys. Soc. Jpn. 69 (2000) in press.
% S. Kimura: Jpn. J. Appl. Phys. 38 (1999) Suppl. 38-1, 392.
* H. Bartholin et al., J. de Phys. Colloq. 40 (1979) C5-130.
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RRiP;; (R=La,CePr and Sm) are ones of ternary metal phosphides with the skutterudite structure (CoAss-type)
which is represented as RT4P,, (R=rare earth element and T=transition metal). Recently, their stable compounds have
been successfully synthesized using a wedge-type cubic anvil high pressure apparatus under a high pressure of 4 GPa and
high temperature of 1100 “C[1] According to the electric resistivity data, CeRu,P), and CeFe.P;; are a semiconductor
[1,2]. LaRuwP,, shows a superconductivity at 7K, PrRuP;» and SmRuP; show a metal-insulator (M-I) transition,
respectively, at 7c=60K [3] and 16K.

After the success of the synthesis, many experiments has started on these compounds but the optical measurements
has not yet been done.for these materials. We measured the reflection spectrum in order to know the electronic structure
close to the Fermi cnergy level of these materials.  The temperature dependence of the optical reflection spectra of RRusPy»
(R=La,Ce,Pr and Sm) were measured in the energy region of 0.005 4 ¢V. The optical conductivity spectrum ( 7 (w))
was obtained  from a Kramers-Kronig transformation of the reflectivity spectrum.

Figs.1 and 2 show the measured reflection and the optical conductivity spectra of these materials at 300 K
(dashed line) , 78K (dotted line) and 8 K (solid ling). We can see that the onset of  the interband transition as the abrupt
rise in the intensity of o -spectra around 0.4 ¢V for La, Pr, and Sm compounds, and the spectral profile in the higher
energy region than 0.4eV has a similar structure with three peaks. The similarity of the spectral profile means that the
overall electronic structure of these three compounds (La,Ce,Pr and Sm) does not change. In CeRuP),, the 0 -spectrum did
not show a temperature dependence. Then we can see that CeRuP,, is semiconductor with an energy gap of about 0.2 eV.
In addition, the spectrum profile in the higher energy region than 0.7¢V has similar structure with those of other three
compounds although the energy positions of three peaks shift to a higher energy side , and an additional peak exists at 0.4
¢V. We found that the effective electron number which contributes to the Drude component of  other three compounds is
almost same with the effective electron number which contributes to the interband transition at 0.4 eV of CeRusPro. In
the insulating phase of PrRuyP;;and SmRuyP;, at 8K, on the other hand, the Drude component below 0.3eV disappeared
and a new band, which corresponds to an interband transition, appeared , respectively, around 0.06eV and 0.025¢V. The
effective electron number which contribute to the transition below 0.3 eV was estimated and found to be kept constant at
both metallic and insulating phases. This means that the band which the Fermi level crosses underwent a very small
amount of energy splitting due to the M-I transition and consequently a new interband transition at 0.4 eV appeared.
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When magnetic field is applied to a material, the physical properties parallel and perpendicular to the
magnetic field become different from each other. For instance, the anisotropy has been observed in
electrical resistivity' and de Haas van Alphen experiments® and so on. The anisotropy originates from
the electronic structure near the Fermi level. Here, the investigation of the anisotropic electronic structure
is main theme.

We have started reflectivity measurement using linear polarized infrared synchrotron radiation which
electric vector was set parallel (£ / H) and perpendicular (E L H) to an applied magnetic field (infrared
magnetic linear dichroism, IRMLD). In our previous experiment of magnetic circular dichroism in
infrared region (IRMCD), the light is irradiated from the same direction of magnetic field, i.e., the electric
vectors with right and left circularly polarizations is perpendicular to the magnetic field. Then the
spectrum of E L H is equal to the average of the spectra with both circularly polarizations, on the contrary,
the spectrum of E // H provides us new information of electronic structure along the magnetic field. For
instance of the AFP1-phase of CeSb, the configuration of magnetic structure, applied magnetic field and
electric vector are shown in Fig. 1. In CeSb, magnetic layers are stacked along the magnetic field like a
sandwich. In the AFPl-phase case, the magnetic structure has the wave number of £ = 2/3, i.e,, the
periodic magnetic structure with three layers (+ 0 —) appears. Here, + and — indicate the direction of the

Circularly
polarized
IRSR IRMCD
4f wave function
of Ce*
Linearly
polarized r
IRSR T 8
g\
=l "N
i ki,
[
IRMLD

Fig. 1. Magnetic structure in AFP1-phase of CeSb and layered structure of Ce** 4f ground state of 'y
(largest sphere) and 'y (middle-size sphere with an arrow). Smallest sphere indicates Sb-ion.  Arrows
indicate applied magnetic field, incident lights and electric vectors. Configurations of infrared magnetic
circular dichroism (MCD) and infrared magnetic linear dichroism (IRMLD) experiments are also
depicted.
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magnetic moments of Ce 4f I's state and 0 the Ce 4f I'; state. The IRMCD spectrum, as well as the
spectrum of E L H, reflects the electronic structure along the layer of the sandwich structure. The
spectrum of E // H only detects the electronic structure along the magnetic field.

We measured the IRMLD spectra of CeSb. The material shows anomalous magnetic phase diagram
and also magnetic structure as described in a previous report.3 Here, we cleaved along the (100)-plane to
obtain the clean surface and set the [001] direction parallel to the magnetic field. The light was irradiated
from the [100] direction and the electric vector was parallel and perpendicular to the [001] direction.

The reflectivity spectra in some magnetic phases of CeSb with the configurations of E // H // [001] and
E | H//[001] are shown in Fig. 2. The legends of the magnetic phase have the same notations as those
of neutron scattering.” In the AF-, AFPx- (x = 1 ~ 5) and P-phase, the spectra in two configurations are
similar to each other. However, the spectra are different in the F-, FPx- and AFFx-phase. This indicates
that the electronic structure has strong anisotropy due to the different Ce’* 4f Ty ground state and the
periodic structure.

' Ex.) T. Terashima, J.S. Qualls, T. F. Stalcup, J. S. Brooks, H. Aoki, Y. Haga, A. Uesawa and T. Suzuki,
Phys. Rev. B 60, 15285 (1999).

? Ex.) H. Kitazawa, Y. S. Kwon, A. Oyamada, N. Takeda, H. Suzuki, S. Sakatsume, T. Satoh, T. Suzuki and
T. Kasuya, J. Magn. Magn. Mater. 76-77, 40 (1988).

3 §. Kimura, H. Kitazawa, G. Kido and T. Suzuki, UVSOR Activity Report 1998, 160 (1999); J. Phys. Soc.
Jpn. 69 (2000) in press.

* J. Rossat-Mignod ef al., J. Magn. Magn. Mater. 52, 111 (1985).
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Fig. 2. Reflectivity spectra in some magnetic phases of CeSb with the configurations of E // H //
[001] and E L H // [001]. The legends have the same notation as those of neutron scattering.
Successive curves are offset by 0.2 for clarity.
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In Yb4Ass, the relation between transport and magnetic properties is open to question because there is
no relation between them at first sight. The magnetic susceptibility does not change in spite that the
carrier density is controlled by the substitution of Sb and P for As.”*  Then we consider the key to solve
the contradiction, we are investigating the electronic structure near the Fermi level using a reflectivity
measurement in the infrared region.

In Yb,Ass, the optical conductivity indicates the transport property continuously changes from the high
carrier density and the short relaxation time above 200 K to the low carrier density and very long relaxation
time below 100K.> The origin of the carriers at high temperature is considered to originate from the Yb 4f
state because the state crosses the Fermi level observed by a photoemission experiment.* However, the
origin of carrier at low temperature is still unresolved.

We have investigated the temperature dependence of the electronic structure very near the Fermi level
as well as that of the carrier character at low temperature of YbsAs; using far-infrared reflectivity
measurement.” At the result, we found a new absorption peak at 30 meV and it becomes sharp coincident
with the growing-up of the Drude-like carrier absorption with decreasing temperature. To clarify the
origin of the absorption at 30 meV, we measured far-infrared reflectivity spectra of a semiconducting
material Yby(AsggsPo.15)s with a tiny energy gap.

Figure 1 indicates the temperature dependence of optical conductivity (o{w)) spectra, which are derived
from the Kramers-Kronig analysis of the reflectivity spectra of Ybs(AsgssPo1s)s. We are not concerned
with some peaks of 10 — 35 meV here because they originate from TO-phonons. The temperature
dependence below 0.6 eV is strong. However, the temperature dependence is almost linearly, i.e., the
metallic ofw) spectrum simply changes into the semiconducting with decreasing temperature. This is not
equal to the situation of YbsAss;, in which
another Drude-like carrier absorption appears at

low temperature and also an absorption peak at RAR B s S K % AL T
30 meV appears. This result means that the Yb,(As, P, ) [
absorption peak at 30 meV of YbsAsz is - T=350K ﬂl
accompanied with the Drude-like absorption at g gggE );
low temperature. Therefore it is considered o 280K !
that the carriers at low temperature originate ':: ar ;ggﬁ f T
from the quasiparticle after hybridization g {'; | 150K ;
between As-4p and Yb-4f states and the I 'LJ.",fé‘f'u‘n-U\ﬁl[' 13%0KK 5‘
absorption between the hybridization gap 3 r 2 ﬁ]
appears at 30 meV. § i ‘1““ T
! H. Aoki, A. Ochiai, T. Suzuki, R. Helfrichand .~ & | M 4
Steglich, Physica B 230-232 (1997) 698. LA ST
2 A. Ochiai, H. Aoki, T. Suzuki, R. Helfrich and F. 0 *"‘;‘”’],: e et
Steglich, Physica B 230-232 (1997) 708. 10 10 1
* S. Kimura, M. Tkezawa, A. Ochiai and T. Suzuki, Photon energy (eV)

y J. Phys. Soc. Jpn. 65 (1996) 3591.
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Fig. 1. Temperature dependence of optical
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Aluminum nitride (AIN), one of the III-V compound semiconductors with a wurtzite
crystalline structure, is promising not only for the use of passivation of semiconductor
surfaces and insulators for high temperatures, but also for the use of optical devices at
ultraviolet spectral region and surface acoustic wave devices, because it has wide band gap
and high sound velocity. Recently, it has received more attention from the properties of its
alloys with GaN and InN which permit the fabrication of AlGalnN based shortest-wavelength
semiconductor laser diode. In spite of the prospects of AIN in device applications,
experimental data on the optical properties are surprisingly scarce, although several
theoretical studies were performed. We have reported reflectance spectra measured with
synchrotron radiation on AIN single crystals in the energy from 6 to 120 eV at room
temperature [1,2]. In this work, we investigated the temperature effect on the reflectance
spectra of AIN single crystal.

AIN films were grown epitaxially on (0001) a -Al,O; substrates using the chemical reaction
of trimethylaluminum with ammonia [3]. Reflection high-energy electron diffraction results
showed all the AIN samples to be a single crystal and to have an orientation relationship of
(0001)AIN//(0001) « -Al,0,. The samples were placed in a continuous-flow cryostat with a
coolant (liquid helium) from a storage vessel to a vacuum-insulated sample space. The sample
temperature could be maintained at any temperature with an accuracy of 0.1 K in the range of
4.2 to 300 K by controlling the flow of the coolant and the power supplied to the electrical
heater. Reflectance spectra were measured in the photon energy range from 6 to 10 eV as a
function of temperature. The results show that with decreasing temperature, the energy
positions of the dominant structures in the reflectance spectra shift towards higher energies.
The shifts of these dominant structures can be well described by the Bose-Einstein expression
and the calculated parameters by fitting the experimental data to the expression have a good
agreement with those obtained by absorption spectra measurements [4].

The authors would like to thank Professor K. Tsubouchi of the Research Institute of
Electrical Communication, Tohoko University, for supplying the samples of AIN single
crystal.
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The Heusler-type intermetallic compound FegVAl has recently attracted much interest since
it possesses several anomalous properties [1]. Fe2VAl shows semiconductor-like transport
data at temperatures above ~ 400 K, but it shows highly metallic photoemission data at low
temperatures (40 K). In addition, it shows an anomalous enhancement of specific heat
below 4 K, which is reminiscent of typical behaviors shown by the f-electron heavy electron
systems [1]. In order to probe the electronic structures of FesVAIl and related compounds,
we have performed optical reflectivity experiments of (FeixVx)sAl (0=x=0.33) at photon
energies between 0.08 eV and 30 eV and at temperatures between 9 K and 300 K [2]. The
optical reflectivity spectra above 2 eV were measured at BL7B of UVSOR, while the spectra
at lower energy were measured at Kobe University. Figures 1 and 2 show the measured
optical reflectivity spectra R(w) and the corresponding optical conductivity spectra o(w),
respectively, measrued at room temperature. o(w) were obtained from R (®) using the
Kramers-Kronig relations. With increasing x, R(w) shows large decreases below ~ 1 eV, and
correspondingly o(w) also decreases below 0.5 eV. This demonstrates the formation of a
well-developed pseudogap with increasing V content. For the Heusler composition FezVAl
(x=0.33), the spectra show only minor temperature dependence down to 9 K [2], showing that
the pseudogap results from the band structure of FesVAl rathre than from temperature-
sensitive electron correlation effect. Based on the present results, we have proposed a
simple model of electronic structures that accounts consistently for both the semiconductor-
like transport and the metallic photoemission data of Fe2VAI [2].
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FIG.2 : Optical conductivity (o) of (Fe1xVx)3Al at room temperature, which are obtained

from the spectra in Fig. 1 using the Kramers-Kronig relations.
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Tetraethoxysilane (TEOS:Si (OC:Hs)+) or tetraethoxygermane (TEOG:Ge (C:Hs)+) is one of the promising
materials for preparing SiO: or GeQ.. These films have been prepared by photo-chemical vapor deposition
using VUV excimer lamp from TEOS or TEOG at room temperature. We have measured absorption spectra
of TEOS and TEOG using synchrotron radiation (BL-1B and 7B) with the aim to search suitable wavelength
of the light souce for films preparation, and also measured absorption spectrum of tetraethylsilane (TES:Si
(C:Hs)4) which is expected to be a source material for preparing amorphous-Si and SiO: films. We have
tried to prepare SiQ: thin films from TEOS using five diffrent excimer lamps ( A =126 ~ 308nm) .

Figures 1, 2 and 3 show absorption spectra of TEOS, TEOG and TES at gas pressure of 50mTorr. In the
absorption spectra in the region of 115nm to 300nm, TEOS showed absorption in the region shorter than
about 180nm, TEOG and TES showed absorption in the region shorter than 200nm. Figure 4 shows FT-IR
spectrum from SiO: films prepared with five different excimer lamps. SiO: films were deposited in case of
using Ar* (126nm) Kr.* (146nm) and Xe.* (172nm), but not with KrCl* (222nm) and XeCl* (308nm),
which is consistent with the absorption spectra.

We are planning to investigate photo-dissociation process of TEOS, TEOG and TES with UVSOR by means
of mass and FT-IR spectroscopy.
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The archetypal organic semiconductor, perylene-3,4,9,10-tetracarboxylic dianhydride
(PTCDA), has recently gained increasing interest as a promising material for organic
electroluminescence devices. It was reported that a thin film of PTCDA provides a new state in
the PTCDA band gap due to the reaction between the film and orverlayer materials such as In, Al,
Ti, and Sn.[1] This result is very important because the new band is located very close to the
Fermi level, and therefore it is (a) (b)
expected that it plays an important role AR G i e

. Frvans
in organic devices properties. £y g vmdley hv=40eV
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was measured by angle-resolved
ultraviolet photoelectron spectroscopy
(ARUPS) with synchrotron radiation in
order to study the origin of the band
gap state. We report the results of
quantitative analysis of the take-off
angel (B) dependence of the
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carried out at the beamline BL8B2 of Figure 1 The take-off angle (6) dependencies of ARUPS

: spectra of a 3— A —thick PTCDA film on MoS, before (a)
the UVSOR_ at the Institute for and after In overlayer deposition (b). The thickness of the In
Molecular Science. ARUPS spectra overlayer is 1A. The intensity is normalized to the incidence
were measured at photon energy photon flux. The molecular structure of PTCDA is also shown

in Fig.1(a).

hv=40eV and at incidence angle of
photon o=0°. All measurements were carried out at room temperature under UHV conditions
(~10-10 Torr). Purified PTCDA was evaporated onto a MoS, substrate obtained by in situ
cleavage. The In overlayer was deposited onto the PTCDA film by vacuum evaporation.

In Fig.1(a), we show the 6 dependence of the ARUPS of PTCDA thin film ( 3A thick;
~monolayer) on the MoS, surface, where the binding energy is measured from the Fermi level.
These spectra are in good agreement with previously reported results, indicating that PTCDA
molecules lie flat on the MoS,.[3]  The assignment for each band in the spectra was already made
with ab initio calculation and the quantitative analysis of the photoelectron intensity.[3]

Figure 1(b) shows the 6 dependence of the ARUPS of an In/PTCDA interface which- was
prepared by evaporating the In onto the 3-A-thick PTCDA film. The thickness of the In overlayer
was 1 A. From the comparison between Figs.1(a) and 1(b), some spectral changes can be clearly
seen. First, a new band X appears at Eg = ~ 0.8eV in the PTCDA band gap after the In
deposition. Second, the band C in Fig. 1(a) ( mpj:0xygen 2p nonbonding states distributed
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parallel to the molecular plane at C=0 parts) was not resolved after the In deposition, while new
band X’ (Eg = ~ 3.6eV) is observed at 8 = ~ 62° . These spectral changes originate from a
chemical reaction between the PTCDA molecules and the In atoms. The disappearance of the n)
band in Fig.1(b) suggests that the chemical reaction between PTCDA and In takes place at the
C=0 parts to change the ny| states. It is expected the band X’ originates from the molecular

orbital which is distributed parallel to the surface, L
since the band X’ observed at a large value of 8.

On the other hand, we performed Penning
ionization electron spectroscopy of the In/PTCDA
interface. The result suggested that four In atoms react
with the one PTCDA molecule.[4]

In Fig.2, we compared the observed ARUPS of
the In/PTCDA with the results of ab initio MO
calculation (STO-6G) on an expected model
compound of the reaction product, IngPTCDA. In
Fig.2 O-averaged spectrum is shown. From the
calculation we found that band 1 consists of a single
MO of = character with large contribution from C 2pz,
O 2pz, and In 5pz atomic orbitals (AOs). On the
other hand, the band 3 is related to four ¢ MOs with
the contributions of O 2s, In 5s, 5px, and 5py AOs.
The calculated density-of-states (DOS) curve agrees
well with the measured ARUPS, indicating that the X
and X’ are assigned to the m and o orbitals of
IngPTCDA, respectively. The agreement indicates
that the electronic structure of the In/PTCDA i1s well
simulated by that of the model compound IngPTCDA.

In Fig.3, the observed 6 dependence of the band X
intensity is compared with the calculated one for
molecular tilt angle of B = 0°, 10°, and 20° using the
SS/MO method. Among these, the calculated 6
pattern for B = 10° agrees better with the observed one
in the value of 0., and the width of the angular
distribution.  The calculated 6 dependence for
various [ with a long molecular axis parallel to the
surface showed remarkable disagreement from the
observed results. These results indicate that
molecules become tilted by the reaction, and the
averaged tilt angle is considered to be approximately
10° as shown in Fig.3.
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We had developed a polarimeter which enables Faraday rotation measurements in the 55-90 eV region by
the use of Al/YB; multilayer polarizers”. It consists of a transmission multilayer polarizer, a magnetic circuit
composed of Sm-Co permanent magnets and a rotating analyzer unit consisting of a reflection multilayer
analyzer, a multi-channel plate and a pulse motor. In our previous experiment on Ni films around M, edges?,
the Faraday rotation angles obtained by using the polarimeter were larger than those calculated from MCD
spectrum measured by the total photoelectron yield (TY) method”, through Kramers-Kronig analysis. It was
concluded that the Faraday rotation measurements are transmission measurements, so that they are scarcely
affected by surface conditions and reflect bulk properties.

In this experiment, the Faraday rotation measurement on a 21 nm Co film has been performed around M, 5
edges under an applied magnetic field of 0.82 T at room temperature. Figure 1 shows the preliminary result of
the Faraday rotation spectrum obtained by the present experiment and the calculated one from MCD spectrum
measured by the TY method, through Kramers-Kronig analysis. The former spectrum is similar to the latter one.
However, the measurement of MCD was performed under a magnetic field of 1.2 T at 140 K (the saturation
magnetic field of Co : 1.8 T), so that the absolute value calculated from MCD should be larger than the present
result. This means that the MCD measurement was affected by the surface condition and the Faraday rotation
measurement reflects bulk properties well as in the case of Ni. However, it is necessary to carry out additional
experiments to confirm this conclusion.
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Fig. 1. Faraday rotation specira of Co around M, ; edges.
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Mg and Al K-Edge XAFS Measurements
with a KTP Crystal Monochromator
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There has been a strong demand for the monochromator crystals with a large lattice spacing in
order to measure the EXAFS spectra for Mg and Al K-edges. At BL1A, beryl (1010) [2d=15.965A]
and quartz (1010) [2d=8.512A] are used as the crystal monochromator for the Mg and Al K-edge
X-ray absorption fine structure (XAFS) spectra, respectively, and serve soft X-rays with high
quality in the near edge region. However, the energy range (k range) is limited because beryl and
quartz contain Al and Si, respectively. In the EXAFS analysis, the reliability and accuracy depend
strongly on the k range. At the XAFS-X conference (Chicago, 1998), Rogalev et al. reported that
KTP, KTiOPO,, (011) [2d=10.951§] crystal can be used in the aystal monochromator at the ESRF
ID12A beamline (circularly polarized undulator) [1]. We have introduced KTP crystal (Crystal
Laser Co., France) at BL1A and tested the performance in the energy range below 2100eV
including the applicability to the EXAFS measurements for Al and Mg K-edges.

Figure 1 shows the throughput spectra of the KTP double crystal monochromator. The solid
line indicates the photon flux measured by the Si photodiode (IRD Co.). The Si K-edge jump at
around 1840 eV originates from the photodiode. The total electron yield spectrum of Au plate
(broken line) is also shown as a reference. It should be noticed that there is no structure up to
2140eV (P K-edge). On the other hand, YBg (400) [2d=1 1.72A] crystal monochromator covering the
same energy range shows undesirable structures at around 1400eV due to the anomalous (600)
reflection [2-4]. Furthermore, as pointed out by Rogalev et al., the reflectivity of KTP was higher
than that of YBg. The energy width of the monochromatized beam was 0.5~0.6 €V in the energy
range from 1200 to 2100 eV. We must mention about the radiation damage of the KTP crystal. At
the ESRF ID12A, the damage was not noticeable: on the other hand, the present first crystal
suffered the damage at BL1A similarly to the case of beryl and quartz crystals. Fortunately, the
damage was not so serious and we could measure the EXAFS spectra.

Figure 2 and 3 shows the Mg and Al K-edge XAFS spectra of MgO and «-Al,Os, respectively,
measured by monitoring the sample drain current. These samples are powder and spread on
adhesive conduction tapes. For both spectra, the energy range is extended considerably in
comparison with the spectra measured with the beryl and quartz monochromator. In the latter
cases, Mg and Al K-edge XAFS spectra are limited up to 1560 eV (Al K-edge) and 1840 eV (Si K-
edge).

References

[1] A. Rogalev et al., Abstract of XAFS X, (1998) R5.1-20.
[2] M. Rowen et al., Synchrotron Rad. News, 6 (1993) 25.
[3] T. Tanaka et al., J. Appl. Cryst., 3 0 (1997) 87.

[4] A. D. Smith et al., J. Synchrotron Rad., 5 (1998) 716.

#= ] lg—



Flux (photons/sec/100mA)

16

Photon Energy (eV)

e e

i >
=
410" <
: °
1 [=3
10% L U3 .
; ' 4
- 4102 8
B g 3
£ 4 >
,- S’
10’ ! ! ' I 10™
1200 1400 1600 1800 2000 2200
Photon Energy (eV)
1 ] | | |
MgO
2
i)
C
Q
c
5 c
=
m 1 1 Il 1
5 1300 1320 1340
_"'E Photon Energy (eV)
~—
| i | 1 |
1300 1400 1500 1600 1700 1800
Photon Energy (eV)
1 1 1 I |
a_A|203 ! ¥ 1 T
2
‘@
c
2
2 IS
‘
: L N | L L
2 1550 1570 1590
= Photon Energy (eV)
| | l | 1
1500 1600 1700 1800 1900 2000 2100

Figure 1. Throughput spectra
of the KTP double
monochromator at BL1A.

crystal

Figure 2. A Mg K-edge XAFS
spectrum of MgO.

Figure 3. An Al K-edge XAFS
specrum of o-Al:03.



(BL1A)
Ni 2p Photoabsorption and Resonant Photoionization of
Ni(NN-dimethylethylenediamine)2Cl2

Yasutaka Takata, Takaki Hatsui and Nobuhiro Kosugi

Institute for Molecular Science,
Myodaiji, Okazaki 444-8585

We have reported that the planar Ni complexes with a 3d®low-spin ground state show distinct
satellite structures in the Ni 2p photoabsorption spectra [1, 2], and show characteristic resonant
behavior in the Ni 3p and 3s resonant photoelectron spectra in comparison with Ni metal and
NiO [3-5]. The observed characteristics can be interpreted within a one electron picture taking the
licand vacant orbitals into account. In the present study, we have measured Ni 2p
photoabsorption and resonant photoelectron spectra of Ni(NN-dimethylethylenediamine: DED),Cl,
with a 3d®high-spin state in order to investigate how the spin state influences the spectra.

Experiments were performed at BL1A soft x-ray beamline. A pair of beryl (1010) crystals was
used in the double crystal monochromator. The Ni(DED),Cl, powder was spread on an adhesive
conduction tape. The Ni 2p photoabsorption spectra were measured by monitoring the total
electron yield. A SCIENTA SES200 electron energy analyzer was used to measure the
photoelectron spectra. The total energy resolution in the photoelectron spectra was about 0.7 eV.

The Ni 2p photoabsorption spectrum of Ni(DED).Cl; (Fig.1) shows two strong peaks at the 2pa»
edge, and is quite similar to the spectrum of Ni(cyclam)Cl; [6]. In Ni(DED),Cl;, Ni is in a D
symmetry with the apical Cl atoms. The spectrum is quite different from the planar Ni complexes
with a 3d low-spin ground state such as KoNi(CN),H:0 [1]and Ni(Hdmg), [2].

Figure 2 shows the resonant photoelectron spectra in the Ni 3p and 3s ionization regions
measured at the excitation energies (0-3) marked in Fig. 1. The intensity was normalized
referring that of the Cl 2p photoelectron peaks which are independent of the resonant condition.
In the non-resonant spectrum (0), strong satellite bands appear, and are strongly enhanced by
the resonant excitation. All the enhanced satellite bands in the spectra (1-3) have constant
binding energies, and no noticeable binding energy shift was observed; i.e., there is no clear
relation between the photoexcited states and the resonantly enhanced satellite states. These
results are similar to those for NiO [3], in which the correlation and multiplet interaction are very
important, but are quite different from those for the low-spin planar complexes. In KoNi(CN)4[ 3,
4)and Ni(Hdmg)[5] weak or hidden satellite bands in the non-resonant spectra are enhanced by
the resonant excitation, and show clear one-to-one correspondence between the photoexcited state
and the satellite state. The present results indicate that the resonant behavior is strongly
influenced by the spin state.
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In an energy-selected-photoelectron photoion coincidence (ESPEPICO) experiment, the
pulses in the ion channel, triggered by a pulse in the energy-selected electron channel, are
displayed as a function of the time delay between the two channels (i.e., the TOF). The TOF
depends on the mass of the ions. By tuning to a peak of the photoelectron spectrum and
measuring only the ions coincident with the electron emission, we can correlate an ionized-state
with observation of an ionic fragment.

However, one experimental difficulty in ESPEPICO, as well as in any coincidence
experiment, is differentiating between true and accidental coincidences [1,2]. Using a
synchrotron-radiation apparatus operated in partial-filling mode makes this problem even more
severe because the periodic accidental coincidences originating from the time-structure of the
synchrotron radiation are superimposed on the ordinary accidental coincidences that are nearly
independent of the TOF.

Figure la shows an ESPEPICO spectrum measured for
(trifluorosilyl)(trimethylsilyl)methane (FSMSM) condensed on a Si(111) surface. The periodic
structure is essentially the spectrum of the accidental coincidences, which show the modulation
due to the time structure of the synchrotron radiation. Eberhardt et al. removed such a
time-structure background by subtracting from the measured spectrum the shifted part of the
spectrum containing only accidental coincidences [1,2]. We removed the time-structure
background by performing fast-Fourier-transformation (FFT) on the ESPEPICO spectrum (that is,
subtracting the +177-ns component from the transformed spectrum), then performing an inverse
FFT [3]. Figure 1b shows the time-structure background that was extracted with our method,
and Figure lc shows the difference between the spectra in Figures la and b. This technique
worked so well that we were able to discern even weak true coincidence features very well. For
example, a weak true coincidence peak can be seen at around 1.9 ps in Figure 1lc, although it is
difficult to discern the peak in Figure 1a.

When an ion is produced coincidentally with an energy-selected electron, the integrated
intensity of a peak in the ESPEPICO spectrum () corresponds to the accumulated ion count. To
estimate integrated intensity I, the time-structure background intensity (B and the ordinary
accidental-coincidence intensity (2) should be subtracted from the total coincidence intensity (4).
The error (z) for Finherent in the procedure described in the preceding paragraph was evaluated
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as follows. [Iis given by
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Figure 1c be ({d. Because Figure 1c shows

the difference between the spectra in Figures 1a and b, (X#) can be written as

C(t) = A(t)- B(t), 3)

where (>0 in the corresponding TOF region. Equations (1) and (2) can thus be rewritten as
1=Y{Cwt)-z()} (4)

and
r= \/Z {C)+z@)+2B(1)}. ®)

In Figure 1, 7 — JZ {C(t)+ Z(t)} was calculated to be 1.3 % of r for the peak at around 0.4 ps,
4

but it was negligible for the peak at around 1.9 ps.
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Figure 1. (a) ESPEPICO spectrum measured for FSMSM condensed on a Si(111) surface. This
spectrum was obtained in coincidence with the electron emissions at a photon energy of 206 eV.
Data collection time was 1200 s. The accidental coincidence reflects the time structure of the
synchrotron radiation that was operated in a partial-filling mode with a period of 177 ns. (b)
Time-structure background with a period of 177 ns. This time-structure background was
extracted by using FFT. (¢) Difference between spectra in Figures 1a and b.
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Occurrence of different chemical shifts in Si:2p ionized state of
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Higashi-Hiroshima 739-8527, and £National Institute of Advanced Interdisciplinary Research,
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Synchrotron radiation has provided a powerful means to obtain information about
core-level excitations, and the dynamic processes following the core-level excitations in molecules
have long been a subject of interest. In contrast to valence electrons that are often delocalized
over the entire molecule, the core electrons are localized near the atom of origin. Although core
electrons do not participate in the chemical bonding, the energy of an atomic core-level in the
molecule depends on the chemical environment around the atom. A shift in the energy levels of
core electrons that is due to a specific chemical environment is called a chemical shift.

To elucidate the occurrence of different chemical shifts, we have studied the photoelectron
spectroscopy and the ab initio calculation in the Si:2p core-ionized state of XaSi(CH2),Si(CHa)s
(X=F or Cl, n=0-2) [1-3]. The chemical environments of a Si atom bonded to three halogen atoms
(Si[X]) and of Si bonded to three methyl groups (Si[Me]) are different from each other, so it seems
likely that XsSi(CH2)Si(CHs)s will show occurrence of different chemical shifts.

Figure 1 shows the photoelectron spectrum of X3Si(CH2).Si(CHs)s condensed on a Si(111)
surface. The high-resolution spectrum of the Si:2p peak is shown in the inset. The
photoelectron spectra of the F3SiCH:Si(CHa)s (FSMSM) and FsSiCH2CH2Si(CHs)s (FSMSE) have
two peaks in the region of Si:2p electron emission (Figs. 1b and ¢). The peaks at the lower- and
higher-energy sides are respectively assigned to Si[Mel:2p and Si[F]:2p electron emissions. In
contrast, the peak due to the Si:2p electron emission of ClsSiSi(CHs)s (MCDS)is not split (Fig. 1a),
although the same energy-resolution of CMA was used for these three molecules. From these
experimental results, we conclude that the occurrence of different chemical shifts at the two Si
sites is clearly observed in molecules in which the two sites are located far apart. However, they
are unlikely to be observed in molecules in which the two Si sites are closely located. To clarify
the reason for the absence of these different chemical shifts in the latter molecules, we have made

ab initio calculations.
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Let the calculated energy gap between the Si[Me]l:2p and SilX, X=F or Cl]:2p
core-eigenvalues be AE In Fig. 2, the AEs of MFDS (X=F and n=0), MCDS (X=Cl and n=0),
FSMSM (X=F and n=1), FSMSE (X=F and n=2) and FSMSP (X=F and n=3) are plotted as a
function of the number of CH2 groups between the two Si sites (n). For reference, the calculated
energy difference between the Si:2p core-eigenvalues of SiFs (SiCls, CH3SiF3; and CH3SiCls) and
Si(CHs)4 is also plotted (assuming that n is «). Although AFE is nearly constant or decreases
slightly when going from FSMSP to FSMSE to FSMSM, it decreases rapidly when going from
FSMSM to MFDS (MCDS). In MCDS, the small AE (Fig. 2) is thus consistent with the absence
of different chemical shifts (Figs. 1a). The qualitative features of the present computational
results are fully consistent with the experimental ones, so interpretation of the observed features
of photoelectron spectra can be made on the basis of computational results [3].
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Figure 1 (left-hand side). Photoelectron spectra of (a) MCDS, (b) FSMSM and (c) FSMSE
condensed on a Si(111) surface. The spectra a, b and ¢ were taken at photon energies of 196.2,
206.6 and 206.6 eV, respectively. The horizontal scale of the spectra in the region of Si:2p
electron emission is enlarged and shown in the insets. Each of the channels in the main spectra
was measured for 0.2 s at a step of 0.5 eV, and each of those in the insets was measured for 0.5 s
at 0.2 eV. In the measurement shown in the insets, an electric field across the ionization region
was applied during the measurement.

Figure 2 (right-hand side). Plot of AE versus nin MFDS, MCDS, FSMSM, FSMSE and FSMSP.
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The study of adsorbate properties and behaviors on substrates has attracted considerable
attention. Chiang et al. previously reported the observation of layer-resolved shifts of
photoemission spectra from physisorbed rare-gas multilayers [1]. The shifts were explained in
terms of difference in final-state hole-screening energy. However, such a shift has not yet been
found for molecules adsorbed on surface. In the present study, we have studied the
photoemission spectra of CFsCD(OH)CHs (TFIP-d1) on Si(100) and have found that similar shifts
can be revealed in the binding energies of the C:1s core-level, the O:1s core-level and the valence
level. TFIP-di is expected to be adsorbed on Si(100) like CF:CD(O(H)Si{substrate})CHs [2],
which is consistent with the results of NEXAFS.

TFIP-di was prepared with the reaction of CFsCOCHs and LiAlD4. The amount-regions of
gas exposure corresponding to the monolayer coverage and the multiplayer coverage were
determined by observing the development of the ion intensity as a function of the amount of gas
exposure; the plot of the ion intensity versus the amount of gas exposure was discontinuous
between the two regions. The experiments were performed using a double-pass
cylindrical-mirror electron-energy analyzer (ULVAC-PHI) and a home-built time-of-flight
ion-detection assembly coupled to a grasshopper monochromator (Mark XV) installed on the
BL2B1 beamline [3].

Figure la shows the C'ls core-level photoemission spectrum of TFIP-¢i monolayer on a
Si(100) surface. The spectrum has three peaks whose assignments are given in the figure. The
occurrence of different chemical shifts at the three C sites can clearly be revealed. The
site-specific fragmentation of this molecule is very interesting [4].

Figure 1b shows the C:ls core-level photoemission spectrum of TFIP-d1 condensed on a
Si(100) surface (multilayer). The peaks in the spectrum of the multilayer are shifted by about
0.5 eV to higher binding energies from those of the monolayer. Similar shifts can also be found
in the O:1s core-level and valence photoemission spectra (Figures 2 and 3); the amounts of the
shifts are 0.7 and 1.4 eV, respectively. As in the case of rare-gas [1], the shifts might be
explained in terms of difference in final-state hole-screening energy.

Further investigations are clearly needed on the reason of the spectral shift and the
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site-specific fragmentation in this molecule.
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Figure 1 (upper left-hand side). C:ls

core-level photoemission spectrum of

TFIP-di on a Si(100) surface. (a)

Monolayer. (b) Multilayer. The

assignments are given in the figure.

Figure 2 (upper right-hand side). O:ls

core-level photoemission spectrum of

TFIP-di on a Si(100) surface. (a)

Monolayer. (b) Multilayer.

Figure 3 (bottom). Valence-level

photoemission spectrum of TFIP-¢i on a
Si(100) surface. (a) Monolayer.  (b)
Multilayer.
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Recently, the DO,-related pseudo-binary alloys (Fe,V, );Al have been received much attention because of their
fascinating electronic and magnetic properties [1,2]. The alloy of the V composition x = 0, i.e. Fe;Al is a well-
ordered ferromagnetic metal of the DO, crystal structure with the Curie temperature 7 of 720 K. As the
composition x is increased, 7 and magnetization of the pseudo-binary alloys are rapidly reduced, and their
electrical resistivities exhibit a maximum at a temperature T, near 7, and hence negative temperature
dependence above T, Finally, the alloy with x = 1/3, i.e. the Heusler-type Fe, VAl compound is in a marginally
magnetic state, and its electrical resistivity shows semiconductorlike behavior suggesting an energy gap of about
0.1 €V and reaching 30 uQm at 2 K. Low-temperature specific heat studies indicate a large enhancement of the
effective electron mass and a substantial decrease in carrier concentration in Fe,VAL. The Hall effect [3] and
nuclear magnetic resonance [4] measurements also support the low carrier concentration. Several theoretical
studies predict that Fe,VAl is a nonmagnetic semimetal with a pronounced pseudogap of about 0.5 €V in its
width across the Fermi level Ex [5-10]. The anomalous transport property is thought to arise from the spin
fluctuation as well as the low carrier concentration rather than the existence of the band gap [1,2]. However, its
ultraviolet photoelectron spectrum reveals a clear metallic Fermi edge with fairly large intensity [1,11]. Thus
we have systematically investigated the valence-band photoelectron spectra of (Fe,V,,);Al and Fe, VAL Si,. In
(Fe,V,,);Al with x larger than 1/3, its resistivity is higher than in Fe,VAl, which may show a wider (pseudo)gap.
In Fe, VAL, Si,, E; might be shifted by several hundreds meV in the rigid band model with a calculated density of
states [10] at the Si composition z=0.2. Here, we will report some iareliminaxy results.

Photoelectron measurement was performed at BL-5A with a helical undulator [12], a spherical grating
monochromator SGM-TRAIN [13] and a hemispherical analyzer (Omicron EA125HR) in an angle-integrated
mode (the acceptance angle of 18") under a pressure of 3 x 10® Pa.  Specimens used in the present study were
polycrystalline (Fe,V,,);Al,,Si; alloys prepared in the DQ,-related structure [1,2].  Specimens of 3 x 3 x 3 mm’
in size were attached on a sample holder with conductive epoxy glue and cooled down to a temperature of about
80 K. Their surfaces were in situ cleaned with a diamond file for the photoelectron measurement. The total
energy resolution was estimated to be 0.10 eV at the photon energy Av of 40 eV and 0.12 eV at Av =75 eV by
measuring the Fermi edge of Au evapo.rated onto a plate of the sample holder. The origin of the binding energy
i.e. Ex was also determined with the Au Fermi edge.

Figure 1 shows the valence-band photoelectron spectra of Fe,VAl obtained at the first run after each

cleaning procedure. The excitation photon energy Av is indicated in the figure. The spectrum measured at Av

= LA



=75 €V 1s similar to that reported so far [1]. However, a feature is noticed around the binding energy £y of 6
€V in the spectrum obtained at ~v =40 eV. This feature seems to be attributed to the oxygen contamination due
to the sample oxidation or condensation of molecules containing oxygen, and to become prominent at the low
photon energy [14]. Unfortunately, we could not completely remove or prevent it in the present measurement.
The valence-band photoelectron spectra near E; of Fe,VAl, (Feqg, Vy15):Al and Fe, VAl 451y, as well as Au
are shown in Fig.2, where they are plotted so that the intensity may coincide with each other at E; = 0.15 V.
As seen in the figure, no large gap can be recognized either in (FeyqVi3)sAl nor in Fe, VAl ¢Siy,, and the
intensity at £y is slightly low in Fe,VAl compared with other compounds. For Fe,VAl;Si,,, these features
seem consistent with a preliminary result on the temperature dependence of its resistivity, which shows a
maximum at about 600 K. No indication of the gap and the relatively large intensity at £r might show that the
increase of the resistivity in (Fe,V,,);Al with x > 1/3 arises from further spin fluctuation due to the lack of long
range ordering. Rather sharp Fermi edge of Fe, VAL in comparison with Au, as well as its low intensity at E
indicates a possibility of its low density of states above E; [15]. Although the unoccupied states have not been
investigated yet and the effect of the above-mentioned contamination is not clear, the present results suggest that

the pseudogap in Fe, VA, if any, may be located higher in energy or its width may be smaller than expected.
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The 1:1 charge-transfer organic salt DMTSA-BF,, where DMTSA is 2,3-dimethyltetraseleno-anthracene,
have attracted the interest of many researchers because of the high electrical conductivity and metallic physical
properties [1]. The electrical resistivity of DMTSA-BF, decreases from the room temperature to ~150K with a
positive slope and DMTSA-BF, behaves as a metal. At about 150K the metal insulator transition is caused and
the electrical resistivity below ~150K turn to increase with a negative slope as an insulator. It has been
considered that the 1:1 charge-transfer salt becomes a Mott insulator due to the Coulomb interaction since the
1:1 charge-transfer salt has half-filled band. The origin of the metallic physical properties is not clear at
present. In order to obtain the information on the electronic structures such as the band structure, density of
states, and the orbital characters, we have performed the photoemission experiments for the organic salts
DMTSA-BF,. Since the size of DMTSA-BF, is not large enough to carry out the ordinary photoemission
experiments, we used the photoelectron spectromicroscopy instrument as reported in Ref. 2.

Photoemission experiments were carried out by using a conventional UHV system (FISONS,
ESCALAB-220i-XL) at a base pressure of 2x10® Pa [2]. Total instrumental energy resolution was 0.3~0.6 eV
full width at half maximum (FWHM), depending on the photon energy (4v) in the energy range of 30~100 eV.
Needlelike shaped single crystals of DMTSA-BF, and DMTSA were synthesized by electrochemical reduction
[1]. The typical sample size used here was less than 2x0.2x0.1um®. These samples were characterized by x-
ray diffraction, electrical resistivity, magnetic susceptibility and ESR measurements [1]. The clean surface was
obtained by scraping the sample surface using an edge of a razor. The cleanliness was confirmed by x-ray
photoemission spectroscopy for the absence of extra features arising from the contaminations.

Figure 1(a) shows the photon energy dependence of the photoemission spectra for DMTSA-BF,. From
the photon energy dependence of the photoionization cross-section, the atomic orbital characters of the observed
spectral features are determined. The features at ~1 eV, ~3 eV, and ~6 eV are predominantly derived from Se
4p states. The broad feature at ~8 eV is predominantly derived from C 2p and F 2p states. The features
between 12 and 18 eV are predominantly from Se 4s and C 2s states. As shown in Fig. 1(b), the clear Fermi
edge was not observed. It is suggested from the previous polarized reflection experiment [1] that DMTSA-BF,

has a pseudo-one-dimensional band structure. No clear Fermi edge may be due to one dimensional electronic
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structure for DMTSA-BF,.

In Figure 2, the Se 3d core-level photoemission spectrum for DMTSA-BF, is

compared with that for DMTSA. The Se 3d core-level photoemission spectrum for DMTSA-BF, showed the
tail at the higher binding energy side as compared with that for DMTSA. Although the difference of the Se 34

core-level photoemission spectra between DMTSA and DMTSA-BF, is not clear at present, there are some

possibilities that the tail originates from the Doniach-Sunjic tail by the metallic nature and another component

such as the different charge state and/or the surface component.
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In recent years, photon-induced phenomena attract much interest. For
examples, photon excitation changes the crystal structures, magnetic and optical
properties, and so on. These new phenomena are called as photo-induced phase
transitions, which are expected to produce new properties of condensed matters.

In order to investigate the photo-induced phase transitions, optical
spectroscopic techniques such as optical absorption and reflection have been mostly
used, since these techniques can monitor the phenomena in a fast time domain.
However, these techniques have some limitation. For examples, only narrow energy
range in the valence electrons can be observed by the optical spectra. The purpose
of the present study is to investigate the photo-induced effects on electronic states in
wide energy range using photoelectron spectroscopy. We have been developing new
techniques based on the combination of synchrotron radiation and laser in recent
years. We will show the application of the technique to the present purpose.

Experiments have been carried out at a beam line BL5B, where a plane-grating
monochromator provides photons in a wide energy range from 6 to 260 ¢V with a
moderate resolving power and intense fluxes. A VG-microESCA system , which
consists of XPS and UPS components with multi-channel detectors, was installed to
this beamline during our beam time. A single crystal of [Fe(2-pic);] CLEtOH was
grown at Kyoto university and was filed in a preparation chamber. The sample was
attached on the holder of a flow-type He cryostat and was cooled down to about 40 K.
The cw Ar" laser light was introduced in an analyzing chamber using an optical fiber
to excite the sample during photoelectron measurements.

Figure 1 shows XPS spectra of Cl-2p states of Fe(2-pic); JCLEtOH. Solid and
broken lines represent the spectra observed at room temperature and 40K,
respectively, while a dotted line shows the spectrum with laser excitation at 40K. It
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is noted that the spectra are shifted to higher binding-energy side with cooling the
sample, but no photo-induced effect is observed on Cl-2p state. Figure 2 shows
N-1s spectra obtained under the same condition. It is obvious that the N-1s spectra
are shifted to lower binding-energy side with cooling the sample and laser excitation
causes the shift of N-1s to higher binding-energy side. The photo-induced spectrum
at 40K is also in good agreement with the spectrum observed at RT. On the other
hand, photoelectron spectra of Fe element, for examples Fe-3d spectra, are very
complicate to explain (not shown here). The spectral structures were remarkably
changed with temperature and laser excitation. The photo-induced spectrum at 40K 1s
not agreement with that observed at RT.

It has been believed from the optical spectroscopic studies that Fe(2-pic);]
CLEtOH shows high-spin and low-spin states in Fe ions at RT and low temperatures,
respectively, and that the low-spin state (low-temperature phase) is changed by
photo-excitation to the high-spin state (high-temperature phase). However, the
present experimental results indicate that the photo-induced phase transition of
Fe(2-pic)s] CLEtOH is closely related to both Fe and N ions and is more complicate
and interesting co-operative phenomenon.

Fig. 1. Photoelectron spectra of Cl-2p level in Fe(2-pic):] CLEtOH. Solid and
broken lines show the spectra at 40K and RT, respectively, while a dotted line
represents the spectrum induced by laser excitation at 40K.

Fig. 2. Photoelectron spectra of N-1s level in Fe(2-pic);] CLEtOH . Solid and
broken lines show the spectra at 40K and RT, respectively, while a dotted line
represents the spectrum induced by laser excitation at 40K.
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The photoelectron spectromicroscopy is one of the attractive methods to investigate the electronic
structure for various materials because a lot of applied usages are possible as compared with the ordinary
photoelectron spectroscopy [1].  One of the advantages of the photoelectron spectromicroscopy is to measure
the specific small area of the sample. Making the most of the advantage, we have performed the combined
study of the photoelectron spectromicroscopy and the laser annealing. A merit of the laser annealing is that it
is possible to anneal the specific small area of the sample by irradiating the focused laser light to the sample
with less degassing and without the heating unit in the vacuum. In addition, the effect of the electric field used
to keep the sample to high temperature is not needed if we use the laser annealing. Therefore, it is considered
that the electronic structure at high temperature can be easily measured. As a typical example of the laser
annealing, we report the electronic structure at high temperature for the Si (111) surface.

Figure 1(a) shows the experimental setup. Photoelectron spectromicroscopy experiments were carried
out by using a conventional UHV system (FISONS, ESCALAB-220i-XL) at a base pressure of 2x10°% Pa [1].
Total instrumental energy resolution at room temperature was 0.1~1.0 eV full width at half maximum,
depending on the photon energy (hv) in the energy range of 21.2~1486.6 eV. The clean surface was obtained
by annealing the sample at ~1200°C using the laser light irradiation (hv = 1.165 eV) and checked by x-ray
photoemission spectroscopy and LEED as shown in Figure 1(b). The temperature of the sample was measured
with an optical pyrometer.

Figure 2(a) shows the temperature dependence of the photoemission spectra for n-Si (111) surface (P-
dope, 9-14Q) from room temperature to ~1200°C. At room temperature, three surface states were observed at
~0.2, ~0.8 and ~1.8 eV. With increasing the annealing temperature, the surface state at ~0.8 eV disappears.
The temperature dependence of the spectral features obtained in our measurements is essentially identical to that
previously obtained by Yokotsuka et al. [2]. However, we found that the shift of the photoemission spectra
was observed at ~0.2 eV higher binding energy side under 0.04~0.89 W laser irradiation. With increasing the
annealing temperature, the shift disappears at the laser power of 2.00 W.  The shift at ~0.2 eV higher binding
energy side was also observed at the Si 2p core level photoemission spectra as shown in Figure 2(b). It is
considered that the observed rigid shift is caused by the surface photovoltage effect [3] induced by the laser

irradiation.
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Although we introduced the electronic structure at high temperature for the Si(111) surface, a lot of
materials and surface systems cause the phase transition at high temperature. The combined study of the

photoelectron spectromicroscopy and the laser annealing would become an effective method to investigate the

electronic structure at high temperature.
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Figure 1(a) Schematic experimental setup. (b) A LEED pattern observed at ~54 eV electron energy after
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Recently, it has been shown by means of
LEED, AES, and RBS techniques that binary metal
adsorbates of Pb and Sn on the Si(111) surface form
a Si(111) 2v7x3-(Pb,Sn) surface at both Pb and Sn
.coverages of 0.5ML (1ML for Si(111) face = 7.8x10M
atoms/cmz). STM images of the 2v7x3-(Pb,Sn)
surface showed that there exist constant bright
lines along [101] direction at both empty and filled
states. The 2v7x3-(Pb,Sn) surface intrinsically has

»A - ‘ - g | =4
domain boundary, as shown in Fig.1. In this paper, (o o g ¥ B gy : % L]
ARUPS of the 2v7x3-(Pb,Sn) surface has been Fig.l STM image of the Si(111)2v7x3-
' . ) ) (Pb,Sn) surface at sample bias of -1.0eV,
performed to study the dispersion relationship of Dotted lines are domain boundary.

the bright lines, with use of "single" domain 2v/7x3-(Pb,Sn) surface .

All the experiments were performed in the UHV chamber ( 8x10™% Torr ) at BL6A2. For
ARUPS measurements, we used excitation photon energy of 26.1eV. The energy resolution and
angular resolution at ARUPS measurements were 0.15eV and 1°, respectively. Specimens used
were mirror-polished n-type Si(111) wafers with a miscut angle of ~2°. The "single" domain
2v7x3-(Pb,Sn) surface was prepared as followed. First, Sn of 0.8ML was deposited onto the
Si(111)-7x7 surface at RT, and annealed at 550°C for 5min to form the 2v3x2v3+v3xv3-Sn
surface at the Sn coverage of 0.5ML. Next, Pb of 0.8 ML deposited onto the 2v3x2v3+v3xv3-Sn
surface was annealed at 300°C for 2 min. —

A LEED pattern of the "single" domain 2v7x3-(Pb,Sn) surface is shown in Fig.2. The other
domains are hardly seen. Surface Brillouin zones (SBZs) of the single domain 2v7x3 surface and
1x1 surface are shown in Fig.3. Symbols are 1X1 symmetry points. Typical spectra along the
[101] direction are shown in Fig.4. The dispersion relationships along the [101] direction and
[121] direction are shown in Fig.5 (a) and (b). Gray lines represent the projected bulk bands of
the Si structures. Unique 2v7x3-(Pb,Sn) surface bands of S1 and S2 are clearly seen. The S1
band has peaks at I' and K points, and the S2 band has peak at M point. The periodicity of S1
band does not match SBZs of both 2v7x3 and 1x1. Since there is no surface band across the
Fermi level, the Si(111) 2v7x3-(Pb,Sn) surface is not metallic but semiconducting.
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Si(111)2v7x3-(Pb,Sn) surface
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Molybdenum-containing heterogeneous catalysts for olefin metathesis have been a great interest since Banks
et al.! had reported the first observation. It is accepted fundamentally that reduced Mo ions such as Mo** and/or
Mo3% need to exist as the active center for metathesis. In the case of molybdenum-containing oxide catalysts,
reductive pretreatment (with Hy or CO) needs generally to reduce Mo®™ ions. However, we proposed previously
that MoQ3/Si0y-Alp 03 catalysts exhibit high activity for propene metathesis even at room temperature without
reductive pretreatment.2 In order to obtain the structural information details about the active molybdenum
species for metathesis, the Mo Ljjj-edge XANES was applied to the supported molybdena systems. The XANES
spectrum probes the orbitals of 4d character participating in the Mo-O bonds. The white lines of the spectrum are
split, corresponding to the ligand field splitting of Mo 44 orbitals.3

Supported molybdenum catalyst samples were prepared by impregnation of each metal oxide support with an
aqueous solution of ammonium heptamolybdate ((NH4)gMo070,44H,0) or acetone solution of
bis(acetylacetonato)dioxomolybdenum (MoOj(acac)z). The oxide supports were SiOy (Aerosil), y-Al2O3
(Nacalai, calcined at 873 K), and amorphous SiO-Al;03 containing 28.6 wt% (JRC-SAH-1, indicated as
SAH-1) and 13.8 wt% (JRC-SAL-2, indicated as SAL-2) AlpO3. The impregnating solution was stilled at room
temperature and evaporated at 343 K for 6 h, and then, the paste was dried for ovemight and calcined at 773 K
for 6 h. The Mo L-edge XANES spectra were collected on a facility of BL-7A station of soft X-ray beam line at
UVSOR, in the Institute for Molecular Science with 750 MeV of a ring energy. Each powdery sample was
mounted on a carbon-tape, and then attached on a beryllium-copper dynode which was set to the first-stage of
electron multiplier placed into a vacuum chamber. After the chamber had been evacuated (< 3.0+ 107 Torr), the
spectrum was recorded in a total electron yield (TEY) mode at room temperature, using the Ge(l111)
double-crystal monochromator (2d = 0.6532 nm). The photon energy was calibrated by using Mo metal sample
at Mo Lyj-edge (2520 eV).

Mo003/Si02-Alp03 exhibit high activity for propene metathesis even at 293 K without reductive
pretreatment, as described above. The metathesis reactivity (at 293 and 473 K) is summarized as (MoO3/SAH-1 >
Mo0O3/SAL-2 > MoO3/Al»03 > Mo03/5i03). Molybdena-rich MoO3/SAH-1 (7.5 - 10.0 wt% as MoO3)
shows the-highest catalytic activity. By the results of UV-Vis and ESR, it is concluded that molybdenum ions
on SAH-1 can be easily reduced to form active species even by contact with propene, and thus, it shows a high
activity without reductive pretre,atmeﬁt. The Mo Ljjj-edge XANES (TEY mode) of supported molybdena
samples and reference compounds are shown in Fig. 1. The detailed interpretation of the spectra was described

elsewhere.* In the case of Mo03/Si0; and MoOj3/Al;03 (prepared by means of AHM), tetrahedral Mo-Oy4
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Fig. 1 Mo Ljj-edge XANES of supported molybdena samples and

reference compounds. Contents of MoOs are (A) 2.5, (B) 7.5, and (Cy15.0
wt%. Dotted lines are the spectra of each sample after the metathesis

reaction at 293 K.

species are dominant at a low MoOj
content (2.5 wt%). With an increase in
MoO3 content, polyanion-like Mo-Og
octahedra coexist with tetrahedra. For
15.0 wt% Mo03/Si0y, the octahedral
species exist mainly. These results
support  the conclusion  reported
previously by several workers.> On the
other hand, the molybdena species
supported on Si02-Al203 (SAH-1 and
SAL-2) is almost occupied by the

tetrahedron even at the higher MoOj

contents. It is likely that the
molybdena species in 2.5 wt%
Mo03/Si02-Al203  contains  poly-

anion-like octahedra partly, and it is

almost absent after the catalytic
reaction. For 7.5 and 15.0 wt%
MoO3/SAH-1, structural change of

tetrahedral species is scarcely brought

about by the reaction. It can be

suggested that the formation of the

bulk MoQO3 phase and/or large

polyanion clusters proceeds hardly on SiO;-Al03 because of peculiar support-interaction as re:portecl.6 In

contrast, the polyanion-like octahedra coexist with tetrahedra on SAH-1 when MoOy(acac); is employed as the

precursor. The structure of these species is little affected by the reaction. The study of the structural difference

between these MoO3/SAH-1 samples prepared from AHM and MoOx(acac); is now in progress.

We acknowledge Dr. E. Shigemasa and staffs of UVSOR for helpful assistance and support of the works in
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Introduction

Light metal oxides are noticed as functional materials recently, and applied for ceramics and various catalyses.
In particularly, aluminosilicate minerals as the light metal oxides are used well as materials of ceramics.
However, the aluminosilicate minerals have not been made a fundamental study in detail, especially for a
correlation between coordination and electronic structures around AI(III) or Si(IV), though there are
aluminosilicate minerals with various oxygen-coordinated AI(III) in nature. We have investigated the electronic
structures around AI(III) in the aluminosilicate minerals by an X-ray absorption fine structure (XAFS) method.
A region of X-ray absorption near edge structure (XANES) on XAFS spectrum is useful to contain the structural
information of the electronic state around an absorbing atom. In previous studies, we carried out the Al K-edge
XAFS measurement for anorthite [CaAl,Si,04: four-coordinated to AI(TIT)], andalusite [Al;SiOs : five- and six-
(1 : 1) coordinated to AI(III)], and kaolinate [ALSi,Os(OH)4: six-coordinated to Al(III)] in a series of
aluminosilicate minerals, and obtained the relationship between the features of the XANES spectra for AI(III) in
their aluminosilicate minerals and the coordination number around the Al(II). In this study, we investigate the
structure around the AI(III) in mullite, one of a series of aluminosilicate minerals, by the XAFS method with
being based on the result mentioned above. Strength of ceramics made of mullite depends on the structure and
composition of mullite. However, the structure of mullite has been insufficiently studied, since mullite has a
complicating structure. Therefore, it is worth study to reveal the structure of mullite.

Experimental

The Al K XAFS measurements were carried out at the BL7A
of UVSOR in the Institute for Molecular Science. Two YBgs
crystals as a monochromator are used combining with Si mirror.
The storage ring was operated at 750 MeV. All of XANES
spectra were measured by the total electron yield method. The

3AL0;2Ge0;

samples in powder were mounted on CuBe photo dynode, and
were attached to the photomultiplier tube. A series of mullites
3AL,0;28i0, were prepared by adsorption of silicic acid on aluminium

Normalized Intensity / a. u.

hydroxide. The detailed preparation method is described in a
previous paper™. All samples ( noncrystalline mullite precursors
and noncrystalline mullites ) are represented in terms of their
composition as 3A1,0;.2(51;Ge; 40,).

00 10 20 30
Photon Energy / eV

Fig. 1. Al K XANES spectra of noncrystalline mullites
and noncrystalline mullite precursors.
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Table 1. The enegy values of the Al K edge for 3Al,05.

2(Si,Ge,.,0,) noncrystalline Mullites.

Composition

First peak(eV) Second peak(eV)

Normalized Intensity / a. u.

Ge only 1.6271 4.4276
Si:Ge=1:5 1.3179 47308
SiiGe=1%5 1.6271 3.8803
Si:Ge=1:5 1.3043 47308
SitGe=1:5 1.6271 3.8803
Si:Ge=1:5 1.3179 47308

Si only 1.6271 4.4276

Results and discussion

Main peak positions on the Al K XANES spectra of
a series of noncrystalline mullites and noncrystalline
mullite precursors are presented in Fig. 1 and 2. In Fig.
1 and 2, the energy of abscissa axis was normalized
with respect to the first peak top of aluminium metal as
0 eV. All of the XANES spectra of a series of model
aluminosilicates present one maximum when
aluminium is tetracoordinated, and two maxima when
aluminium is hexacoordinated”. Their spectra of
noncrystalline mullite precursors are not clearly
observed two maxima, but their features are present an
inflexion points in the spectra. Therefore, we conclude
that all spectra contain two peaks, and the Al atoms of
their noncrystalline mullites and noncrystalline mullite
precursors are hexacoordinated.

Table 1 shows the peak top energy value of Al K edge
for all samples. It was reported that slight variations in
positions of the first maximum can be related to the
Al-O bond character”. Their first maximum peak
exists the slight wvariations, but the tendency of
variations can not be explained satisfactorily. It is
maybe due to the limit of the energy resolution of the
beamline. Therefore, in our measurements, it is
difficult to discuss the term of energy shift.

Fig. 3 shows the Fourier transformed EXAFS spectra
of six samples. For gibbsite, the Fourier transformed
EXAFS spectrum shows clearly the presence of the
second neighbor atoms at about 3 A. But all of the

. Si:Ge=1:5
_.____/ //\\ “_ﬂ‘\ﬁ_____ﬁ_
7 \ Precursor
[

e

o

S~ Si:Ge=5:1

[\/\
A,

-10 0 10 20 30 40
Photon Energy / eV

Fig. 2. Al K XANES spectra of noncrystalline mullites and

noncrystalline mullite precursors. The compositions of them
are represented as 3A1;05.2(SixGe;.x02).

| FT|

3 g 3 10

r/a

[N

Fig. 3. The Fourier transforms of a series of noncrystalline
mullites and noncrystalline mullite precursors. The com

positions of them are represented as 3ALOs. 2(SixGe1.x02).

others do not show them clearly, and the comparison of thier first peaks didn’t shift. It is maybe due to the limit
of the energy resolution of the beamline. Because we consider that the Al-O distance of noncrystalline mullites
and noncrystalline mullite precursors arise from compositional variation of silicon and germanium.

Conclusion

The Al K XANES spectra of a series of noncrystalline mullites and noncrystalline mullite precursors were
measured. All Al atoms of them are hexacoordinated. The Fourier transformed EXAFS spectra of six samples
derived, and the spectra didn’t obtain a significant tendency. Further theoretical study is required.
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Introduction

Mullite is one of the aluminosilicates, and is excellent material for functional ceramics. The strength and
crystallinity of the ceramics change by the ratio of Al (III) with Si (IV) and/or calcination temperature of
mullite. As described in the UVSOR Activity report in 1998 and 1999, the Al K X-ray Absorption Near
edge Structure (XANES) spectra of a series of model aluminosilicates, noncrystalline mullites and
noncrystalline mullite precursors {3A1203-2(SixGe1_x02)} were measured and analyzed in terms of Al-O
distances and their bond characters. In particular, for noncrystalline mullites and noncrystalline mullite
precursors {3A1203'2(SixGe1_sz)} , we conconcluded that the character changes of the mullites are
particularly due to the change of Al-O bond character with the composition change of silicon and
germanium. In this study, the Si K XANES spectra of a series of noncrystalline mullites and noncrystalline
mullite precursors {3A1,0; 2(SixGel-sz)} were measured and discussed the electronic structures,
especially, the properties of 3A1,05°2(SixGe;.x0O2) mullites with the changes of Al-O, Si-O bond character
were discussed.

Normalized Intensity / arb. units

1850 1860 1870 1880
Photon Energy / eV

Fig. 1 Si K XANES spectra of a series of 3Al,0; - 2(SixGe;x0;) noncrystalline mullites and
noncrystalline mullite precursors.

—136—



Experimental

The Si K XANES spectra were measured at the BL7A in the UVSOR of the Institute for Molecular
Science (Okazaki, Japan), a crystal monochromater beam line with Two YBgs crystals as a monochromator
are used combining with Si mirror. The storage ring was operating at electron energy of 750 MeV.
Powdered samples were dispersed on double-faced adhesive carbon tape mounted on copper slide and the
signal detected as the total electron yield.

Results and discussion

Fig. 1 shows Si K XANES spectra of a series of 3AL,05°2(SixGe;.x0;) noncrystalline mullites and
noncrystalline mullite precursors. It is immediately apparent that two peaks are present in the XANES
spectra of all samples. As the results, the peak positions of the two peaks A and B on the Si K" XANES
spectra were nearly the same in the series. Therefore, from a simple fingerprint basis, the Si atoms seem to
consist of the SiO; tetrahedral structure”. The presence of two peaks on the XANES spectra probably is
due to two different Si-O distances. It was noted from previous report that the strength of peak B on Si K
edge increases with increasing the Si composition of mullite. So, the first, it is due to the increase of Si
component, that is the strength of observed spectra increases with increasing the composition of the
absorbing atom Si. The second, it is reported that Peak B can be assigned the transition from Si 1s orbital to
Si 3p-like orbital (3s/3p)2), therefore, the feature of the Si K XANES spectra of mullite depends on a
distribution of Si 3p-like orbital.

Conclusion
The Si K XANES spectra of a series of noncrystalline mullites and noncrystalline mullite precursors
{3A1203'2(SixGei_sz)} were measured. These XANES spectra were used as a fingerprint study of the
structure of the mullites and mullite precursors. All Si atoms of them are tetracoordinated. The feature of
the Si K XANES spectra of the mullites probably depends on a distribution of Si 3p-like (Si 3s/3p) orbital.
But it is not observed that the effect of Al-O bond character is due to the Si-O bond character change.
Further theoretical study is required.
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We have measured sample thickness dependence of photoluminescence excitation spectra from
vacuum evaporated LiBr film excited in the photon energy region of Br-Ls absorption edge. Br-L
spectra had become possible to measure by the use of YBss" crystal as monochromator crystals at the
BL7A beam line. We had obtained Br-L absorption spectra of alkali bromides by the transmission
methods and photoluminescence yield spectra from thin samples excited in the energy region. In
the case of fine powder samples, the excitation spectra show inverted profiles of absorption spectra in
the case of LiBr fine powder sample, whereas other alkali bromides show same profile as the
absorption spectra. It had been considered that it might be due to the difference of the effective
sample thickness In order to observe the change with sample thickness, excitation spectra were
measured on LiBr thin films prepared by vacuum evaporation with different thickness. Although
the results show no existence of inverted feature, the intensity of excitation spectra are found to show
characteristic variation with sample thickness.

Experiments were performed at the BL7A with YB66 monochromator crystal. Several
modification were applied for the beamline. A sample preparation chamber were attached to the
sample chamber to evaporate samples in separated place. Sample were prepared with vacuum
evaporation on to a collodion film and transferred to the sample chamber for each measurements on
every sample with different thickness. Rvaporation were repeated over the one sample film after a
measurement. The thickness of evaporated film was monitored by a quartz frequency monitor.

A photo-multiplier tube was installed at 45 degree to incident light direction through a quartz
focusing lens of 20mm diameter at 200mm from the sample position. A electron-multiplier with
Be-Cu anode was set behind the sample film, and absorption spectra were simultaneously obtained
by a transmission method getting along with the excitation spectra.

Figure 1 shows a comparison of the excitation spectra with different film thickness . The
thickness were given by the frequency shift of the quartz thickness monitor. No correction, nor
estimation of the thickness was made because of lack of reference value of the density of dehydrate
LiBr. In the figure the absorption spectrum is also shown with a dashed curve for a comparison.
Spectral features are all common among the samples of the different thickness and with the
absorption spectrum except the intensity distribution. As the thickness are small, it is apparent

that the photoluminescence intensity increases rapidly.
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Figure 2. shows a change of luminescence
intensity measured at the energy below the
absorption edge, the first absorption peak and
second peak, which are shown by arrow A, B and C
in figure 1, respectively. It is found that the
change is presented quite well by a quadratic curve
as shown in the figure by solid curves. That of C is
given by a bold dashed curve, which has not
minimum point whereas the other have minimum
at around 2 kHz thickness. Intensity of the
photoluminescence from thin film, excited with x-
ray, increases as a function of quadratics of film
thickness, not but linear function.

The luminescence intensity depends on the
whole amount of creation of inner core holes, and
the amount may depends on dose of absorbed x-ray,
thus it may be considered to be proportional to the
thickness of the sample. The intensity of the light
may be unchanged since alkali halides are
transparent in visible and uv region, thus no self-
absorption effects are considered. We had
obtained quantum efficiency spectra, ratio spectra
of the luminescence and the dose spectra. The
dose spectra are given by (Io-I) spectra, where I is
incident x-ray spectra and I is transmitted x-ray
spectra. They increase with sample thickness and
appear to have maxmum structures at the same
position as the excitation spectra. Figure 3 shows
plots of the quantum efficiency at the point A,B and
C against sample thickness, The figure show that
quantum efficiency of A, B and C are not only
linearly changes against the sample thickness as
the samples are thin, but also they appear to
converge to zero at thickness of about 2.5kHz
commonly among A, B and C,. If it is true, it
suggest that there is a threshold in the sample

thickness to excite the photoluminescence by x-ray.
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Soft x-ray excitation spectra of luminescence were measured in Br-Laregion as well as soft x-
ray Br Ls absorption spectra of alkali bromides. The photon energy of Br L edge exist at around
1500eV, where only few spectroscopic study is reported. One of the reason is that a proper
monochromator crystal has been poor. At the BL7A beam line, stable spectroscopic works had
become possible by the use of YBes crystal in the region. The beam line was operated at the 4T-
wiggler mode. The beam line is composed with a double crystal monochromator. By using wiggler,
usable energy extends up to about 5 KeV and the intensity raises of the two order in the 1500eV
region. The YB66 crystals used were commercial products synthesized by the Crystal Systems
Inc., Yamanashi, Japan. We had performed Br L absorption measurements on alkali bromides in
order to check the availability. The experiments were performed on thin powder samples. The
absorption spectra were obtained by the total photoelectron yield. The excitation spectra were
obtained simultaneously with recording the intensity of the visible (ultraviolet) light from the
sample.

Figures 1 to 4 show comparisons of the excitation spectrum and the absorption spectrum of
four bromides, respectively. Thin curves show the absorption spectra and bold ones the excitation
spectra. The absorption spectra have a series of fine structures at the edge commonly. The
intensity distribution and the number are the similar to Cl-L spectra of alkali chlorides, though the
Br spectra don't show sharp peak structures as Cl spectra. This is due to the restricted resolution at
much more higher energy and the difference of the life time broadening of the core-level. The Br L.
spectra show no overlap structures because of the large separation of around 50eV between Lz and Las
levels. Thus the week and shallow structures in Br spectra may be explained as the exiton
absorption peaks as chlorides.

The excitation spectra appear to follow the features of the absorption spectra, except that of
LiBr. In the case of LiBr, the luminescence intensity drops at the threshold of the absorption edge.
In the higher energy region luminescence yields shows some structures which corresponds
absorption structures as peaks to dips. Thus the luminescence excitation spectrum of LiBr shows
inverted profiles of the absorptio_n spectrum. It is a well known phenomenon in the case the
luminescence excitation spectra excited with x-ray. Emura et al discussed the phenomena
according to a phenomenological model. They showed that the excitation spectra changes the

profiles among the effective thickness of samples. The results shows that the excitation spectra
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change their spectral features as the effective thickness change, and finally reach the inverted
profiles of absorption spectra. If it is true, our results of NaBr, KBr and RbBr are the case of the
samples with enough thin effective thickness. Then, LiBr is a special case or might be due to a
different condition of the sample preparation. Although we prepared the sample with fine powders
as thin as possible, LiBr is deliquescence and fine powders crystallize to form a hydrate. Then
effective thickness of the sample might be increase. Even though the sample in this case is that of a
hydrate, the spectral features of the absorption spectrum presents the same features of non-hydrate

which had been measured on a vacuum evaporated thin film using a dehydrate sample.

Fig.1 Fig.2
X107 [ ) 11072 x107% [ o | x107?
8- N LiBr N /\.\ L NaBr |,
- / % 4 Sl T
i / T ’ T— =
g Ghe. |\ . § i
S e NN 103 = i =
2 b ;g = z
— 4 \ i « el | w»
- 4 —
v /| =N = - -
= N [ jrw} =
20 N 1. 2 = J0=
= \\w/“ 5 = = =
> ’mewm_
Fol 1 = = 1 %
Lo = N L I | e |
1550 1560 1570 1580 1590 1550 1560 1570 1580 1590
PHOTON ENERGY ( eV ) PHOTON ENERGY ( eV )
Fig.3 Fig.4
x107%f 1x1072 x107%F 1x107?
A KBr 17 - A RbBr |
r v 3 e ) | -
N el 21 18 F
% ﬁ N \‘-J ; E :E2— fﬂ i ,.E,.,
i 3 = 1 o
vt | 5 w ~— o . 7]
E » {J I‘V‘\\.‘W ‘"'“er”ﬂww d = E ,"/ WWMWWWW M{. 43
g | 1 2 B s
E O 14 3 g W l 5
= / = = /‘ i
L r“ 4 5 - I ] E;
> L s 2]
B 10 B g »/ 1°g
t= i l ‘ T 1 ﬂﬂﬂ I 15
L . ) | 1 | L 1 1 | 3
1550 1560 1570 1580 1590 1550 1560 1570 1580 1590

PHOTON ENERGY ( eV )

—141—

PHOTON ENERGY ( eV )



(BL7A)
Local structure around S in permanently densified GeS, glass

Koichi MIYAUCHI, Masanori SHOJIYA, Yoji KAWAMOTO and Noriyuki KITAMURA*
Division of Molecular Science, Graduated School of Science and Technology, Kobe University, Nada, Kobe 657-
8501, Japan
*Department of Optical Materials, Osaka National Research Institute, AIST, Midoriga-oka Ikeda 563-8577,
Japan

When glasses are treated under high pressures, significant increases in density are observed even after
removal of the applied pressures. This permanent densification phenomenon of glass was demonstrated for the
first time by Bridgman and Simon [1]. This permanent densification phenomenon is of importance from a
practical point of view because it may be applied to control functions such as optical, electrical and mechanical
properties without changing glass composition. The permanent densification phenomena have been investigated
on various kinds of oxide and chalcogenide glasses [2,3]. On chalcogenide glasses, for example, the effects of
high-pressures on various properties have been extensively investigated [3]. However, structural studies of
permanently densified chalcogenide glasses are very few. On the structure of densified GeS, glass, for example,
there is only one report, though the presumed structural changes are based on a change of the optical absorption-
edges measured in situ under high-pressures [4].

GeS, glass was prepared from metallic Ge and elementary S according to the procedure described
previously [5]. The prepared glass was annealed at the glass-transition temperature determined by a DTA
analysis. Permanent densification of the GeS, glass was carried out with a 6-8 multi-anvil high-pressure
apparatus under 1.5, 3.0, 4.5, 6.0 and 9.0 GPa at 270°C. The permanent densification was retained after the
removal of the pressure and temperature. The densities and the absorption-edge energies in the visible region on
permanently densified GeS, glasses are shown in Fig. 1. The density increased with pressure until 6.0 GPa and
then reached to a constant value under further increased pressure. The absorption-edge energies in the visible
region shifted toward low energies with pressure until 6.0 GPa and then reached a constant value under further
increased pressure.

All the densified GeS, glasses have the same composition so that the changes of physicochemichal
properties are attributable to structural changes by high-pressure treatments. Especially the shift of the
absorption-edge energies is related to the molar volume and the Ge-S bond distance, as referred by Xu and Ching
[6]. Therefore we investigated the local structure around S in undensified and densified GeS, glasses.

The XAFS measurements were carried out at BL-7A under ambient temperature using a Total
Electron Yield method. A monochromater with two flat Ge(111) (d = 3.266) was used. The S-K XAFS
absorption data were collected in the energy range from 400 eV on the low energy side of S-K absorption edge
(2471 eV) to about 1200eV on high energy side. Analyses of EXAFS data were performed by using the program
WinXas97. In the least square curve fitting procedure, the theoretical EXAFS parameters calculated from FEFF7
code [7] were used.

Fig. 2 shows the S-Ge atomic distance plotted against the applied pressure, together with the
experimental error bar. The S-Ge atomic distance extended slightly with pressure untill 6.0 GPa and then
reached a constant value under further increased pressure. The pressure dependence of S-Ge bond length
corresponds to that of absorption-edge energy in the visible region. Thus, both are strongly related.

The XANES spectra of undensified and densified GeS, glasses and the - and B-GeS, reference
crystals were shown in Fig. 3. In the figure, solid lines indicate experimental spectra and dashed lines indicate
combined spectra of o~ and B-GeS, with given ratios. As the linkage manner of GeS, tetrahedra there are two
kinds of manners; corner-sharing (linkage by one S) and edge-sharing (linkage by two S). The former exists in
o- and B-GeS,; while the latter is present only in a-GeS,. A comparison of both spectra indicates that the S-K
XANES spectra profile of GeS, glass varied from a-GeS, glass-like to B-GeS,-like. Therefore it is concluded
that the fraction of edge-sharing in the linkage of GeS, tetrahedra decreases with densification. This is also
supported by a decrease of the peak due to Ge-Ge distance in edge-shared GeS, tetrahedra observed in X-ray
differential radial distribution curves of undensified and densified GeS, glasses.
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[ -TI[-VI, chalcopyrite semiconductors, such as CulnSe, and Cu(In,Ga)Se,, have been one of the
leading candidates for absorbers in hetero-junction photovoltaic devices because of their direct bandgap
and high absorption coefficient[1]. These devices have been demonstrated to exhibit high conversion
efficiency close to 19%[2].

The electrical properties, both the conductivity type and the carrier concentration, of CulnSe,
strongly depend on the Cu/In and Se/(Cu+In) compositional ratio. CulnSe, thin films for high efficiency
solar cells are fabricated by co-evaporation technique with precise control of the Cu/In ratio. In order to
achieve a solar cell with higher efficiency and larger area, it is important to establish the doping
technique using extrinsic dopants. However, the detailed roles of doped impurity in CulnSe, have not yet
been clarified.

Recently, We have investigated the effect of implanted Mg on the electrical properties of CulnSe,
epitaxial films[3]. It was found that Mg atoms act as donor in CulnSe,, and that the electron
concentration increased linearly with increasing the Mg concentration in the films. However, the
concentration ratio of the implanted Mg to carrier electron at room temperature was as low as about 1%,
and thus, all of the Mg atoms seem not necessarily to be present on donor site. As the next step, we
should clarify the doping mechanism by Mg in CulnSe,. In this work, we measured Mg K-edge XANES
spectra of Mg-implanted CulnSe, thin films in order to investigate the local structure around Mg atoms.

Epitaxial CulnSe, thin films were grown on semi-insulating GaAs(001) substrate at the substrates
temperature of 450°C for 180min by RF diode sputtering. Mg atoms were implanted into the films at
room temperature using three kinds of accelerating energies, 60, 140, and 200keV, in order to fabricate
the box profile of Mg atoms within a depth of 300nm from the surface. The mean Mg concentration in
the implanted layer of the films used in this measurements were 5X10"ecm™ and 5% 10%*cm™. After
implantation, the films were annealed at 400°C for 60min in N, atmosphere to eliminate implantation
damage, and activate Mg atoms electrically.

Soft X-ray absorption experiments were carried out on the beam line BL7A station at the
Ultraviolet Synchrotron Radiation Facility (UVSOR) in the Institute for Molecular Science, Okazaki,
Japan, with a ring energy 750MeV and stored current of 80-200mA. Mg K-edge X-ray absorption

spectra were recorded using a beryl two-crystal monochromator. Data were collected in a total electron

—144—



yield mode under high vacuum (<107Torr) at room temperature. The samples were put on the first
photocathode made of Cu-Be of the electron multiplier by using adhesive carbon tape.

Figure 1 shows Mg K-edge XANES spectra of Mg-implanted CulnSe, thin. We have obtained
clear XANES spectra. By analyzing the spectra, local structure around Mg atoms would be characterized,

and it has been now in progress.

Mg concentration
3

a)5x10'%cm”

b)5 x 10°%m™

Total electron yield (a.u.)

I 1 | 1 I 1 i 1

i 1
1300 1350 1400

Energy (eV)

Fig.1 Mg K-edge XANES spectra of Mg-implanted CulnSe, films with a mean
Mg concentration of (a)5 X 10”cm™ and (b)5 > 10*cm™.
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Secondary lithium batteries using intercalation
compounds as the cathode active material have been
studied intensively. Among many intercalation
compounds, LiMn,O, based spinel type oxides are one

of the most promising cathode materials used in lithiumn
ion batteries because their low cost, high theoretical
energy density. (1-5) However the capacity of the battery
using LiMn,O, fades out during charge-discharge cycling 326
at around 4 V. Recently, Al doped LiMn,O, material

have shown better cycle performance at around 4 V. 16d
compared with the cycleability of undoped LiMn,O,. (6-

7

The unit cell of the ideal spinel structure (space

group: Fd3m) is given in Fig. 1. In this ideal structure, ¥ Fig. 1 Cubic LiMn,0, Structure (space
oxide ions form a cubic close packing, in which cations group Fdsm),

partly occupied tetrahedral and octahedral interstices.
TR RTPTE SR FETTE U FTTE SRTT AT TA SNETY FER NS YT

The unit cell of LiMn,O, contains 56 atoms; 32 O, 16 Mn, Rint (Vo) Li(Mn,_AL),0,
and 8 Li. The oxide ions occupied 32e position, lithium — a0, -
ions occupied tetrahedral 8a positions, and manganese _) x  xfce o egefe R )
ions occupied octahedral 16d positions. In order to

understand the improvement of cycleability by Al x=04
doping, it is important to clarify doping site of Al cations —-J R L A annn -~

on the cubic spinel structure. In the present study, Al

cation doped spinels (LiAl Mn,_O,) were prepared. X- « o) 3 x=03

ray diffraction (XRD), X-ray Absorption Fine Structure
(XAFS), and electrochemical studies were carried out.

Intensity

S S .

I l x=10.2
I I x=0.1
I I x = 0.05

Especially, Al K-edge X-ray Absorption Near Edge
Structure (XANES) analysis was used to determine the
Al doping site; 16d (octahedral position) or 8a (tetrahedral
position).

LiAl Mn, O, spinels were prepared from lithium

carbonate, manganese carbonate, and aluminium hydrate.
The mixture was calcined for 48 hours at §50°C. The

crystal structure of the product was determined by XRD ) 8 X LiMn;i0;
using MoK radiation. Fig. 1 shows XRD pattern of 51015 20 25 30 35 40 45 50 55 60
LiALMn,_O,. The LiAl Mn,_0, (x=0.0,0.05,0.1,0.2) 33 (Mo )

were indexed to an cubic lattice. Above x=0.3, unknown Fig.2 XRD pattern of LIALMn,_O,

peaks appeared. The lattice parameters and other
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structural parameters for samples below x=0.2 were
refined by the Rietveld method. The Rietveld
analysis was confirmed that the samples were

belonging to cubic Fd3m space group.

Al K-edge XANES spectra were measured
at room temperature in a total electron yield mode at
BL-7A at UVSOR line with two quartz crystals. The
Al K-edge XANES spectra were powerful tool to
determine the coordination number of Al cations.
(8-10) Fig. 3 shows a Al K-edge XANES of AIPO,
and ALO,. In the AIPO,, AlO, (tetrahedra) is
dominant, whereas in the ALO,, AlO,(octahedra) is
dominant.

Fig. 4 shows AlK-edge XANES of LiAl Mn,_
0,(x=0.0,0.05,0.075,0.1,0.2, 0.3, 0.4, and 0.5)
together with those of reference compounds of
AIPO, (AlO, :tetrahedra) and ALO, (AlO,
:octahedra). The figure clearly indicates that the
AlO, octahedra is predominant for LiAl Mn _O,
(x=0.0,0.05, 0.1, 0.2) which were belonging to cubic
Fd3m space group. This means that Al doping site
is mainly 16d (octahedral position) in the cubic spinel
structure. From the data of the standard Gibbs
energy of the information of Al,O, and Mn,O,, the
Al-O bond is stronger than Mn-O bond in the
octahedra. (6) The M-O bond at 16d (octahedral
position) in the cubic spinel structure are stronger
by Al doping, so that the Al doping improve the

cycleability of the lithium secondary battery.
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Abstract

By means of Al K-edge XANES study at UVSOR, it was clarified that the AlO, species in silica-alumina
catalysts were responsible for their activity in photoinduced non-oxidative methane coupling at room
temperature.

Introduction

In order to convert natural gas into useful chemicals, the oxidative methane coupling is an expedient
reaction. However, it is quite difficult to obtain the coupling products in high selectivity, because the oxidation of
coupling products to CO, proceeds more selectively than the coupling reaction. When the oxidant molecules are
removed to avoid the complete oxidation, the reaction should require very high temperature [1]. Recently,
photoinduced non-oxidative methane coupling was found to proceed on silica-alumina in yields as high as 5 %
without formation of CO and CO, [2]. The active sites on silica-alumina were proposed to be the highly
dispersed Al species in the silica matrix. In the present study, we focussed the coordination states of Al species in
the silica-alumina prepared by sol-gel method and their photoactivity.

Experimental

The samples of silica-alumina were prepared by sol-gel method. After a mixture of Si(OEt), and ethanol
(mol ratio, 1/5) was stirred for 1 h, another mixture of ethanol, distilled water, AI(NO;); and nitric acid (mol ratio,
5/50/x/0.02, x=0.02-2) was added dropwise, followed by stirring for 1 h. Dehydration proceeded at 353 K with
suction. When geration started, the mixture was dried without stirring, followed by drying at 383 K for 12 h,
grind and calcination in a flow of dry air (60 ml/min) at 773 K for 5 h to obtain the silica-alumina powder
samples. Pure silica sample was prepared from Si(OEt), by sol gel method in water-ethanol mixture at boiling
point followed by grind and calcination. Pure alumina was prepared by calcination of AI(NO;);. They were
stored under ca. 80% humidity at room temperature.

Before the reaction test, the sample was heated in air up to 1073 K and then evacuated. Subsequently the
sample were treated with 100 Torr oxygen (1 Torr=133.3 Nm™) at 1073 K for 1 h, followed by evacuation at the
same temperature for 1 h. The reaction test was carried out under irradiation by using a 250 W Xe lamp for 6 h.
No oxidant molecules was introduced into the reaction system. Under photoirradiation, the temperature of
sample bed was measured to be around 310 K. Products in the gaseous phase were collected with a liquid-N, trap
and analyzed by GC. BET specific surface area of the samples was measured after the reaction test.

Soft X-ray absorption experiments were carried out on the beam line 7A [3] at UVSOR, Institute for
Molecular Science, Okazaki, Japan, with a ring energy 750 MeV and stored current of 130-200 mA. Two-
crystals monochromator employing YBy, crystals were used for recording Al K-edge XAFS [4]. Data were
collected in a total electron yield mode under high vacuum (residual pressure <1x10™ Torr) at room temperature.
The sample was put on the first Cu-Be dynode of the electron multiplier (-1.5 kV) by using adhesive carbon tape.

Table 1 Results of characterization and ethane yield in photoinduced non-oxidative methane coupling

Al composition | BET surface | ethane yield (%) | ethane  yield  per | ethane yield per amount of
(Al/(Si+Al)%) | area (m’gh) | [c] surface area surface Al
[a] [b] (x10* % /m’g™") [c/b] | (x10™* %/m’g'/atom%) [c/b/a]
0.0 297 0.022 0.75 -
2.0 137 0.067 4.9 2.4
9.1 258 0.058 2.8 0.58
16.7 273 ~ 0.104 3.8 0.22
37.5 203 0.091 4.5 0.12
50.0 98 0.041 4.8 0.096
66.7 93 0.051 5.3 0.083
100 92 0.049 5.3 0.053
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Results and discussion

The Al in the each silica-alumina sample prepared was
confirmed to be homogeneously dispersed in bulk and surface
since the surface Al concentration estimated by XPS was in
good agreement with the bulk composition. The BET surface
area of the samples containing Al of more than 50 % was
obviously smaller than those of low Al content samples as
shown in Table 1.

In the photoinduced non-oxidative methane coupling,
only ethane was obtained as gaseous product in this condition.
The ethane yield listed in Table 1 did not show a linear
correlation with Al composition, which should be affected by
the differences of specific surface area and Al composition.
The activity normalized by them (the last column in Table 1)
shows good relation to the Al composition; the lower Al
composition sample exhibited the higher activity. It supports
the proposal that highly dispersed Al species in silica-alumina
would be active sites [2].

Fig. 1 shows the normalized Al K-edge XANES spectra
of silica-alumina and alumina samples together with those of
model compounds containing AlQO, tetrahedra (mordenite) and
AlQ, octahedra (corundum) [5]. The spectra of the silica-
alumina samples varied with their Al contents (Fig. 1 a-f). The
low Al content samples (Fig. 1a, b) show a peak at around
1566 eV, which is assigned AlQO, species as shown in the
spectrum of mordenite (Fig. 1h). This peak broadened to
higher energy and a broad peak at around 1572 eV became
apparent as increase of Al contents (Fig. lc-f). The alumina
sample showed the obvious peaks at 1568 eV and 1572
eV(Fig. 1g). The peaks at 1568 and 1572 eV are assigned to
AlQ, species as shown in the spectrum of the corundum
alumina (Fig. 1i). These results indicate that the fraction of
AlO, species in the silica-alumina samples increased as
increase of Al contents. In the other words, AlO, species are
predominant in the lower Al content samples.The activity in
photoinduced non-oxidative methane coupling to produce
ethane mentioned above also showed the same tendency.

As a conclusion, it was claimed that the activity of the
silica-alumina samples in this photoreaction would be
responsible for the surface AlO, species.
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Introduction

Ton implantation is commonly used as a method to modify the near-surface properties of
materials. By controlling the fluence and energy of incident ions, one can introduce the desired
amount of foreign species into suitable depth in host materials. Simultaneously the kinetic
energy of implanted ions introduces lattice damage through electron excitation and atomic
displacement processes, sometimes resulting in undesirable modification of the near-surface
structure. Therefore characterization of the implanted materials with fine depth resolution is a
very important task. In the present work, we have applied an X-ray absorption technique for
characterization of silicon samples implanted by deuterium with the difference in the depth
distribution of implanted deuterium and produced damages.

Experimental

Deuterium ion irradiation was carried out in a standard vacuum chamber equipped with an
ion source at room temperaturel). With an aid of differential pumping system, the pressure of
the target chamber was kept below 10-8 Torr during the irradiation. Mass analyzed deuterium
ions (D7) accelerated up to 5 keV were injected into a Si target (100) through a slit of 5 mm
diameter with an incident angle of 22.5 degrees with respect to the target normal. Since the
samples were stored in air, they were exposed to atmospheric oxygen.

Si K-edge XANES spectra were recorded under vacuum (<10-7 Torr) at room temperature
at the beam line 7A station attached with a two-crystal InSb monochromator at UVSOR,
Institute for Molecular Science, Okazaki, Japan. The ring energy was 7560 MeV and stored
current was 100-200 mA during measurement. The sample was directly put on the first
photocathode made of Cu-Be of the electron multiplier with the voltage of - 1.5 keV. Data were
collected in a total electron yield mode, in which X-ray energy dependence of Si KLL Auger
electron yield is mainly monitored.

Results and Discussion

Fig. 1 shows Si K-edge XANES spectra of unirradiated silicon (a) and deuterium irradiated
silicons with incident energy of 5 keV (b-d). The XANES spectrum of a pure silica glass is also
shown in Fig. 1 (e) as a reference. The features of the XANES spectrum changed with increase of
Dt ion fluence. After the irradiation of 1.6x1018 jons/cmZ2, characteristic peaks of unirradiated
silicon disappeared (Fig. 1 (b)), indicating that the regular tetrahedral structure of silicon was
disordered by D% ion bombardment. In this spectrum, a pronounced peak at around 8 eV was
also appreciable. Since the energy position of the peak agreed with that of the large
characteristic peak of silica (Fig. 1 (e)), this result clearly indicates that the target surface was
oxidized to SiO2. As shown in Fig. 1(a), the peak corresponding to SiOg2 was not observed for
the XANES spectrum of unirradiated silicon. Accordingly, the appearance of SiOg species can be
regarded as an indication of displacement of surface silicon atoms, which easily attract or bind
oxygen in residual gas during the irradiation and/or in atmosphere during the transfer for the
XAFS measurements.
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In addition to the surface oxidation, as
shown in Fig. 1 (¢, d), when D7 ion fluence

was over ca. 2x1018 ions/cm?‘, a remarkable
change was observed in the XANES spectra.
This strongly indicates that the electronic
and atomic structures of these samples
changed to others from those of a pure
silicon, i.e., such a change is much
considerable compared with the merely
disordering of the regular tetrahedral
structure of silicon as shown in Fig. 1 (b).
Since the edge due to Si(0) state almost
disappeared and simultaneously a sharp
peak was observed at around 5 eV, it is
likely that most Si(0) atoms changed to new
Si species which are in higher valence states
by the irradiation. On the basis of the
energy position of the new peak, they must
be in the intermediate states between Si(0)
and Si(4+). However, less valenced silicon
oxide like SiO is known to be unstable.2)
Therefore the new Si species should
correspond to Si-D (SiDn species) formation
with implanted deuterium as follows. As
mentioned above, under irradiation at 5 keV,
the amount of implanted deuterium is less
than the number of the displaced atoms.
Accordingly the peak due to the Si-D
formation appeared after the deuterium
irradiation over 2x1018 ions/ch, whereas
the peak due to SiOg9 was clearly observed

for the irradiation of 1.6x1018 jons/cm?2.
Rather drastic structural change as observed
between Fig. 1 (b) and Fig. 1 (¢) would
indicate abrupt formation of SiDn local
structure after the implantation of a certain
amount of deuterium ions. The formation of
the SiHn species in which Si ions are in the
intermediate states between Si(0) and Si(4+)
has been reported to occur by the assist of
the bubble or crack formation under

hydrogen irradiation.3:4)
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Si K-edge XANES spectra of a) unirradiated silicon, b-d) silicon
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Introduction

In recent years, carbon fibers grown over metal species such as Fe, Co, Ni from the decomposition of
hydrocarbons have been interesting materials [1-3]. Several novel carbon structures such as fullerens and
nanotubes have been formed in similar systems, and bringing excitement to many fibers [4-6], due to their
extraordinary physical and chemical properties. Efforts have been made to control the morphology and
size of the nanotubes (or fibers) and to improve the efficiency of the production processes. It has been
proposed that the growth process was composed of several steps such as adsorption, bulk diffusion, and
formation of fibers. It has also proposed that the deactivations of metal species occur due to
encapsulation by a graphite layer [2]. These results indicate that the catalytic activities of metal species
strongly depend on the structure of carbonaceous materials.

The metal (Ni, Fe and Co) supported catalysts were prepared and testes for the methane
decomposition at a high temperature. In this report, we attempted to characterize the structures of

carbonaceous materials on the metal (Ni, Fe, Co) supported catalysts by means of C K-edge XANES
spectroscopy.

Experimental

The metal supported catalysts were prepared by conventional impregnation method. The catalytic
activity for decomposition of methane was carried out using a conventional flow system. The C K-edge
XANES spectra of the catalysts were collected at room temperature in a total electron yield mode at BL-
8B1 at UVSOR. In most part of experiments, the sample was put on a carbon tape and then the carbon
tape was put on a Cu-Be dinode which is attached to the first position of the electron multiplier.

Results and Discussion

The C K-edge XANES spectra of the 5wt% metal/y-Al,O; catalysts used for methane decomposition
at 900°C are shown in Figure 1. Figure 2 shows the C K-edge XANES spectra of Swi% Ni/SiO, and
Ni/MgO catalysts used for methane decomposition together with carbon tape. The shapes of the XANES
spectra were almost same, regardless of kind of metal and support of the catalysts, suggesting that the

=i Hd—



structures of the carbonaceous materials formed during the decomposition of methane on all the catalyst
are almost same. Inthe C K-edge XANES spectra of all the catalysts, the band at 285eV and broad band
between 290eV and 315eV could be confirmed. In general, the band at 285eV is assigned to 1s—>m*
resonance and the broad band around 300eV is assigned to 1s—>0*. The negative band at 288ev was also
observed in the C K-edge XANES spectra of all the catalysts. In this peak position, a sharp band was
observed in the C-K-edge XANES spectrum of carbon tape, suggesting that the background subtraction is
inappropriate in this energy region. In order to collect clear C K-edge XANES spectra, another method
for background subtraction should be needed.
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Figure 1 CK-edge XANES spectra of metal/Al O, catalysts Figure 2 CK-edge XANES spectra of Ni/MgO and Ni/SiO,

catalysts
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LiMn,O, based spinel type oxides are one of the

most promising cathode materials used in lithium 8000

ion batteries because their low cost, high theoretical 7000

energy density. (1, 2) It is important to clarify the 5000 —|

change of electronic structure during charge and 5000~

discharge process in order to understand their 1000=

electrochemical properties. In this study, the 3000

INTENSITY /counts

electronic structure of LiMn,O, spinel oxide was 2000=

1000

determined by using a measurement of Mn L..-edge _J

J & H 0 I T I T T T T
and Oxygen K-edge X-ray Absorption Near Edge A 3 3!0 410 slo A

Structure (XANES). XANES spectra were 268(MoKa ) /*

measured on BL-8B1 at UVSOR with ring energy I N R R NIRRT AR RN R AT
of 750 MeV in a mode of total electron yield. }./

[ Lot L
:

LiMn O, spinel was prepared from lithium car-
FNilgty SRIEES WEC PIER Cubic Spinel

Space group : Fd3m
Atom site X y z
Li 8a 0 0 0
Mn 16d 0.625 0.625 0.625
O 32  0.3866(1) 0.3866(1) 0.3866(1)
a = 8.24941(4) A
RW,HF,RB = 0.0699,0.0340,0.0306

bonate and manganese carbonate. The lithium car-

bonate and manganese carbonate were weighted
with molar ratio as Li:Mn=1:2 and mixed for 5h.
The mixture was pressed into disk and heated at
850°C for 48 hours. The crystal structure of the
oxide was determined by XRD using MoKa radia-

tion. These XRD patterns were indexed to a cubic
lattice. The lattice parameters and other structural

parameters were refined by the Rietveld method. Fig. 1 The result of Rietveld analysis of LiMn,O, .The
The Rietveld calculation was performed on the vec- observed and calculated XRD patterns are indicated by

tor processor (Cray Y-MP2E/264) at the Institute dots and solid, respectively. The differnce between
observed snd calculated is plotted below.

for Chemical Research, Kyoto University, by us-

ing 'Rievec' computer program (3, 4) Fig. 1 shows 4.50 . . . . . .
the results of the Rietveld analysis. The observed e I ]
pattern agreed well with the calculated pattern. The S 400k
obtained lattice parameters are given in Table 1. @ )
pr, R, and R, are small enough to guarantee the 2 350
reliability, and it was confirmed that LiMn,O, is % [
belonging to cubic Fd3m space group. 5 [
= 3.00 r

Figure 2 shows a low rate discharge curve of 8 [
LiMn,0, spinel. The LiMn,0, spinel shows mainly 250 = T T 00 150200
2 different plateau regions of a voltage range of Capacity / mAh g
3.8-4.1 V and a voltage range of 2.8 V. XANES Fig. 2 Voltage versus capacity for LiMn,O,. The cell
analysis were performed to clarify the oxidation was cycled between 4.3V and 2.5V at 0.1mA / em”.
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state of manganese and nicke] for various x values in LiMn,O,

spinel.

Fig. 3 shows the Mn L-edge XANES of Li Mn,O, at
various x values together with reference materials of MnQ,
(Mn*), Mn,0, (Mn*), and MnCO, (Mn*). The spectra
correspond to Mn2p®3d® to Mn2p°3d™! transitions. This
figure shows that the Mn L, absorption edge of Mn,0, was
about 642.0 eV and that of MnO, was 643.4 ¢V. These results
indicate that increasing the oxidation state of mangancse, the
Mn L, absorption edge shifted to higher energy. As shown
in Fig. 3, the peak of LiMn,0, was a combination of peak of
Mn,0, and MnO,. At low x value of the Li Mn,O,,
contribution of Mn* increased, whereas contribution of Mn**

increased at large x values.

Fig. 4 shows the oxygen K-edge XANES of
Li Mn,O, at various x. A peak at about 529 eV is attributed
to the band derived from the mixing of the Mn 3d majority
(spin-up) e, and minority (spin-down) t, states with oxygen
2p states. A peak at about 531.5 eV is attributed to the band
derived from the mixing of the Mn 3d minority (spin-down)
e, states with oxygen 2p states. The broad structure about
540-545 eV is attributed to band of Mn 4sp character. The
peak at about 529 eV increased with decreasing lithium con-
tent. This results shows that oxidation also take place on
oxygen 2p orbital and the ground state of Li Mn,0, (x<1.0)
is mixed state of 3d* and 3d*L, where L represents a ligand
hole state. These results are in good agreement with the re-
sult of First-Principles calculation for LiMn,O, spinel ox-
ides. (5, 6) At x values above 1.2, the peak at about 534 eV
appeared. The peak at about 534 ¢V is attributed to minority
(spin-down) d,, , state, which appeared by cubic-to-tetrago-
nal phase transition.
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The soft X-ray absorption (SXA) around nitrogen K-edge (N-K) have been measured to
investigate the electronic structure of the wurzite IIl — V nitrides, especially the structure of the
unoccupied states. The N-K absorption spectra of IIl — V nitrides near the N K-edge in principle
represent the partial density of the final states with p symmetry according to the selection rule. Since
the core levels are strictly localized in space, the N-K absorption spectrum gives us the site-specific
information. The N-K absorption spectrum also gives us the information about the final states
symmetry p,, and p., because the incidence soft X-ray light is linearly polarized. In this report, we
represent the first results of N-K SXA spectra of wurtzite Al In.N (x= 0, 0.53, 0.78, 1).

The experiments were carried out at BL8B1. Resolution power under the experimental
conditions was about 0.5 eV at 400 eV. The soft X-ray absorption measurement was performed by
using the total photoelectron yield (TY) method. Thin films were made by the MOCVD method at
RIKEN on SiC substrates (x = 0), at Fukui University on GaAs(111) surface (x = 1) and at Meijo
University (x = 0.53, 0.78) on a-ALO; substrates. ~ All films were cleaned with organic solvents just
before the installation in the vacuum chamber. No specific surface cleaning of the samples was
performed in the vacuum chamber. The TY measurements were carried out at room temperature in
the range of 10” Torr. Sample holder was able to rotate in the vacuum chamber for the angular
dependent measurement.  The incidence angle &is defined as the angle between the incident light and
the normal axis of the sample surface, i.e., c-axis. The incidence angle dependent SXA
measurements were performed under the p-polarization configuration which means E parallel to c-axis
at 6~ 90°, where E was the electric field of the incident light.

Figure 1 shows the N-K absorption spectra of Al; . InN (x= 0, 0.53, 0.78, 1). The energy scale is
relative to the threshold energy corresponds to the conduction band minimum. The intensity is
normalized at the maximum peak in each spectrum. The spectra features of AIN (x = 0) and InN (x =
1) are good agreement with the previous works [1-3].  The spectrum feature shows the structure-less

spectra of x = 0.78 and, in particular, x = 0.53. Figure 2 shows the N-K absorption of Alg7slng >N as
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Fig.2 N-K absorption spectra of AlgszIngN as
function of angle which is defined as the
angles between the incident light and the
normal to the sample surface (c—axis).

Fig.1 N-K absorption spectra of AlInN. The energy
scale is relative to the threshold energy.

function of angle &. All spectra are normalized at the peaks around 7.5 eV. The clear & dependence
can be seen at the lowest peaks and the higher energy side of the maximum peaks. These types of
angular dependence are seen in Al,..Ga,N and In,..Ga,N [2,4]. However, in the spectra of x = 0.53
such @ dependence are not found. Both this result and the structure-less feature in Fig. 1 may
correspond to the X-ray diffraction results which suggest the c-axis fluctuations of x = 0.78 and x =

0.53 samples are about 3 and 10 times larger than those of the typical Al,..GaN samples, respectively.
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Poly(tetrafluoroethylene) (PTFE) (CF,), is one of the most fundamental polymers, which is the perfluorinated
analogue of polyethylene (CH,), with a simple repeating CF, unit. PTFE has been widely used for chemical,
medical, and high-performance electronic applications due to its excellent chemical stability, low dielectric
constant, small dielectric loss, low surface energy, and excellent charge-storage capability. Many of the above
mentioned interesting chemical and physical properties of PTFE are related to its valence electronic structures, and
its elucidation is important from the viewpoints of both basic science and practical applications.

The electronic structures of PTFE and its oligomers have been studied both experimentally and theoretically.
The use of oligomers is based on the theoretical and experimental findings that oligomers more than ten repeating
units have very similar electronic structures with infinite polymers. An interesting aspect of such calculations is
that a chain in an extended ordered form can be regarded as a one-dimensional crystal, and we can expect the
formation of intramolecular one-dimensional bands with intramolecular energy band dispersion (E = E(k)) relation,
where k is the wavevector along the chain. Many calculations for a PTFE chain have indicated large widths of the
bands of the order of 5 eV due to the strong interatomic covalent bond within the chain. Unfortunately, however,
there were no experimental results to be compared with such calculated intramolecular energy band dispersion
relation besides the indirect information of DOS.

In the present work, we report on ARUPS studies of oriented thin films of perfluorotetracosane n-C,,Fs, (PFT),
an oligomer of PTFE, prepared by in-situ vacuum evaporation. Thin PFT films showed drastic spectral changes
depending on various experimental parameters. In particular, from the hv dependence of the normal emission
spectra we could successfully determine the intramolecular energy-band dispersion.

ARUPS measurements were carried out at the beamline 8B2 of the UVSOR facility at Institute for Molecular
Science. The sample of PFT supplied from Aldrich was used without further purification. Thin films of PFT
were prepared by vacuum evaporation at room temperature onto n-doped Si(100) substrates. The pressure during
the evaporation was about 4 x 10° Torr. Before introducing into the chamber, the substrates were rinsed by
acetone for 10 min. The thickness of PFT was about 10 nm as monitored by a quartz oscillator, and the
deposition rate was about 0.5 nm/min. For PFT, X-ray diffraction,[1] NEXAFS,[1] and VUV absorption
measurements revealed that the molecules in evaporated films prepared in a similar way are well oriented with
their long axes vertical to the substrate surface.

In order to minimize the radiation damage, the incident light intensity was reduced less than 50 pA, and the
sampling position of specimen was changed after several runs. The absence of the damage effect was confirmed
by remeasuring spectra under fixed experimental parameters.

The hv dependence of the spectra of the PFT thin film for photoelectrons emitted normal to the surface at 22 <
hv< 60 eV is shown in Fig. 1. The emission intensities of these spectra are normalized by the photon flux of the
incident photon energy. The main features show continuous and significant changes in both peak positions and
intensities. In the upper part of the valence bands extending from 10.5 to 14.5 eV, the position of peak A slightly
changes at around Av = 30 eV, and shifts towards higher binding energies with increasing photon energy for v =
34 eV. Another feature B is observed for hv< 28 eV. In the F,, region at 14.5 — 18 eV (peak C), drastic changes
in the intensity are seen.

We attribute the peak shifts to the intramolecular energy-band dispersion. The dispersion relation can be
determined according to the method reported in ref. 2 by assuming that the photoexcitation are dominated by direct
transitions, and the final state follow the dispersion relation of a nearly free-electron-like parabola. Considering
the initial state broadening of k (or relaxation of k-conversation rule) due to the small number of repeating units,
we can regard the PFT molecules have sufficient number of repeating units for mapping the energy band
structure.[3] In Fig. 2, we display the experimentally derived band structure obtained by the procedure as
described in ref. 2. In order to map out the energy-band dispersion, we took the second derivative of the ARUPS
spectra after smoothing for specifying the energies of the spectral features. We assumed the length of repeating
unit as 2.6 A. In this figure, the bright regions correspond to the bands. For comparison, we also show the
results of an ab initio band calculation for a PTFE chain in planar-zigzag geometry by Seki et al.[4] The energy-
scale of the calculated band structure was (.95 times contracted and shifted 1.8 eV to the higher binding energy
side. We also compare another calculated band structures, but good correspondence is not obtained at the whole
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energy region. The correspondence between the observed and calculated band structure is fairly good, although
there are differences in details. In particular, the detailed shape of the topmost band is quite different.

There are several possible origins of such difference between the observed and calculated band structures.
First, the calculation assumed a planar molecular structure, while the actual PTFE chain has a helical structure.[5]
Energy band calculations for PTFE in helical- and planar-zigzag- configurations indicate dihedral-angle difference
in the calculated DOS. Especially, the shape of the topmost band shows the dihedral-angle dependence, although
the shapes of the topmost band in these calculations with helical form are still quite different from the observed one.
The second is that the accurate band structure may not be directly observed because low hv is used for the
excitation. In the case of ARUPS measurements of polyethylene, the top portion of the valence bands is not
observed when low hv light was used for the excitation although the reason is unknown.[2] Thirdly, the
interference pattern of electron waves leading to the k conservation rule may be different between the helical
structure with a long repeating unit of ~ 13 carbons and that in the assumed planar-zigzag structure with a repeating
period of only 2 carbon atoms.

Although no satisfactory quantitative explanation is available for the observed difference at present, these
points may be clarified by better calculations. In particular, the calculation of photoemission intensity by using
independent-atomic-center (JAC) and single-scattering approximations combined with molecular orbital (MO)
calculations have been successfully applied to the analysis of the photoelectron angular distribution for oriented
organic thin films and the energy-band dispersion of solid surface.[6,7] We are currently performing such
calculations.
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In order to explore the candidate systems for nano-scale molecular device and chemical
sensor, bonding and structures of several unsaturated hydrocarbons (ethylene, cyclopentene,
cyclohexene, and 1,4-cyclohexadiene) chemisorbed on Si(100) have been investigated by
means of photoelectron spectroscopy (PES) for both valence region and core level, scanning
tunneling microscopy (STM) and high-resolution electron energy loss spectroscopy
(HREELS).

Here we report some experimental results about adsorbed molecular systems using UVSOR-
BLS5A. Experiments have been performed in the UHV chamber including the apparatus for
low energy electron diffraction (LEED), Auger electron spectroscopy (AES), photoelectron
spectroscopy (PES) and gas dosing. The Si sample used was a Si(100) 5° vicinal surface.
The clean one-domain Si(100)(2x1) surface was prepared by several flashing cycles up to
~1250°C and annealing at ~600°C. The PES spectra of Si 2p and valence region were
measured for the clean Si(100), saturated chemisorption layer and multilayer surfaces.

Ethylene on Si(100)(2x1) is a well established system which is di-c bonded to the Si dimer

[1]. The formation of this di-o bond is due to the interaction between the 7 orbital of ethylene
and the Si dangling bond. Adsorbed ethylene is stable up to 550-600K [1,2]. Thus, using such
surface reaction including the di-¢ bond formation, atomically controlled interface could be
fabricated between an unsaturated hydrocarbon molecule and the Si(100) surface.

Hamers et. al. have reported that adsorbed cyclopentene molecules are well ordered on
Si(100(2x1) and the molecule stands up on the surface by the use of STM and multiple
internal reflection infrared absorption spectroscopy [3]. The present PES results have clearly
indicated that the 1 orbital of cyclopentene and the Si dangling bond are interacted. Both PES
and HREELS results indicate a single adsorption state. The electronic structure of the
adsorbed cyclopentene is quite similar to cyclopentane.

In the case of cyclohexene adsorbed on Si(100), the situation is different. The PES spectra
in valence and Si 2p regions are somewhat complex. Our STM observation shows that there
are two adsorption states at least. According to the HREELS measurements, cyclohexene
adsorbs molecularly. Two adsorbed states may originate from two different conformational
1somers ("boat" and "chair" conformations) on the surface.

1,4-cyclohexadiene takes a single adsorption state on Si(100) according to the STM,

HREELS and valence PES results. Valence PES shows that only one of two T orbitals of the
molecule reacts with the Si dangling bond. Here an upright (standing-up) structure is

proposed for the adsorbed molecule; the remaining 1 orbital protrudes towards the vacuum.

Thus, this system may be a good candidate system for successive chemical reaction to
fabricate more complex structure on the surface [4].
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Room-temperature adsorption of Cs on the ZrC(111) surface has been studied by core-level photoemission spec-

troscopy. The work function of the substrate surface decreases monotonically upon Cs adsorption and approaches

to the Cs metal value without showing a clear work function minimum. The Cs 4d core-level lineshape analysis

indicates that the plasmon loss peak appears already in the very initial stages of adsorption. These results sug-

gest that the adsorbed Cs atoms are in a metallic state by forming Cs islands and that adsorption proceeds via

a growth of these islands.

1 Introduction

Alkali-metal adsorption has been attracted much
attention because they are utilized for promoting
a variety of surface chemical reactions, improving
the electron emission from cathods, etc. Transi-
tion metal carbides (TMCs) are known to be a
potential material for stable field electron emit-
ters and catalysts which can be used in the ex-
treme condition. Thus, adsorption of alkali metals
on TMC surfaces are of great interest from the
technological point of view.

Recently, we have investigated alkali-metal ad-
sorption adsorption on the group IV and V TMC
surfaces and found that the adsorption process is
different depending on the low-index surfaces, i.e.
(100) and (111) [1]. On the (100) surfaces, alkali
metal adatoms tend to condence to form islands
from the relatively low coverages. However, an
ion-to-metal transition characterizes the adsorp-
tion process of alkali metals on the (111) surface.
In the present study, we have investigated the ad-
sorption process of Cs on ZrC(111) utilizing core-
level PES in order further to elucidate the atom
adsorption process on the TMC surface.

2 Experimental

The core-level PES measurements. utilizing syn-
chrotron radiation were carried out at Beam Line
2B1, where the light was dispersed by a grass-
hopper monochromater. The photoelectron en-
ergy was analyzed by a double-pass cylindrical
mirror analyzer. The ultrahigh vacuum (UHV)
chamber was also equipped with an low energy
electron diffraction (LEED) optics for the surface
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Fig. 1. (a) The work function change of ZrC(111)
as a function of fcs. (b) The work function change
of NbC(111) as a function of f¢s.

structural analysis and a mass spectrometer for
the check of residual gases. The base pressure in
the UHV system was less than 1.5 x 1078 Pa.

A single crystal of ZrCy g was grown by the
floating-zone method at the National Institute for
Research in Inorganic Materials. The (111) surface
was cleaned by flashing to ~ 1800 K in the UHV
chamber with electron bombardment from the rear
of the sample disk. The Cs atoms were deposited
on the surface at room temperature using a thor-
oughly outgassed commercial SAES dispenser.



3 Results and Discussion

Fig. la shows the Cs coverage (fcs) dependence of
the work function @ of the ZrC(111) surface. As
the surface is covered with Cs, @ first decreases
and approaches to 2 — 2.2 eV at f¢s > 0.6 mono-
layer (ML). The total decrease is ~ 3 eV. For com-
parison, the change in @ for the Cs/NbC(111) sys-
tem is shown in Fig. 1b. A similar behavior is
seen in the @ curve, i.e. a sharp decrease up to
0.8 ML. However, in contrast to the Cs/ZrC(111)
system, further Cs adsorption on NbC(111) leads
to a slight increase of ~ 0.5 eV in @, forming a
clear work function minimum. ¢ approaches to
~ 2 eV after the minimum for Cs/NbC(111) as
in the case of Cs/ZrC(111). Considering that the
work function of Cs metal is 2.14 eV [2], the prop-
erty of the Cs overlayers at high coverages on both
ZrC(111) and NbC(111) should be similar to that
of Cs metal.

The metallization of the Cs overlayer at high
fcs is also proved from the Cs 4d core-level pho-
toemission peak. The lower spectrum of Fig. 2a
is the Cs 4d core-level spectrum for the 0.83 ML
Cs-covered surface. The lineshape analysis reveals
that the observed peak is composed of at least
three components; one forms a main line and the
other two components contribute to the tail struc-
ture to the high binding energy side of the main
line. The latter two components are quenched by
oxygen adsorption (upper spectrum of Fig. 2a).
Moreover, the separation energies of these peaks
from the main line are 1.9 and 4.7 eV, which are
in good agreement with the energies of single and
double losses of the Cs overlayer plasmon. Thus,
the Cs overlayer at 0.83 ML has a metallic nature.

However, a similar tail structure is already ob-
served at the Cs coverages of as low as 0.02 ML
(Fig. 2b). A second component, shown as a
shaded peak, is observed at the higher binding en-
ergy side of the main line by 1.9 eV. This is in
good agreement of the plasmon energy, and thus
the second component is attributed to the plas-
mon loss peak. In order to form a metallic over-
layer in such a low coverage region, the Cs adatoms
should condense to give a direct Cs—Cs interac-
tion, which is requisite to form a Cs 6s metallic
band. The work function change for this system
also supports island formation from the low cov-
erages. [Fig. la shows that & decreases mono-
tonically and approaches to the Cs metal value.
This 1s in contrast to the work function change for
Cs/NbC(111); the work function curve has a clear
minimum at f¢s >~ 0.8 (Fig. 1b). Our recent study
for the Cs/NbC(111) system has shown that, while
the adsorbed Cs layer is metallic at high coverages,
the Cs adatoms are partially ionized in the initial
stages of adsorption [1]. Fig. 2¢ shows a lineshape
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Fig. 2. Background-subtracted Cs 4d core-level
spectra. Open circles are the observed data and
the solid lines are the result of the lineshape anal-
ysis: (a) The Cs 4d spectra for the Cs-covered
ZrC(111) surface (6cs = 0.83 ML) and for the 0.83
ML Cs-covered surface which is exposed to 4.55 L
oxygen. (b) The Cs 4d spectrum for Cs/ZrC(111)
at fcs = 0.02 ML. (¢) The Cs 4d spectrum for
Cs/NbC(111) at 8cs = 0.08 ML.

of the Cs 4d peaks at 0cs = 0.08, where adsorbed
Cs 1s I1n an ionic state. Here, no tail structure
associated with the plasmon loss is observed and
the peaks are composed of two symmetric lines.
This clearly demonstrates that the Cs adatoms are
not in a metallic phase at low coverages. It is
known that a depolarization process and the suc-
cessive metallization of the alkali-metal overlayer
lead to a minimum in the work function curve.
Thus, the absence of the work function minimum
for Cs/ZrC(111) implies that Cs adsorption pro-
ceeds without the formation of the surface dipole
moment at low f¢g and its depolarization with in-
creasing 6gs. The gradual approach of the work
function to the value of Cs metal is, then, simply
explained by a growth of the region covered with
the Cs islands.
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Desorption induced by electronic transition (DIET) from solid surfaces has been extensively studied
in these decades. A general mechanism of ion desorption induced by core-level excitation has been proposed by
Knotek and Feibelman, and been widely accepted as a standard mechanism. In the KF mechanism, a Ti3p core
hole is produced by a primary excitation, and decays via an inter-atomic Auger process, because there are no
higher-lying occupied electronic states at the Ti site (i.e., “maximal valency”), and thus an intra-atomic Auger
decay is prohlblted If two Auger electrons and an addltlonal electron are emitted from the oxygen atom, the
remaining O" ion desorbs as a result of the Coulomb repulsion from the surrounding Ti*" ions. However, results
which contradict the KF model have been observed in several materials, e.g., Ti,Os, Na,(wog, Cr,03. In these
materials, O" desorption has been observed aithough the “maximal valency” criterion is not satisfied.
Furthermore, an electronic configuration of (Ti3d)" (02p)® which has been assumed in the KF mechanism is not
true. Recent theoretical studies have shown that the electronic states of the TiO, can not be explained with a
single configuration, but instead a mixture of Ti3d"L'®" configurations is present. Here L and n stand for a hole
in the oxygen (ligand) 2p orbital, and a nominal number of transferred charge from O2p to Ti3d through the
hybridization between them, respectively. Thus, the “maximal valency” condition is not satisfied in TiO,.

The electron—ion coincidence spectroscopy has been recently developed, and proved to be a very
powerful tool for investigating the dynamics of the ion desorption induced by the core-level excitation and decay
process. In the present report, the ion desorption induced by the core-level excitation is investigated by using the
synchrotron radiation and the electron-ion coincidence technique. All the expenments were carried out at the
BL-2B1. The TiO,(110) surface was cleaned by a number of cycles of Ar” ion sputtermg and annealing. For
removing the vacancy of oxygen at the surface, the sample was heated in the 10 Torr of oxygen once in three
hours.

Figure 1 shows the photoelectron spectrum in the region of the Ols- and TiZp-related Auger electrons
(left part) and a series of electron-ion coincidence spectra (right part) of the photoelectron indicated by bars in
the left part. The photon energy was 560 eV. Normalization were carried out using the total amount of signals
mostly consisting of backgrounds, which were proportional to the photoelectron intensities. In fig.1, the peaks
observed at about 1100 nsec are ascribed to the desorption of O". By assuming that the photoelectron intensity is
proportional to the population of the final state of the Auger decay, the intensity of O" peak in the coincidence
spectrum correlates to the desorption efficiency which is a function of the final state of the Auger decay. Peak
area intensities derived from the summations of counts in the O" peaks (1048-1200 nsec) from the backgrounds
and their errors derived from the standard deviation of the backgrounds are shown in figure 2 together with the
photoelectron spectra.

At first, we discuss the ion desorption induced by the O1s core decay. Figure 2 indicates that O” yields
does not correspond to the O-KVV Auger electrons. This can be related to the fact that oxygen in T102 is
nominally O%, therefore three electrons have to be removed from the oxygen atoms for the desorption of O”. The
final state of the normal Auger decay has only two holes at the valence band, and an additional process is
necessary to produce O". The O" com(:idence yleld observed in the nght panel of fig. 2 does not correspond to
the normal Auger electron emlssmn [(015)!(02p)°— (O15)*(02p)*] but to the shake-up Auger decay of Ols
[(O15)(O2p)*— (O1s)*(02p)’(03s)'], which is minor process and can not be observed in the photoelectron
spectrum. This is consistent with the recent photoelectron-photoion coincidence spectroscopy results, where the
O coincidence peak of the Ols shake-up satellite of O2p—03s transition was larger than that of the Ols main
peak. ln this case, the shake—up excitation during the excitation and the following normal Auger decay
[(015)!(02p)*(03s)'—(015)%(02p)’(03s)'] produces three holes as a final state. This is a sort of an expansion of
the KF mechanism although it is an intra-atomic process.

The desorption process induced by the Ti2p excitation, on the other hand, seems to be very different.
In the photoelectron spectra, the Ti-LM,;V and Ti-LVV electrons are observed (fig. 2). If the electronic
configuration in the valence band of TiO, were assumed to be (02p)® as in the KF model, this transition would
be inter-atomic Auger transition. However, the O" desorption yield (normalized for the photoelectron intensity)
does not result in a peak at the position of the (nominal) inter-atomic Auger transition or the shake-up transition.
Instead, the O" desorption yield increases when a Ti3p hole is created as a final state of the Ti2p-initiated Auger
decay. In fact, the Ti-LMV and Ti-LVV Auger transitions are not inter-atomic decay, but infra-atomic decay
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hv=560eV

within the Ti site, because the charge
transfer from O2p to Ti3d orbitals
through their hybridization provides the
Ti3d electron. Thus, the application of
the KF model, in which the
Ti3p:02p:O2p inter-atomic Auger takes
place because the Ti3p:Ti3d:Ti3d
intra-atomic Auger decay is prohibited

(“maximal valency”), is questionable.
Thus, another mechanism
should be considered as the driving
force for the creation of the O and its
| desorption from TiO,(110) surface.
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Intensity (Arb. Units) 1000 2000 3000 4000 According to the systematic study of
TOF Differance (nsec) the 3d transition metal oxides, a cluster
model calculation based on the
impurity Anderson model could
successfully simulate the core
photoelectron spectra using only a
limited set of parameters. In the final state of the core level photoemission of 3d transition metal oxide, the core
hole potential (Ug,) at the metal site pulls down the energy of the 3d levels, enabling a charge transfer from the
0O2p to metal to screen the core hole. A charge transfer from O2p to Ti3d through their hybridization (V.g) is
therefore a good candidate for the driving force of the O desorption from TiO,(110) surface. It is likely to
expect that a Ti3p core hole created by the Auger decay of Ti2p (and other core levels) can cause the charge
transfer. This charge transfer may provide not only the change of the oxygen charge but also the re-arrangement
of the valence electrons, which can add a repulsive potential due to an anti-bonding character of the new
electronic states of the valence band. We would like to stress that this kind of re-arrangement of electronic
configurations due to the core-hole
potential is a multi-electron effect in
8 s solids. Therefore, a simple explanation
hv=490eV hv=560eV such as that the main line corresponds
i to the single electron excitation and the
satellite line corresponds to the two
electron excitation in the photoelectron
spectrum, which was valid in the Ols
excitation, is not applicable to the
excitation and decay of the Ti core level.
Instead, the final state of the main line
as well as the satellite line of Ti-related
photoexcitation is due to a mixture of
several electronic configurations, thus
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to the one at the main line of Ti-core
levels in the photoelectron-photoion
coincidence spectra.

The new model can explain
many of the results in the ion desorption from solid surfaces. This mechanism can be applied to early
transition-metal compounds whose V4 (mainly determined by number of the vacancy at the d orbital) is large.
Thus, our model can explain the O™ desorption not only from TiO,, WO; and V,Os, but also from Ti,0s,
Na,WO; and Cr,Qs, which could not be explained by the KF model. In late transition-metal compounds, Vg is
smaller, and thus the ion desorption is not expected, which is consistent with the experimental results. This
model can also be applied to the early f-electron metal compounds like La,O; and Er,O; because the
charge-transfer from O2p to metal f orbitals can be treated in a similar way as the one from O2p to metal d
orbitals. In non-transition metal compounds, the mechanism can not be applied and it is expected that an
excitation at the metal site does not yield the ion desorption. No ion desorption actually could observed in MgO
and CaF, as a result of the Mgls and Ca2p excitation. Thus, our model is more appropriate as a mechanism of
the ion desorption from solid surfaces than the KF model.

Figure 2
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Core-level photoelectron spectroscopy, also referred as XPS (X-ray photoelectron spectroscopy), has
been used to investigate solids and solid surfaces. It is surface sensitive due to the small escape depth of the
photoelectrons. The electron-ion coincidence (EICO) spectroscopy has been developed and used in order to
investigate the mechanism of the ion desorption stimulated by the core excitation and to investigate the cite
specific photochemistry in several systems. In EICO, only a photoelectron to correlate an ion desorption, i.e., a
photoelectron ejected from the atoms from which ions desorb, can be detected. Considering the shorter escape
depth of the ions than the electrons, the EICO spectroscopy is expected to give an information of electronic
properties which is much more sensitive to the surface compared to the ordinal XPS. Thus, the EICO
spectroscopy may be applicable not only to the investigation of the ion desorption from solid surfaces but also as
a new tool for surface analysis.

In the present study, the EICO technique is applied to the ice surface for detecting the surface core
level shift of the Ols level. Since the nature of the ice surface is of critical importance in many fields, extensive
studies has been carried out. Although the photoelectron spectroscopy of the ice has been studied, there have
been no study that reported the core level shift of Ols level on the ice surface to our knowledge. Ion desorption
stimulated by the electron transition from the ice surface has been investigated theoretically, by the electron
impact and by the photons of the Ols excitation region. According to these studies, the H" desorption after the
O1s excitation is induced by the two hole final states of the Auger decay.

The experiments were carried out in a UHV chamber located at BL2B1 with a grasshopper
monochromator (grating: 1800/mm). The chamber was equipped with a home-made EICO apparatus consisting
of a cylindrical mirror analyzer (CMA) for electrons and a time-of-flight (TOF) mass analyzer for ions.
Amorphous ice film was produced on the TiO,(110) surface exposed to gaseous water at 100K. Water was dosed
via a stainless steal tube located in front of the sample with a pulsed valve. Film thickness of the ice was thick
enough to exclude the affect of the substrate on the ion desorption and thin enough to avoid the charging effect.
Measurements were carried out at 100K.

The figure below shows a series of photoelectron-photoion coincidence (PEPICO) spectra of
amorphous ice taken at hv=680eV in the region of the O1s phototelectron in 0.5 eV steps. The desorption of H”
in coincidence with the Ols photoelectrons are observed at around 250 ns, the intensity of which shows a
maximum near the kinetic energy of 139 eV. Any other species like O" and OH™ were not observed due to
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smaller desorption efficiencies. The desorption of H' is due to the repulsive final states as a result of the decay of
the Ols hole. The energy of photons was far beyond the O1s threshold, and thus the effect of the excitation to the
specific boundary state, e.g., 4a, antibonding state, can be eliminated. The peak of the H" PEPICO yield
spectrum, however, did not precisely agree with the peak in the photoelectron spectrum. In the figure above, area
intensities of H™ peak (200-320 nsec) in the PEPICO spectra (solid square) are plotted together with
photoelectron intensities obtained simultaneously (open circle) as a function of the kinetic energy of
photoelectrons. Lines are Gaussian curves with linear backgrounds as a result of the least square fitting
calculation. A small component at ~144 eV in the photoelectron spectrum is due to the Ols emission from the
TiO; substrate. Obviously, the H" yield is not in agreement with the photoelectron intensity. In fact, the peak
position of the H™ desorption yield is shifted to lower kinetic energy by about 0.7 eV compared to the
photoelectron peak. This shift can be interpreted to the difference in the binding energy of the O1s level of H;O
from which the hydrogen atoms desorbs. According to the previous study, ice surface has several types of H,O
molecules, which are two- or three-coordinated molecules with a dangling hydrogen, two- or tree-coordinated
molecules with a dangling oxygen coordination, and four-coordinated molecules with distorted tetrahedra. It
seems to be likely to assume that the hydrogen ions desorbes from the molecule with a dangling hydrogen
(probably with two coordination) due to the weaker bond between the hydrogen atom and the surface. Thus, the
PEPICO spectroscopy only reflects the binding energy of oxygen atoms which is bonded to dangling hydrogen
atoms at (and very close to) the surface layer. Meanwhile, the Ols photoelectron comes from all the oxygen
atoms located near the surface, thus the observed peak in the photoelectron spectrum is a convolution of many
peaks which correspond to several surface and bulk species.

It was reported that the Ols binding energy of ice (bulk) observed in the XPS spectrum was shifted by
-7.1 eV (without a correction of the work function) or -2.3 eV (with a correction of the work function) compared
to H,O in the gas phase. The Ols binding energy of Ols the less coordinated molecules with the dangling
hydrogen at the surface is expected to be between the bulk and the gas phase, because the effect which changes
the binding energy in the bulk should be weaker in less coordinated molecules. The present study have shown
that the binding energy of such H,O is shifted by +0.7 eV from the bulk ice, which is thus quite reasonable. This
component is not observed in the photoelectron spectrum, this is probably due to the fact that such water
molecules with the dangling hydrogen are minor species at the surface of amorphous ice after heated at 60-120K.

In order to verify the above results, we have made a measurements on the H,O-chemisorbed Si(100)
surface at room temperature. The H' yield and photoelectron intensities made peaks at similar kinetic energies in
the EICO and photoelectron spectra of H,O/Si(100). This agreement is quite reasonable because all the oxygen
on the Si(100) surface is present as OH species bonded to the Si atom as a result of the dissociation of the H,0
molecules at the surface. There is no reason to expect the surface core-level shift of Ols on H,0/Si(100). This
result confirms that the observed difference between the H' yield in PEPICO and the photoelectron intensity is
due to the core level shift of the H>O molecules from which hydrogen ion desorbes. '

To our knowledge, this is the first observation of the core-level shift on the ice. It demonstrates the
advantages and the possibilities of the electron ion coincidence spectroscopy for surface analysis. The EICO
spectroscopy can be utilized for an extremely surface sensitive and cite-specific XPS. Moreover, the EICO
spectroscopy will be useful to investigate the surface chemical condition because the ion desorption process is
strongly related to the surface chemical bond and the relaxation process of the excited state.
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Oxygen molecules on platinum surfaces emit hot atoms parallel to the surface plane when these are
photolytically or thermally dissociated. The emission can be directed in a one-dimensional way if the ad-
molecules are uni-directionally oriented, which is useful for designing surface aligned reactions. Thus, the
orientation of oxygen ad-molecules was examined on stepped Pt(112) at 105 K by near-edge X-ray absorption
fine-structure (NEXAFS) [1]. The = * resonance due to O, was major when the electric vector, E, of the
incident X-ray was in a plane perpendicular to the step edge. On the other hand, when E was in the plane
parallel to it, the o * resonance was major at the normal incidence and was attenuated with increasing incidence
angle of the X-ray whereas the = * resonance was enhanced. It was concluded that most oxygen was oriented
along the step edge, although some oxygen molecules were oriented differently.

EXPERIMENTAL

The angle of X-ray incidence (0 ) was varied by rotating the sample crystal such that E was oriented in a
plane parallel to or perpendicular to the step edge. The sample crystal was kept at around 105 K during the
NEXAFS measurements. The spectra were recorded by an Auger electron yield mode with the kinetic energy
of the oxygen KLL Auger electrons at 520 eV. The oxygen coverage (®,;) was determined by thermal
desorption and normalized to the literature value.

RESULTS

On a clean surface, no signal peaks were found in raw NEXAFS spectra in a photon energy range from 525
eV to 550 eV (Fig. 1la). The difference between this signal and that observed with oxygen yielded NEXAFS
due to oxygen ad-molecules (Fig. 1b). The = *and o * resonance states were clearly seen at 5301 and 535
=1eV. The base line was drawn by considering the edge jump and the energy resolution of the instrument of 2
eV. The energy of the continuum level was considered to begin at 531 eV. The resonance intensity curve was
deconvoluted into two Gaussians with a fixed peak position and constant half width.
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Both of the resonance peaks showed strong dependence on 6 and the crystal azimuth. Furthermore, no coverage
dependence was found in NEXAFS spectra over ©, = 0.05 to 0.50 (saturation). A series of the spectraat ©, = 04 is
summarized in Fig. 2. The o * resonance was majorat 6 =10" when E was in a plane along the step edge whereas the
7 * resonance was much less (Fig. 2a). The former decreased quickly with increasing 6 and disappeared at around 0
=80 °, whereas the latter increased with increasing 6. This indicates that oxygen is lying along the step-edge direction.
This orientation was supported frorn NEXAFS when E was in the plane perpendicular to the step edge (Fig. 2b). The = *
resonance was intense irrespective of the incident angle and the o * resonance was always small However, it is
noteworthy that the latter was always noticeable. Furthermore, the = * resonance was also noticeable at 0 =10 * when E
was along the step edge. This suggests that some oxygen molecules do not align along the stepedge. When E was in the
plane perpendicular to the step edge, the o * resonance should disappear when all oxygen molecules align along the step
edge. Step edges on stepped platinum surfaces may not be uniform as observed by STM.  The molecular axis of oxygen
on structural defects may be oriented +=60° from the edge direction because of the terrace with a (111) structure.  These

oxygen molecules can contribute the ¢ * resonance even when E is in the plane perpendicular to the step edge.
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Fig. 2 NEXAFS spectra of oxygen ad-molecules at © = 0.4 and at various X-ray incident angles. 6 is the incidence
angle. (a) The electric vector E was ina plane along the step edge and (b) perpendicular toit.  Typical de-convolutions into
two Gaussians are also shown.
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Recently, large-scale integrated circuits (LSIs) have been developed remarkably, and mass production in the
intrachip connection of 0.25 1 m is advanced. The next step after 0.25 x4 m rule, such as 0.15 ¢ m, are planned on
the road map. However, the Al metal as the intrachip circuit wiring material shows the electro-migration, and the
resistivity is high. These facts degrade the high speed operation of LSIs. Cu is one of the attractive material,
because Cu has an excellent electro-migration tolerance and low resistivity compared with Al The film growth
at low temperature process is possible in the photo-enhanced chemical vapor deposition (photo-CVD), and since
low damage and low contamination are expected, it attracts much attention as a process technology in the
following generation.

In this study, copper films were deposited on Corning 7059 glass substrates by using photo-chemical vapor
deposition with Cu(hfac)(TMVS) (Hexafluoroacetylacetnato Cu(l) * Vinyltrymathylsilane : (O,C;HF)Cu -
(CH,),Si(CH=CH,)). Undulator Radiation Light was used as the source excitation light source.

The experimental set-up is shown in Fig.1. In this experiment, Corning 7059 glass substrate was installed in
the reaction chamber, and Cu(hfac)(TMVS) was supplied by 3X 107 Torr on the substrate. The substrate
temperature was always kept below 130°C during the experiments to avoid themal deposition of
Cu(hfac)(TMVS). Cu(hfac)(TMVS) is liquid at R.T., and the tube line was heated to 30°C to avoid condensation
of the Cu(hfac)(TMVS). The undulator gap was 60mm, corresponding to the photon energy of 36eV. This
photon beam was introduced on the substrate. The average photon density on the surface of the substrate was 7.2

% 10"photon/cm” - sec, and the total dose was 30000 mA - min.
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Fig.2. Thickness of the deposited
Cu film as a function of the
substrate temperature

Fig.1. Experimental set-up
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The relation of the substrate temperature and the film thickness is shown in Fig.2. When the substrate
temperature was 130°C, the resistivity of Cu film was very high, but it became 4.7 1 € -cm after annealing
(Njatmosphere, 250°C, 30min, 0.03Torr). When the substrate temperature was 120°C, the resistivity wasn’t
improved even after annealing.

The surface morphology of the Cu thin-film was observed by atomic force microscope(AFM). The AFM
images after annealing are shown in a Fig.3(a), and Fig.3(b). From these images, the grain size was larger with
increasing the substrate temperature.

AES spectra after sputter cleaning with Ar ions and annealing are shown in a Fig.5. Carbon was found in the
film produced at the substrate temperature of 120°C, but not observed in the film at the substrate temperature of
130°C.

From the above results, it was concluded that the after-annealing is effective in improving the resistivity in the
films deposited at higher substrate temperature, resulting in the increase of the grain size and reduction of the

impurities in the film.

(a)substrate temperature 120°C (b)substrate temperature 130°C

Fig.3 AFM images of Cu films after annealing (1000nm X 1000nm)

Substrate temperature: 120°C
after annealing

e A
\C O F
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Substrate temperature: 130°C
after annealing
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Fig.5. AES spectra after sputter

cleaning and annealing.
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X-ray photoemission spectroscopy study of Si(111) Surface
after Removal of SiO, by Synchrotron Radiation Illumination

Yongli Gao®, Harutaka Mekaru®, Tsuneo Urisu® and Toshio Horigome”

“Institute for Molecular Science, Myodaiji, Okazaki, 444-8585
! Machine Shop, Japan Advanced Institute of Science and Technology, Tatsunokuchi, Ishikawa, 923-1292
a’: On sabbatical from Univ. Rochester

X-ray photoemission spectra (XPS) were measured for the native oxide / Si(111) surface after the
synchrotron radiation stimulated desorption at the beam line 4A of UVSOR. The optics of the beam line are
consisted of one Pt coated elliptically bent cylindrical quartz mirror with 4 degrees grazing incident angle and
the horizontal beam divergence of about 15 mrad, and two Pt coated quartz plane mirrors with 2 degrees
grazing incident angle. The XPS sample was set about 0.5 m upstream of the focus point. The
unmonochromatized XPS apparatus is CL150 from VSW Inc. The resolution of the XPS measurements was
about 1.46 eV.

The sample was resistively heated by passing through it a cumrent and the temperature was
maintained within +10 °C as monitored with an optical pyrometer. The structure of the sample holder is
shown in Fig. 1. Shown in Fig. 2 are the XPS spectra of Si 2p from oxidized Si(111) surface before and after 8
hours of SR irradiation at beam line 4A. The observed spectrum width is explained by the resolution (about 1.46
eV) of the apparatus. The difference of the spectra is manifested in the part of relative binding energy 2-6 eV.
While the spectrum prior to SR irradiation shows the SiO, peak at 3.9 eV, the one after SR irradiation has the
oxide peak appeared to be centered at 3.6 eV. Previous work by Himpsel et al. shows that SiO,/Si interface is
characterized by intermediate-oxidation states for about two Si layers, twice of that expected for an atomically
abrupt interface.  The intermediate states, Si'", Si*", §i*", are of relative binding energy 0.95 eV, 1.75 eV, and
2.48 eV, respectively.  The observed shift of the oxide peak toward lower relative binding energy therefore
reflects the breaking of the bond between Si and O, resulting in the increase of the lesser oxidized Si
intermediate states.  The benign desorption of the SiO, layer by SR stimulated desorption can also contribute
to the formation of the steps in registry to the underlying crystal structure and bilayer stripes, since it is less
disruptive to the Si surface in comparison to thermal desorption where the consumption of Si to form volatile
Si0 is taking place.

In Fig. 2, the difference of the intensities of the oxide peaks before and after SR irradiation is quite
small in spite of the prolonged SR exposure. One possible factor is the SR photon distribution, since the XPS
and STM measurements were performed in two different beam lines, beam lines 4A and 4B, respectively. Not
only due to the difference of the calculated total photon flux, the photon flux in beam line 4A is much weaker
than beam line 4B in energies larger than 100 eV. For example, at 531 eV (O 2s binding energy), beam line
4A flux is about 6 times weaker than that of beam line 4B. Slower desorption rate observed in XPS result
suggests that the core electron excitations of Si (2s : 150 eV and 2p: 108 eV) and O (1s: 531 eV) contribute
significantly to the Si0O, desorption. Another factor may be due to the size of the XPS measurement area,
about the 4 mm in diameter, which is larger than the calculated elliptical 7 x 3 mm beam spot and inevitably
some areas outside the SR irradiation region were also sampled. Finally, the chamber is tu'rbo—pumped and of
base pressure 2x10”° Torr, and some contamination of the sample may have occurred.

—172—



Inconel Inconel
Mo Mo alloy W Ta Mo Mo Ta alloy

i 274
USRS A
: ;% SEi
T N
- RSN NN NN %_ @
: %\'\ NN 2 S
(> __!__ ~fs \
- é ! ) 4 ~. \Q\\Wz
~AKIP)E £
: » Y v
i /
St \// 2 n
ampie Machinable Ce:ramlcs2 8> L3

(Photoveel ®) o

Figure 1. Top and side views of a new type of an XPS sample holder that can be heated
at about 1000 K by passing an electric current through the sample.
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Figure 2. XPS spectra of Si 2p from oxidized Si(111) surface before and after 8 hours of
SR irradiation in BL4A. The resolution was 1.46 eV. The difference of the spectra is
manifested in the part of relative binding energy 2-6 eV. While the spectrum prior to
SR irradiation shows the SiO, peak at 3.9 eV, the one after SR irradiation has the oxide
peak shifted to 3.6 eV.
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Scanning Tunneling Microscopy Study of Si(111) Surface Morphology
after Removal of SiO, by Synchrotron Radiation Illumination
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We report the first investigations using scanning tunneling microscopy (STM) on the surface
morphology of Si(111) after cleaning (complete removal of surface SiO, ) by SR irradiation. The surface
shows large regions of an atomically flat and coherent 7X7 structure. An interesting feature of the surface is
the formation of single bilayer steps nicely registered to the underlying crystal structure and the width quantized
(to the units of 7X7 unit cell) of stripes formed by the bilayer steps. This indicates that the surface after
cleaning reaches thermodynamic equilibrium under SR irradiation at temperatures much lower or by a much
shorter time than that necessary for thermal desorption.

The experiment was done at the beam line 4B. The STM measurements were performed with a
Rasterscope-3000 from DME Co.. The base pressure of the STM chamber was 5X10"° Torr. Details of the
experimental conditions are descrived in Ref. 1. The sample (3X8 mm?) was an boron doped p type Si(111)
wafer of misorientation within +0.1 degree, with thickness of 0.5 mm and resistivity § Q/cm. A native oxide

layer was formed on the Si substrate by a conventional wet process."

The thickness of the native oxide layer
was about 1 nm.?? The sample was resistively heated by passing through it a current and the temperature was
maintained within +10 °C as monitored with an optical pyrometer. The sample temperature was decreased
after cleaning by the rate of 1degree/s down to 700 °C and below this by 2 degrees/s.

The regular shape of the bilayer steps is not associated with the SR stimulated oxide desorption. The
topograph of a 8i(111) surface prepared by thermal desorption at 880 °C for 2 minutes is shown in Fig. 1(a).
No registry of the steps with respect to the underlying crystal structure can be observed. Instead, the steps form
arched curves with the ends pinned by particles. In comparison, the Si(111) surface with 2 hour SR irradiation
at 700 °C after the oxide layer had been removed by thermal desorption at 880 °C presents the registered steps as
shown in Fig. 1(b). This observation indicates that the registered bilayer steps are created through an SR
stimulated annealing process. We have also tested 2 hours thermal annealing at 700 °C of Si(111) after
thermal desorption of SiO, at 880 °C, but could only observe roughened surfaces.

More detailed information about the bilayer steps can be obtained by using finer resolution. Fig. 2
shows the atomic image of a single bilayer step from a Si(111) sample with 2 hours of SR irradiation at 700 °C.
The 7X7 structure is clearly visible. The displacement vector g(a,b) between upper and lower terrace 7X7
structures defined by J.L.Goldberg et.al.”) is measured to be g(1 + 1/3, 3+2/3) at this step. This indicate that
this step is Fla (according to the definition by H. Tochihara ef. al. ¥) descending along [112]. The 7X7
reconstruction structure is coherent on all over the surface observed by STM (max. 100 x 100nm), and the width
of the bilayer stripes are all quantized to the units of the 7X7 cell width similarly as observed in the terrace
width of thermal equilibrium Si(111) surface.” These facts indicate that the SR irradiated surface is in
thermal equilibrium equivalent to the 700 “C-20 hours thermal annealing. In summary, we have shown that the
SR illumication of Si(111) wunder elevated temperatures generates a near perfect 7X7 surface with regular
shaped bilayer steps. The shape of the steps intend to be hexagonal. The inequivalence of [112] and [112]
steps observed in dry chemical etching is absent in the SR irradiation case. = The mechanism of the formation
of the regular shaped steps can be attributed to the enhancement of the surface migration of Si atoms under SR
irradiation and elevated temperatures, which is considered to be induced by the direct photo-excitation of
surface adatoms and/or the inelastic cascade scattering of photoexcited electrons. The results may be particularly
relevant to the fabrication of Si nanostructures, as nice bilayer stripes of a few unit cell width can be observed.
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Figure 1. (a) 500 nm X500 nm topograph of a Si(111) surface prepared by thermal
desorption at 880 °C for 2 minutes. No registry of the steps with respect to the
underlying crystal structure can be observed. Instead, the steps form arched
curves with the ends pinned by particles. (b) 200 nm X200 nm topograph of
a Si(111) surface with 2 hours SR irradiation at 700 °C after the oxide layer
removal by thermal desorption at 880 °C. The registered steps are clearly
visible.

Figure 2. The 3-D atomic image of a bilayer step descending along [112] from a Si(111) sample
with 2 hours of SR irradiation at 700 °C.

The 7 X7 structure is clearly visible in the 20 nm X 20 nm image.

1) T. Miyamae, H. Uchida, LH. Munro, and T. Urisu, J. Vac. Sci. Technol. A17, 1 (1999).

2) Y. Kobayashi and K. Sugii, J. Vac. Sci. Technol. A10, 2308 (1992).

3) JL.Goldberg, X.-Swang, J. Wei, N.C Bartelt, and E.D.Williams, J.Vac.Sci. Technol. A9, 1868 (1991).

4) H.Tochihara, W.Shimada, M.Itoh, H. Tanaka, M.Udagawa, and 1.Sumita, Phys. Rev. B45, 11332 (1992).
5) X.-S.Wang, J.L.Goldberg, N.C Bartelt, T.L.Einstein, and E.D. Williams, Phys. Rev. Lett. 65, 2430 (1990).
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photoelectron spectroscopy
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A dielectric field generated either by an external source or by a heterojunction or a surface
dipole can lower the vacuum level of a semiconductor surface below the bulk conduction band
level and thus generate a “negative electron affinity” NEA surface.

Negative electron affinity (NEA) surfaces have found applications as efficient photocathodes
and the NEA surface of O/Cs/GaAs(100) is known to be a useful emitter of spin-polarized
electrons with a high degree of polarization and efficiently. NEA occurs on semiconductors
once the vacuum level is pulled below the conduction band minimum.

The photo-induced change in the semiconductor-vacuum interface of a negative electron
affinity (NEA) surface prepared by coadsorption of Cs and O on GaAs(100) has been
investigated with core level photoelectron spectroscopy using synchrotron radiation and laser
light. A mode-locked Ti:Saphire laser with a pulse width of about 160 fs was triggered with a
signal from a master oscillator of the UVSOR storage ring. Fundamental light of the laser
(photon energy of 1.50 eV) was focused on the sample in a vacuum chamber and spectra have
been measured with and without laser irradiation, thus allowing a direct observation of possible
band-bending. As substrate a Zn doped (1x 10" atoms/cm’) p-type GaAs(100) wafer was used.

Fig. 1 shows the core level shifts for Ga, As and Cs as a function of sample treatment. The
direction of the shifts implies an overall decrease of the band-bending with sample treatment.
Superimposed on this trend are corelevel shifts for Ga and As towards lower kinetic energies
when Cs is deposited and toward higher kinetic energies when the sample surface is exposed to
O. At later stages the direction of the shift is reversed. Cs core level shifts are always towards
higher kinetic energies at Cs deposition and lower kinetic energies for O deposition. The
amounts of the energy shifts were strongly dependent on the sample treatment [1].

As core level peak shifts do not only indicate band-bending but are also influenced by changes
in the chemical environment changes in band-bending have additionally spectra with and
without irradition from laser light for clean GaAs, Cs covered GaAs(100) and two surfaces
which have been treated with multiple, alternating dosages of Cs and O. They different
however in the amount of photocurrent, yielding currents of 0.07 nA and 2 nA.

Both Ga-3d and As-3d photoelectron peaks of the surfaces which have been treated with
multiple dosages of Cs and O surface show transient energy shifts of 0.08 eV and less than 0.03
eV, respectively. This compares to values of 0.35 eV for the clean surface and 0.25 eV for the
cesium treated sample. This measurement confirms the core-level shift derived observation,
indicate that the bands are flattened once the NEA surface condition is approached. It becomes
clear however that band flattening itself is not sufficient to achieve NEA surface formation, but
might rather be a byproduct of the O interaction at the substrate-Cs interface.
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This is contrary to the expectations of previous models and rules out a dipole induced field in
the substrate as the origin of NEA surface formation and relocates the workfunction lowering
dipole towards a position inside the overlayer.

As Cs-oxide layers exhibit work-functions between 0.6 and 1.5 eV the workfunction of this
material is sufficient as a coating to lower the overall work-function of the system. Oxygen-
deposition thus first serves to generate Cs-oxide to lower the workfunction, but also interacts
with the GaAs substrate. As the height of the interface barrier is critically dependent on the
degree of chemical interaction between the substrate and overlayer, oxygen deposition should
decrease the interface energy between the overlayer and the substrate.

Conditions for optimal electron yield would therefore be reached when both the workfunction
and the interface barrier reach an optimal value.

A synergy of the interface barrier lowering chemical interaction between Cs, O and GaAs, the
inherent low electron affinity of Cs-oxides and a possible electron confinement due to surface

roughness and micro-domains is proposed to dominate NEA surface formation on GaAs(100)
and related surfaces.

A quantitative determination of the interface barrier as a function of oxygen deposition will
follow in near future, using the new laser system at BLSA.
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Fig. 1: Core level shifts and workfunction development during NEA surface formation on GaAs(100) [1]

[1] S. More, S. Tanaka, S. Tanaka, Y. Fudjii and M. Kamada, Surf. Sci. in print
[2] N. Takahashi, S. Tanaka, M. Ichikawa, ¥.Q. Cai and M. Kamada, J. Phys. Soc. Jap. 66 (1997) 2798
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Absolute Measurements of the Total Yields of Photo-Desorption at the Surface of
Solid Argon by Excitonic Excitations
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1. Introduction

Electron or photon irradiation of a solid surface leads the electronic excitations which are followed by the
desorption of various kinds of particles. The desorption at the surface of a rare gas solid has been extensively
investigated for last two decades[l]. Investigation of this phenomena will reveal dynamics of the electronic
excitations and the relaxation processes in the solid. As to the desorption of excited neutral particles from rare
gas solids, various desorption mechanisms were proposed and some of them were confirmed experimentally and
theoretically. On the other hand, the desorption mechanism of the ground state atom has not been clarified yet,
though it is the main component of the desorbed particles. In this report, we present the preliminary results of
the absolute measurements of the total photo-desorption yields of argon. The "total" means that we detected all
the argon particles desorbed, i.e., atoms and clusters in ground, electronically excited, and ionized states.

2. Experiments

Experiments have been carried out at the beam line BL5B in UVSOR of the Institute for Molecular Science,
Okazaki. The wavelength resolution, A/AA, was about 500 %= 200 in the range of \ between 20 and 110 nm.
Argon gas was deposited on the surface of a Pt (111) substrate, which is attached to a liquid helium cryostat, at
the temperature of 6K or lower. The cryostat was installed in an ultrahigh-vacuum chamber with a base pressure
of 5 x 10-9 Pa. The thickness of an argon film was calculated from the exposure on the assumption that the
condensation coefficient of the argon on the sample surface was unity. The thickness of argon film was in the
range between 1 and 500 atomic monolayers (ML).

Desorption rate was calculated from the rise of the argon partial pressure in the vacuum chamber during the
irradiation of the sample. The pumping speed for argon of a turbo molecular pump and the cold surface of the
cryostat is 0.09 * 0.01 m3/s in total. The partial pressure of argon was measured by a quadrupole mass
spectrometer which was calibrated for argon with an extractor type ionization gauge at each run of the
experiments. The absolute intensity of the incident monochromatic vacuum ultraviolet light was monitored by
measuring photoelectron current emitted from a gold mesh which was installed in the beam line.

3. Results

The dependence of the absolute photo-desorption yields of argon on the incident wavelength is shown in fig.
1. In case the film thickness is 4 ML film (fig. 1 (a)), a peak is observed at 106 nm which corresponds to the
excitation energy for the first order surface exciton (S1). For the film of 100 ML in thickness (fig. 1 (b)), peaks
appear at the wavelength corresponding to the second order surface (S2, 96 nm), the first order bulk (B1, 103
nm, 101 nm) and the second order bulk (B2, 91 nm, 90 nm) exciton excitations. The desorption yields which
are directly due to excitonic excitations are estimated by the peak height above the continuous background which
is thought to be due to the desorption caused by the higher order light from the monochromator. The present
systematic measurements of the thickness dependence show that the desorption yields at B1 and B2 excitation
increase with the thickness of argon film and reach ~0.07 and ~0.09 Ar/photon, respectively, at 100 ML. The
desorption yield at S1 excitation has no thickness dependence and is ~0.03 Ar/photon. On the other hand, the
desorption yield at S2 excitation increases gradually with the film thickness and reaches ~0.02 Ar/photon at 50
ML. The origin of the thickness dependence at S2 excitation has not been clarified yet.
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In the case of solid neon[2], the absolute total desorption yields were about 1 and about 2~4 Ne/photon at the
bulk exciton excitation and the bulk ionization, respectively. Such large desorption yields of neon were
explained by the desorption mechanism which is called "Cavity Ejection (CE)"; the excited atom is pushed out
by the repulsive force between the excited atom, which has an expanded electronic orbit, and the surrounding
ground state atoms which has negative electron affinity. In the case of neon, the excited atom created at the 2nd
or 3rd layer under the surface can desorb via CE mechanism and blow up a number of atoms in over layers
because of a small cohesive energy (0.019 eV/atom[3]) in comparison with the kinetic energy of desorbing
excited atoms (~0.2 eV[4]). This model, however, can not be applicable in the case of argon because the
cohesive energy (0.08 eV/atom[3]) is larger than the kinetic energy of the desorbing excited atom via CE
mechanism (~0.035 eV[5]). Other desorption channel of argon atom are thought to be as follows. The
dissociation of an excited dimer produces two energetic atoms. The kinetic energy of the dissociated energetic
atom is ~0.4 eV[5], which is enough to blow up a number of atoms in over layers. The quantitative analysis of
the absolute desorption yields is now in progress.

005F 1 I — T
0.04 ...(a) 4ML -
§ omf -
o
g omf- -
2 ool B
9 | | | |
[}
s 00— 1|
§ 9T ®wooML B2 BI
B
g 0.15
0.10
0.05
0.00 | | | | | | |

80 85 90 95 100 105 110
Wavelength (nm)

Fig.1 Absolute desorption yields of argon by photon excitation. The thicknesses of argon films are (a) 4 ML
and (b) 100 ML.

[1] for recent review, see I. Arakawa, Molec. Crystal Liq. Crystal, 314, 47 (1998), M. Runne and G. Zimmerer,
Nucl. Instrum. Meth. Phys. Res. B 101, 156 (1995).

[2] 1. Arakawa, T. Adachi, T.Hirayama and M.Sakurai, Surf, Sci., accepted for publication.

[3] N. Schwentner, E. -E. Koch and J. Jortner, Electronic Excitations in Condensed Rare Gases, (Springer-
Verlag, 1985).

[4] T. Hirayama, A. Hayama, T. Koike, T. Kuninobu, I. Arakawa, K. Mitsuke, M. Sakurai and E. V.
Savchenko, Surf. Sci., 390, 226 (1997).

[5] 1. Arakawa and M. Sakurai, in "Desorption Induced by Electronic Transitions IV", eds. G. Betz and P.
Varga, (Springer, Berlin, 1990) p. 246.
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In recent years, we have been studying the non-equilibrium electronic states at
semiconductor surfaces using synchrotron radiation and laser. Electric potentials at
semiconductor surfaces and interfaces are very important to understand a variety of electrical
properties and phenomena of semiconductors and to control semiconductor devices. However,
few works have been carried out to understand the dynamics of non-equilibrium charge
distribution at the semiconductor surfaces. Long ef a/. have first reported the transient surface
photo-voltage on Si (111) using synchrotron radiation (SR) and laser pulses.” They obtained
non-equilibrium electron density induced by laser pulses in the space charge layer, but the
agreement between their experiments and theoretical simulations is not good for a low power
laser. In recent years, Marsi ef al. have reported the time response of the transient surface
photo-voltage on Si (111)2x1.? The purpose of the present work is to investigate the dynamics of
photo-induced carriers on p-GaAs (100), since this surface provides spin-polarized electrons after
Cs- and oxygen treatments,

Experiments were carried out at 6A2 and 5A, where a plane-grating monochromator
(PGM) and a spherical-grating monochromator (SGM-TRAIN) provide EUV photons,
respectively. We used mode-locked Nd:YAG and Ti:Sapphire lasers at BL6A2 and 5A,
respectively.  Lasers were triggered with a signal from a master oscillator of the UVSOR storage
ring. The spatial and temporal overlaps were carefully adjusted by using a MCP-PM/TAC
system. The surface of p-type GaAs (100) doped with Zn was prepared in situ using usual way.

Figure 1 shows the temperature dependence of the peak shift of Ga-3d photoelectron. The
observed points can be well fit to the theoretical straight line which was derived on the basts of a
thermionic emission model with some approximation. However, this good agreement does not
mean that the thermionic emission model is perfect. It is important to obtain temporal
information in order to understand the meaning of the carrier density, potential in the surface
layer, and so on. Figure 2 shows the temporal structure of the energy shift which was obtained
by adjusting the delay time between SR and laser. The observed data can be composed into a
fast component in nano-second region and a slow component in the micro- or milli-second region.
Hot electrons and holes produced by laser pulses are separately distributed in the surface space-
charge layer, and then they will be recombined again to recover the band bending of GaAs. The
present result may indicate two pathways at least in the recovering process.

This work was partially supported by a Grant-in-Aid from the Ministry of Education,
Science, Culture, and Sports.

Reference: 1) J.P.Long et al., PRL.. 64 (1990) 1158. 2) M. Marsi et al., APL.. 70 (1997) 893.
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Fig. 1. Temperature dependence of the photo-induced energy shifi of Ga-3d photoelectron.
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Fig. 2. Temporal structure of the photo-induced energy shift of Ga-3d photoelectron.
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INTRODUCTION
Fluorine-compound materials including Teflon well absorb photons with energies in vacuum ultraviolet
region in synchrotron radiation (SR) beam. Previously, we demonstrated the anisotropic micromachining and
film formation of Teflon using the SR ablation process ['*!. In addition, by selecting the photon energy of SR
beam with filter, we indicated that photon energies absorbed by carbon (C) and fluorine (F) atoms contribute to
the ablation of Teflon P, From results of SR ablation of Teflon, metal fluoride materials consisting of metal and
fluorine atoms would be easily etched by the SR irradiation. In this report, the SR ablation process is applied to
the etching of metal fluoride films. The anisotropic etching of three types of metal fluoride films, AgFx, MgFx,
and AlFx, are systematically demonstrated using the SR ablation.
EXPERIMENT
The experiments were carried out at beam line BL-8A
of UVSOR. Three types of metal fluoride films (AgFx,
MgFx, AlFx) were prepared on Si substrate by electron
beam evaporation. These samples were set perpendicularly
to the SR beam in the reaction chamber (base pressure of
10 Pa). A Nickel (Ni) mesh (square pattern of 77 pm)
was used as the contact mask. The SR beam irradiated the
samples through the Ni contact mask in vacuum at a room

temperature. The etched depth was measured using a
surface profiler. The SR-irradiated films were analyzed by ~ Fig. 1. SEM photograph of fine pattern with 77 pm
scanning electron spectroscopy (SEM) and micro electron  SAUare holes created in the AIF, film by SR ablation
spectroscopy for chemical analysis (micro-ESCA). 0
RESULTS AND DISCUSSION AlF, film thickness : 50 nm

Micro-pattern of metal fluoride films (AgFx, MgFx, ffi- SR-Ressmmrsmte. 1S
AlFx) were fabricated by SR ablation process. Figure 1
shows the SEM photograph of fine pattern created in the

50 nm thick AlIFx film with the dose of 5000 mA min. As

w
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FEtched depth (nm)

seen in Fig. 1, the fine pattern of 77 pum square holes was nr i i L =
successfully produced in the AIFx film by the SR | - 8"

irradiation. Figure 2 shows the etched depth of AlFx film N ?

on Si substrate as a function of SR irradiation time. The |

thickness of AlFx film prepared on the Si substrate was 50 ’ 0 s TR

nm for each sample, and the SR beam current was SR rradiation time (min)

constant at 190 mA in Fig 2. When the SR irradiation Fig. 2. Etched depth of AIF, film on Si substrates
of a function of SR irradiation time.
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time increased, the etched depth of AlFx film increased
rapidly at first, then became saturated with further
increase of SR irradiation time, resulted in the termination
of etching.

Figure 3 shows the F/Al ratios of the SR-irradiated
and non-irradiated surfaces of AlFx film on Si substrate
measured using micro-ESCA. The change of F/AI ratio
corresponds to the created pattern by the SR ablation,
Fluorine content of the SR-irradiated area was lower than
that of the non-irradiated surface, which suggests that the
fluorine atoms would be easy to remove from surface by
the SR irradiation compared to the metal atoms.

Figure 4 shows etched depth of AlFx film at which
the etching terminated as a function of film thickness of
AIFx prepared on Si substrate. In the range of AlFx film
thickness investigated, etched depth increased almost
linearly with the increase of AlFx film thickness.

Figure 5 shows the etched depth of AlFx film on Au,
Ni, Si0, and Si substrates as a function of SR irradiation
time. The thickness of AlFx film on each substrate was 50
nmm, and the SR beam current was constant at 190 mA in
Fig. 5. As the SR irradiation time increased, the etched
depth increased at first. With further increase of SR
irradiation time, however, the etched depth became
saturated in all cases. The maximum value of etched depth
depended on the substrate materials. In the cases of Au
and Ni substrates, Auger electrons ejected from substrates
by the SR irradiation would enhance the etching of AlFx
film. In the case of Si0O, substrate, on the other hand,
thermal energy due to the absorption of SR in the SiO,
substrate would enhance the etching of AlFx film.

The SR ablation mechanism including etch
termination and effect of substrate materials is under
investigation.

SUMMARY

Anisotropic etching of metal fluoride films using the
SR-induced reaction was successfully demonstrated. The
saturation of etching depended on the thickness of metal
fluoride films as well as the substrate materials.
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Synchrotron-radiation (SR) excited growth is promising as a new non-thermal technique, since virtually any
reactants can be decomposed effectively at low temperature by using a high photon flux density in the vacuum
ultraviolet region. Several attempts have so far been carried out using SR light to perform the deposition of
semiconductors at low temperatures. In order to improve the film quality, it is important to investigate the
photoluminescence (PL) spectrum of the film deposited by SR-excited growth. However, such investigations do
not exist except for our previous paper, which described luminescence of ZnTe films deposited under only a
confined growth condition. In this study, we describe PL spectra of the ZnTe films deposited under a wide
variety of conditions.

The growth experiments were carried out using the SR beam line, BL8A. The beam line supplies only
white light. Diethylzinc (DEZn) and diethyltelluride (DETe) were used as source materials. These source
materials were independently fed into the chamber together with hydrogen or nitrogen carrier gas by means
of mass flow controller and variable leak valve. The deposition of ZnTe was carried out at very low
pressure of 10~ 10 Torr in the grovﬁh chamber.

Figure 1 shows the relationship between the growth rate and DEZn transport rate when DETe transport rate is
kept at 1 2 mol/min. The growth rate increases rapidly with increasing DEZn transport rate and then it eventually
becomes saturated at low DEZn transport rate around 0.5 p mol/min. The saturated tendency of the growth rate
indicates that the rate-limiting step is due to the supply of DETe. Also, it is suggested that adsorption coefficient
of DEZn is very high compared to DETe at room temperature. As shown in the figure, no difference is found in
the growth rate between hydrogen and nitrogen carrier gases. Thus, hydrogen seems not to play an important
role in the growth reaction due to a use of the low pressure. The PL spectra of ZnTe films as a function of DEZn
transport rate are shown in Fig.2 (a), (b), and (c). It is noticeable that the substrate was not heated during growth
during growth. The spectra for all samples have a sharply excitonic emission (1) at 2.375 eV. The I, line is
attributed to shallow acceptors, namely Li, Cu, and Na. This peak is observed widely for undoped ZnTe grown
by another growth methods. The PL spectrum of the film grown at a DEZn transport rate of 1 n mol/min
exhibits the strong deep level emissions with two broad bands centered at around 2.1 eV and 1.85 eV (Fig.
2(a)). The deep-level luminescence may be due to the generation of defects such as vacancy-impurity complex in
the film. The deep-level luminescence obtained here can be found in the experimental results by Tews et al.. who
have attempted laser-induced diffusion in ZnTe with Cl.  Thus, a Zn rich condition may facilitate Cl inclusion
into a Te lattice site. Actually, a decrease of DEZn transports rate seems to bring about significant reduction of
deep level band, as shown in Fig.2 (b), (c). At a DEZn transport rate of 0.5 1 mol/min, only I, peak can be
detected in the spectrum, indicating the relatively good quality film. However, a further decrease in DEZn
transport rate leads to two broad bands centered around 2.32 and 2.28 eV in the spectrum of the film, as shown
in Fig.2(c). The result for the filin obtained at a high transport rate of DETe, which ensures Te rich condition, is
given in Fig.2 (d). In the case, the spectrum shows almost the same feature as shown in Fig.2(c). A Te rich

condition may occur the contamination of shallow acceptor and/or donor impurities related to these emission
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barnds. Thus, it seems that the quality of ZnTe film becomes deteriorated under Zn rich and Te rich conditions.
Figure 3 shows the PL spectra of ZnTe films as a function of substrate temperature. The PL spectrum depends
upon the substrate temperature. The film grown at 60°C  exhibits a strong I, peak. Two broad bands centered
around 2.32 and 2.28 eV are not detected in the spectrum, whereas these are clearly observed in the spectrum of
the film deposited at 27°C. However, a further increase in substrate temperature induces enhancement of the
deep-level luminescence, as shown in the figure. The spectrum of the film deposited at 100°C resembles that
obtained under a Te rich condition. We have already reported that the growth rate gradually decreases with
increasing substrate temperature up to 60°C and then shows a rapid decrease above this substrate
temperature. This behavior will be élosely related to the decrease in the adsorbed molecules regarding
metalorganic sources with increasing substrate temperature. The PL properties of the films as a function of
substrate temperature may be explained with the difference in the temperature dependency of adsorption

coefficient between DEZn and DETe molecules.
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""Current Status of Atomic and Molecular Science using
Synchrotron Radiation and its future view at UVSOR"'

13 and 14 March, 20800

13 Mar. (Mon) 13:00-19:00 (coffee break included)
<First half> Chair and discussion leader: N. Kosugi (IMS)

1. Present status of photochemical and molecular spectroscopic investigations
at HiSOR
A. Hiraya (Hiroshima Univ.)

2. Studies on dynamics of core excited atoms and molecules at ETL
I.H. Suzuki (ETL)

3. Two-dimensional photoelectron spectroscopy of multi-atomic molecules;

vibration and dissociation of excited molecules
K. Mitsuke (IMS)

<Second half> Chair and discussion leader: E. Shigemasa (IMS)

1. Photoion spectroscopy for molecular targets in their valence excitation

regions at UVSOR
T. Masuoka (0saka City Univ.)

2. Photoelectron spectroscopy using circularly polarized radiation at PF
K. Soejima (Niigata Univ.)

3. Current status of the soft x-ray photochemical beamline at Spring-8 and

future plans
H. Ohashi (JASRI)

4. Photodissociation dynamics of ozone
T. Gejo (IMS)

14 Mar. (Tue) 9:88-15:00 (coffee break included)
<Morning session>  Chair and discussion leader: E. Shigemasa (IMS)

1. Studies on atomic and molecular inner-shell excitations and their

subsequent processes, utilizing Spring-8 and PF
K. Ueda (Tohoku Univ.)
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2. Present status of studies on atomic and molecular physics at PF
J. Adachi (PF)

3. New electron spectroscopy for realizing resolutions with sub-natural widths
K. Ito (PF)

<Afternoon session> Chair and discussion leader: N. Kosugi (IMS)

1. Dynamics and spectroscopy of superexcited molecules; experiments at PF
N. Kochi (Tokyo Institute Tech.)

2. Inner-shell excitations in large molecules
T. Ibuki (Kyoto Univ. Education)
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Appendix




Director
Nobuhiro Kosugi
Accelerator Division
Masahiro Katoh
Hiroyuki Hama
Masahito Hosaka
Shigeru Kouda
Toshio Kinoshita
Jun-ichiro Yamazaki
Beamline Division
Masao Kamada
Eiji Shigemasa
Shin-ichiro Tanaka
Tatsuo Gejo
Kazutoshi Takahashi
Osamu Matsudo
Masami Hasumoto
Tadanori Kondo
Suekichi Matsuo
Bunichi Kamimoto
Guest Scientist
Shin-ichi Kimura
Sam Dylan More
Secretary
Hisayo Hagiwara
Naoko Onitake
Graduate Students
Senku Tanaka

ORGANIZATION

Professor

Associate Professor
Associate Professor
Research Associate
Research Associate
Unit Chief Engineer

Engineer

Associate Professor
Associate Professor
Research Associate
Research Associate
Research Associate
Section Chief Engineer
Unit Chief Engineer
Engineer

Supporting Engineer
Supporting Engineer

Associate Professor

JSPS Research Fellow
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kosugi@ims.ac.jp

mkatoh@ims.ac.jp (Mar. 2000-)
hama@ims.ac.jp (-Mar. 2000)
hosaka@ims.ac.jp
kouda@ims.ac.jp
kinoshita@ims.ac.jp

yamazaki@ims.ac.jp

kamada@ims.ac.jp
sigemasa@ims.ac.jp (May. 99-)
stanaka@ims.ac.jp(-Oct. 99)
gejo@ims.ac.jp

ktakahashi @ims.ac.jp(Apr. 2000)
mastudo@ims.ac.jp
hasumoto@ims.ac.jp
kondo@ims.ac.jp
mastuo@ims.ac.jp

kamimoto@ims.ac.jp

skimura@kobe-u.ac.jp (Apr. 99-)

more@ims.ac.jp

hagiwara@ims.ac.jp

onitake@ims.ac.jp

senku@ims.ac.jp (Apr.2000-)



STEERING COMMITTEE

Nobuhiro Kosugi
Masao Kamada
Hiroyuki Hama
Eiji Shigemasa
Tatsuhisa Katoh
Masaaki Fujii
Hayao Kobayashi

Tsuneo Urisu

Makoto Watanabe
Yukihide Kamiya
Takatoshi Murata
Yasuo Udagawa
Keiichiro Nasu
Takao Nanba

Ken-ichiro Tanaka

(April 1998 — March 1999 )

UVSOR IMS Chairperson
UVSOR IMS

UVSOR IMS

UVSOR IMS

IMS

IMS

IMS

IMS

Tohoku Univ.

Univ. of Tokyo
Kyoto Univ. of Edu.
Tohoku Univ.

KEK

Kobe Univ.

Hiroshima Univ.

JOINT STUDIES

( Financial Year 1999 )
Special Projects :1
Cooperative Research Projects 17
Invited Research Projects 2
Use-of-UVSOR Projects :147
Workshop :1
Machine Time for Users :36 weeks
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UVSOR staffs
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Storage Ring Room
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Location

Ultraviolet Synchrotron Orbital Radiation (UVSOR) is located at
Okazaki.Okazaki (population 320,000) is 260km southwest of Tokyo, and can be
reached within 3 hours from Tokyo via the Tokaido Shinkansen and the Meitetsu

line.

& o
iﬂ Tsukuba
) ' » (Photon Factoty)
ot By Okazaki
(UVSOR)
ol
A
. & gsf <

ADDRESS UVSOR Facility

Institute for Molecular Science
Myodaiji, Okazaki, 444-8585, JAPAN

PHONE: +81-564-55-7402(Secretary)
+81-564-52-6101
FAX:+81-564-54-7079
Telex 4537475 KOKKEN J (IMS)
Homepage: http://www.uvsor.ims.ac.jp/
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