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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

!
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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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Surface Excess of Dye Molecules at Gas/Water Interface Determined by Single-Photon
Ionization Spectroscopy
Toshio Ishioka, Koichiro Seno, Shinya Sasaki, and Akira Harata

Department of Molecular and Material Sciences, Interdisciplinary Graduate School of Engineering Sciences,
Kyushu University, Fukuoka, 816-8580 Japan

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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Figure 1: Polarized re-
flection spectra of DLHP
for E//a (lower) and E//c
(upper) at 9 K. Each
spectrum is normalized at
maximum.
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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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Vacuum-ultraviolet reflectance spectroscopy of transition-metal oxides
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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
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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.
S. Suga et al., J. Phys. Soc. Jpn. 67 (1998) 3552. o :
5 S. Kimura, A. Ochiai and T. Suzuki, UVSOR conductivity spectrum of Yb:(AsggsPo1s); in the

Activity Report 1997 (1998) 124. infrared region.

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. 1. The optical reflectivity (R) spectra of (Fe1xVx)3Al at room temperature.
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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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Figure 1 Absorption spectrum of TEOS Figure 2 Absorption spectrum of TEOG
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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
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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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