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The layered cobalt oxide Na,CoO, is a fascinating
material because of its highly unusual transport
properties, i.e., a large Seebeck coefficient with low
electrical resistivity [1], as well as a rich electronic
phase diagram. With increasing Na content x, the
system varies from a Pauli-paramagnetic metal to a
Curie-Weiss metal through a charge-ordered insulator
around x = 0.5. Furthermore, hydration induces a
superconductivity near x = 0.3.

To elucidate the origin of such intriguing
phenomena in this material, the knowledge of the
detailed electronic structure is crucially important.
The optical conductivity spectra in Na,CoO, captured
wide electronic structure [2,3], which can be assigned
to the local density approximation (LDA) band
structure. However, the LDA + Hubbard U
calculations, which well explain the results of the
angle-resolved photoemission spectroscopy studies
on Na,Co0O,, seriously worsen the consistency
between the LDA and the optical conductivity spectra
[4], puzzling a precise role of electron correlations for
the electronic structure in this compound.

Here we investigate an optical property of
isostructural 4d-electron Rh oxide Kg4RhO, [5]. We
used the beamline BLIB in UVSOR facility to
measure the reflectivity spectra of K, 4RhO, single
crystals in an energy region of 2 — 30 eV, which
enables us to evaluate the optical conductivity
through the Kramers-Kronig analysis. In Fig. 1 (a),
we show the optical conductivity spectrum below 8 eV.
The peak locations are well defined near 0.9, 3.1, and
5.5 eV as labeled by y', B, and o, respectively. For
comparison, we depict the room-temperature optical
conductivity spectra of Na,CoO, in Fig. 1 (b), which
were taken from previous reports [2,3]. In Na,CoO,,
three conductivity peaks labeled by vy, B, and o are
clearly recognized at 0.5, 1.6, and 3 eV, respectively.
Within the LDA scheme, the y peak corresponds to the
transition between £, bands and the B peak to #,.-¢,
transition. The o peak is responsible for the
charge-transfer transition from occupied O 2p to
unoccupied e, states, as schematically illustrated in
Fig. 1 (c). The peak positions in K¢ 4RhO, are clearly
shifted to higher energies relative to the spectra of
Na,Co0,. It is also found that the peak widths are
broader than those of Na,CoO,. These differences are
naively captured by broader 4d orbitals in Kj49RhO,
as schematically shown in Fig. 1(d). A large
crystal-field splitting pushes the a and B peaks in
Na,CoO, to higher energy o' and P’ peaks in
Ko.49RhO,, respectively. The bandwidth of 1,
complex is expanded by broad orbitals of Rh 4d
electrons, leading to a higher-energy shift of the y
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peak as well. We also find that the effective mass of
Ko49RhO; is nearly half that of Na,CoO, from a
comparison of the spectrum weights. The electronic
structure and correlation effects in K 49RhO, are well
described by the difference between Co 3d and Rh 44
orbitals.
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Fig. 1. Optical conductivity c;(®) of (a) Ky4RhO,
and (b) Na,Co0O,. The data for Na,CoO, was taken
from previous reports [2,3]. The peak locations in
Ko.49RhO; (Na,Co0,) spectra are labeled by o' (a), '
(B), and ¥’ (y), which correspond to the O 2p-e,, tr5-eq,
and 1,,-1,, transitions, respectively, as illustrated in
schematic energy diagrams (c,d).
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Doping TiO, with nonmetal such as nitrogen [1],
carbon [2] and sulfur has received a lot of attention in
recent years since it can extend the photoresponse of
TiO, from ultra violet to the visible region, which is
advantageous for using the sunlight as the energy
source. As for Phosphorus-doped TiO, with
visible-light photocatalytic activity, two kinds of
P-TiO, [3,4] prepared using phosphate as precursor of
P has been reported. However, some reports showed
that P-TiO, prepared using phosphate cannot absorb
visible-light. Thus, we attempted to prepare P-TiO,
using phosphide as a new method. P-TiO, was
synthesized through the hydrolysis of titanium
tetraisopropoxide in suspension containing TiP
compound [5], which was prepared by the treatment
of titanium tetrachloride with cyclohexylphosphine.
The synthesized P-TiO, nanoparticles exhibit a
visible-light photocatalytic activity. However, the
electronic structure of phosphorus in the P-TiO,
nanoparticles is not well known.

For various light element compounds, we have
studied the electronic structure by X-ray absorption
spectroscopy [6]. These results suggested that there is
a correlation between XANES spectra and the local
structures.

In this work, we performed the XANES spectra
measurement about various phosphorus doped
titanium oxides and reference samples such as
titanium phosphide (TiP). The obtained experimental
XANES spectra are analyzed using the calculated
theoretical spectra from DV-Xa calculations. The
XANES spectra were measured at BL2A of the
UVSOR in the Institute of Molecular Science,
Okazaki [7]. The ring energy of the UVSOR storage
ring was 750MeV and the stored current was 300 mA.
P K-edge XANES spectra were recorded in the regions
of 2125-2270eV by use of two InSb crystals. The
absorption was monitored by the total electron yield
using a photomultiplier. The samples were spread into
the carbon tape on the first photodynode made of
CuBe of the photomultiplier.

Figure 1 shows the observed P K-edge XANES
spectra for the TiP and the phosphorus doped titanium
oxide. The P K-edge XANES spectra of TiP and
P-TiO, show different peak profiles at second peaks.
The peaks that appear at approximately 2176 and
2185 eV on observed XANES spectrum of TiP are
labeled A and B. The peak positions of A and B are
estimated to the P~ and P>*. On the other hand, the
observed XANES spectrum of P-TiO, showed only
one peak at 2186 eV. The result suggests that
phosphorus in the synthesized P-TiO, nanoparticle
surface exists as phosphoric acid. We are going to try
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to analyze this change from comparison of P K-edge
XANES and calculated spectra by DV-Xa molecular
orbital calculations.
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Fig. 1. Observed P K-edge XANES spectra of TiP
and P-TiO,.
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Hydroxyapatite (Ca;o(PO4)s(OH),, HAp) has been
well understood as an alternate materials of our hard
tissue because of their excellent osteoconductivity
and biocompatibility. Furthermore, because HAp also
has good protein adsorption ability and ion exchange
ability, many studies for bioactivity and dissolution
behavior of Mg, Mn, Fe, Si, Zn doped HAp have
been performed. Since we could not obtain effective
data of Mg doped HAp by total electron yield mode
so far, we tried fluorescence mode and investigated a
local structure of around Mg atom of Mg doped HAp.
In this study, Mg doped HAp were prepared by
microwave assisted hydrothermal process,
respectively, and local structure of around P atom was
investigated by XAFS measurement.

0.1 mol/l Ca(NO3)2, (NH4)2HPO4 and Mg(NO3)
solutions were used as starting materials. These
solutions were mixed up each other becoming the
ratio of Ca to P of 1.67 and the ratio of Mg from 1 to
15 mol% for Ca solution, respectively. Mixed
solutions were set into autoclave and hydrothermally
treated at 423 K for 60 min. with irradiation of
microwave (2.45 GHz). After that, they were filtered
and dried at 323 K for overnight. Mg-K edge XANES
spectra of Mg doped HAp powders were measured by
fluorescence method at room temperature using beryl
double-crystal monochrometer at BL2A station of
UVSOR and obtained spectra were compared to that
obtained by a total electron yield mode.

Figure 1 shows a comparison of Mg-K edge
XANES spectra of Mg doped HAp collected by total
electron yield mode and fluorescence mode.
Intensity of obtained spectra by total electron yield
mode was too weak to analyze. Consequently,
obtained spectrum is strongly affected by noise which
is caused by a top-up. On the other hand, clear spectra
can be obtained in the case of fluorescence mode.

From analysis using fluorescence mode and P-K
edge XANES data, it is indicated that the Mg was
replaced with the Ca (II) site. In addition, it is thought
that the solid solubility limit of Mg ion into a HAp
structure is approximately 15 mol%.
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Fig. 1. Comparison of Mg-K edge XANES spectra of
Mg doped HAp collected by total electron yield mode
and fluorescence mode.
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The depletion of natural resources is one of the our
serious problems. Therefore, the development of the
novel recycling technology has been performed
energetically. Blast furnace slag (BF slag) is one of
the waste materials that the development of the
effective recycling technology and establishment of
recycle system become the urgent assignment. The
BF slag has been produced approximately 25 million
tons per year and recycled as Portland cement, base
coarse materials, fine aggregate for concrete and
ground improvement materials, etc. However,
recycling rate of BF slag is insufficient by comparing
to the amount of generation. In this study, A, Pand Y
type zeolite were prepared using BF slag as a starting
material to reduce an emission of waste materials, and
local structure of BF slag and its products were
investigated.

Water cooled BF slag was ground to become their
particle size less than 70 pum. Ground slag powder
was undergone an acid treatment to remove a Ca
component. And then, Ca removed slag powder was
hydrothermally treated in 0.23 mol/l NaOH solution
at 368 K for 48 h. In this study, the ratio of Si to Al
was changed in the range from 0.5 to 2.4. Si-K and
Al-K edge XANES spectra of samples were measured
by a total electron yield mode at room temperature
using KTP double-crystal monochromator at BL2A
station of UVSOR.

Figure 1 shows Si-K edge XANES spectra of water
cooled BF slag, acid treated BF slag and A type
zeolite prepared using acid treated BF slag. The local
structure around Si atom of BF slag is relatively
amorphous and changed by acid treatment.
Furthermore, the local structure of A type zeolite
prepared using slag as a starting material differed
from commercial A type zeolite and that synthesized
using reagents.

Figure 2 shows Al-K edge XANES spectra of A
and P type zeolites prepared using acid treated BF
slag. Obtained spectra of A type zeolite prepared
using BF slag was different from the result of Si-K
edge spectra, and similar spectra to that of
commercial A type zeolite was obtained. This result
indicates that the local structure of around Al atom of
sample is almost same.

II-5. SOLID STATE PHYSICS

80

G, iy

o, ey
M
—

Mormalized Intensity | art. unils

=,

i " 1

1840 1845 1850
Erargy I o'

Fig. 1. Si-K edge XANES spectra of water cooled
BF-slag and its products.

Bk gl
2
§ | Poeotie om sag
IE i reciles om uag
'-%' Comercl & socie
i B
E AL,

w-Al i,

I . 1
1550 1560 1570 1580

Enargy | oV

Fig. 2. Al-K edge XANES spectra of water cooled
BF-slag and its products.
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Hydroxyapatite (Ca;o(PO4)s(OH),, HAp) has been
well understood as a alternate materials of our hard
tissue because of their excellent osteoconductivity
and biocompatibility. Furthermore, because HAp also
has good protein adsorption ability and ion exchange
ability, many studies for bioactivity and dissolution
behavior of Mg, Mn, Fe, Si, Zn doped HAp have
been performed.

In this study, Fe, Mg and Mn doped HAp were
prepared by conventional wet process, hydrothermal
process and microwave assisted hydrothermal process,
respectively, and local structure around P atom was
investigated by XAFS measurement.

0.1 mol/l Ca(NOs),, (NH4),HPO, and FeCl;,
Mg(NO;) and MnCl, solutions were used as starting
materials. These solutions were mixed up each other
becoming the ratio of Ca to P of 1.67 and the ratio of
Fe from 0.1 to 1 mol%, Mg from 1 to 15 mol% and
Mn from 1 to 5 mol% for Ca solution, respectively. In
the case of wet process, mixed solution was aged for
1 h at room temperature. For the hydrothermal and
microwave assisted hydrothermal process, mixed
solutions were set into autoclave and samples were
prepared at 423 K for each preparation time. After
that, they were filtered and dried at 323 K for
overnight. P-K edge XANES spectra of obtained
HAp powders were measured in a total electron yield
mode at room temperature using InSb double-crystal
monochrometer at BL2A station of UVSOR.

From XRD measurement, obtained all samples had
a HAp structure. Figure 1 shows P-K edge XANES
spectra of Fe, Mg and Mn doped HAp powders. In
the case of Mn and Fe doping, obtained P-K edge
XANES spectra of Fe and Mn doped HAp samples
were similar to that of commercial HAp, and a
change of the spectral pattern was not clearly
observed within any ratio of Fe and Mn. This result
indicates that the local structure of around P atom of
Fe doped HAp samples is almost same with
commercial HAp. From this result, it is estimated that
the doped Fe and Mn substitutes to Ca site. On the
other hand, minimal peak shift and broadening of
spectrum was observed for the 15 mol% Mg doped
HAp. This result may be caused by the decrement of
crystallinity and generation of Mg;(PO,), phase.

81

P wdge
15 mals, Mig-HAD :
& motbl-HAp ,
r—
) ——
-% 0.5 monsFe-HAp /:\\
0 s s
JETN/ AN
I A i T —
Aremar e
wTCP __/ g e
-.m /\'x‘\_______
2440 21'.'.'-0 E‘IIB-'.'II
Energy | eV

Fig. 1. P-K edge XANES spectra of Fe, Mn and Mg
doped HAp (black line) and references (red line).
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Energy transfer mechanism from host crystals to
impurity ions has been widely studied from the
viewpoint of applications of scintillators and/or
phosphors [1]. In CsI crystals doped with T1" or Na"
ions, the hopping motion of self-trapped excitons or
V\ centers plays an important role in the energy
transfer. In this study, we have investigated
luminescence properties of Csl:Ag  crystals in order
to reveal the energy transfer mechanism from the host
Csl crystals to the impurity Ag™ ions.

Figure 1 shows the absorption and luminescence
spectra of the Ag centers doped in the CslI crystals at
10 K. The C absorption band due to the Ag centers is
observed at 3.76 eV. Excitation by the photon energy
corresponding to the C absorption band on the
Csl:Ag crystals induces luminescence bands peaking
at 2.53 and 3.45 eV. These luminescence bands are
attributed to the radiative transitions from the relaxed
excited states of °T,, and 'T;, in the Ag centers and
are called the A’ and C’ luminescence bands,
respectively [2].

Under excitation at 6.42 eV which is higher than
the band-gap energy of Csl crystals, the broad
luminescence bands peaking at 3.6 ¢V are observed in
addition to the A’ luminescence band. The 3.6 eV
luminescence bands are attributed to the off-center
self-trapped excitons (STEs) in Csl host crystals.
Though the STE luminescence band usually has a
standard Gaussian shape, the off-center STE
luminescence band of the Csl:Ag crystals has a
small shoulder at 3.45 eV and a slight dent around
3.70 eV. The small shoulder at 3.45 eV comes from
the C luminescence band of the Ag ™ centers. The dent
at 3.70 eV in the off-center STE luminescence band is
attributed to the reabsorption by the C absorption
band, because the C absorption band located around
3.7 eV is covered with the off-center STE
luminescence band. This fact implies that the Ag
centers reabsorb the off-center STE luminescence.

Figure 2 shows the excitation spectra for the A’ and
off-center STE luminescence band up to the vacuum
ultraviolet energy region. The excitation spectra for
the A’ luminescence bands exhibit a remarkable
response at 3.78 eV which corresponds to the C
absorption band. In general, luminescence bands due
to the T1'-type centers doped in alkali halide crystals
are not efficiently excited in the energy region above
the band gap of the host crystal, because
photo-excited carriers are immediately self-trapped
owing to the strong electron-phonon interaction.
However, the luminescence bands due to the Ag
centers doped in Csl crystals are efficiently excited
even in the energy range above the band gap of Csl
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host crystals. The excitation spectrum for the A’
luminescence band exhibits the similar structure to
that for the off-center STE luminescence band in this
energy range above the band gap. These results
indicate that the efficient energy transfer from the CsI
host crystals to the Ag centers occurs through the
reabsorption of the off-center STE luminescence by
the C absorption band.
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Fig. 1. Luminescence and absorption spectra of
Csl:Ag and non-doped CslI crystals.
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Fig. 2. Excitation spectra for the A’ luminescence
band of Csl:Ag and the off-center STE luminescence
band of non-doped Csl crystals.
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Extensive studies have been made on luminescence
arising from localized relaxed excitons in alkali
chlorides containing iodine impurities. Stimulation in
iodine absorption bands of dilute I-doped alkali
chlorides produces characteristic luminescence bands
under excitation with UV light or with X-rays at low
temperatures. These luminescence bands have been
well explained in terms of localized relaxed excitons
at ICI" molecule (I" monomer) and a complex of two
iodine ions (I" dimer) [1,2]. However, optical and
luminescence properties of heavily iodine-doped
alkali chloride crystals have not been examined
sufficiently for applying to high efficient scintillation
materials. The authors have reported luminescence
properties of KCI heavily doped with KI so far [3].
The present report describes the results of CsCl
heavily doped with Csl.

The crystals of CsClI were grown by the
Bridgeman method from reagent grade CsCl added
with an appropriate amount of CsI (up to 5 mol %).
The optical measurements were made at 6 K.

The Iuminescence spectra excited with photons
near the exciton absorption region of CsCl were
almost the same as those of the previous studies [3]:
two luminescence bands peaking at 3.95 eV (mono-
mer emission) and 5.12 eV (dimer emission) are found
at 6 K. Photoexcitation spectra detected at 5.11 eV for
various CsI mol % of CsCI:I crystals are shown in Fig.
1. The each spectrum has been normalized at unity at
the maximum. The excitation peaks at 6.50 and 6.65
eV of 0.01 mol % crystal move toward the lower
energy side with increasing Csl concentration. The
low energy shift of the excitation bands suggests that
there coexist dimers, trimers and lager sizes of I~ ions
(Csl cluster) in heavily-doped CsCLI crystal as can
been seen in the case of heavily-doped KCI:1 [4].

The luminescence energies of the trimers and
clusters of I~ ions in heavily doped CsCl:I crystals are
expected to be different from that of I dimers. We
have examined the photoluminescence spectra excited
at various photon energies. The results for 1 mol %
crystal are shown in Fig. 2. It is clearly confirmed that
the peak energy of the luminescence band moves
towards the low energy side when excited with lower
photon energy. These luminescence bands are
supposed to be the composite bands due to radiative
annihilation of the relaxed exciton at dimers, trimers
and clusters of I ~ ions [4].

In CsCl crystals containing Csl above 1 mol %,
there exists a small amount of dimer centers as
compared with monomers, and moreover the amount
of trimers and clusters of Csl is extremely smaller than
those of monomers and dimers. However, the
luminescence intensities of such large-sized centers
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are found to be comparable with that of the dimer
emission. This fact suggests that the excitons trapped
in Csl clusters in heavily doped CsCL:I crystals would
give the high luminescence efficiency. The similar
mechanism has been reported in and heavily-doped
KCI:I[4] and Csl:Na systems [5], where the observed
luminescence enhancement originates from excitons
in small-sized KI or Nal particles in host crystals.
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Fig. 1. Photoexcitation spectra of CsCl:I crystals

detected at 5.11 eV for various Csl mol % at 6 K.
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Fig. 2. Photoluminescence spectra of CsCL:I (1 mol %)
excited at various photon energies at 6 K.
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NaBi(WO,), belongs to the family of double
tungstates expressed by the chemical formula
NaT(WOy),, in which T is occupied by trivalent
cations. This material attracts interest for practical use
as Cerenkov radiator to detect ultra high-energy
radiation and charged particles. Despite of such an
important material in high-energy physics experiment,
optical properties of NaBi(WO,), have not been
much investigated, as compared to other metal
tungstates. In the present study, reflectivity and
photoluminescence spectra of NaBi(WOy,), have been
measured using synchrotron radiation.

The crystals of NaBi(WOy), were provided from
Bhabha Atomic Research Centre, Mumbai, India.
They were grown from melt by the Czochralski
method. The samples used in our experiment were
attached at the cold finger of a LHe flow-type
cryostate, and cooled down at 10 K. The reflectivity
spectra were measured using a calibrated silicon
diode in the measurement chamber. The photo-
luminescence spectra were measured for various
excitation wavelength by the combination of a grating
monochromator and a CCD detector.

Figure 1 shows the contour plot of excitation-
emission spectra of NaBi(WOy), (lower part),
together with reflectivity spectrum (upper part).
These data were measured at 10 K. A prominent peak
is observed at 312 nm in the reflectivity spectrum. An
emission band appears at 538 nm under excitation
with photons around 340 nm. As the excitation
wavelength is decreased from 340 nm to 320 nm, the
538 nm band is weakened, and another band appears
at 484 nm. This band is predominantly observed
under excitation in shorter excitation wavelength.
These results are almost agreement with the results by
Tyagi et al. [1].

Two emission bands are observed at 484 and 538
nm in NaBi(WO,), excited by photons in the
fundamental absorption region. The 484 and 538 nm
bands are similar to the blue (443 nm) and green (551
nm) bands in PbWOy,, respectively. Itoh et al. [2] have
explained the origin of these bands as follows: The
blue band is ascribed to radiative decay of excitons
self-trapped on regular WO, tetrahedra, while the
green band is likely assigned to excitons localized on
WOs octahedra of inclusions. NaBi(WOy),
crystallizes in the scheelite structure in which W ions
locate inside tetrahedrons of four O ions. It is thus
more likely that the 2.65 eV band is linked to regular
WO, tetrahedra. The 2.34 eV band may be due to
WOgs octahedra, because there is the possibility that
sodium tungstates composed of WOq octahedra, e.g.,
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NaWO; and Na,W,0,;, are included as low
temperature phases. Decay kinetics of the 2.65 and
2.34 eV bands is now in investigation with Nd’":YAG
laser system, in order to clarify excited state
dynamics of the self-trapped excitons of complex
molecular ion type.
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Fig. 1. Reflectivity spectra (upper part) and contour
plot of excitation-emission spectra (lower part) of
NaBi(WO,), measured at 10K.
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Rare-earth cobaltates, R A,C00O5_5 (R = rare-earth,
A = alkaline-earth), have been extensively studied for
last fifty years because of their characteristic thermal,
electrical, and magnetic properties [1-3]. For a
thorough understanding of such properties, it is
necessary to investigate the charge compensation
mechanism due to the doping of the alkaline-earth
ions in RCoOs;. However, the mechanisms of charge
compensation have not yet been thoroughly
understood for these rare-earth cobaltates with
alkaline-earth ions. In this study, the valence state
analysis of Co ions in Pr;(Ca,CoOs.5 (x=0, 0.5) are
carried out by the Co-L; X-ray absorption near-edge
structure  (XANES) measurements at different
temperature.

All Pr;4Ca,Co0Os.5 samples were synthesized by
the conventional solid-state reaction method. Co-Ls
XANES spectra were recorded at BL4B in UVSOR
using the total-electron-yield (TEY) method. All the
sample powders were mounted on carbon adhesive
tape. Synchrotron radiation from the storage ring was
monochromatized by a varied-line-spacing plane
grating (800 lines/mm). The energy resolution of the
incident beams (E/AE) was set to 3000 by tuning the
slit width at the upper and lower reaches of the grating.
To see a temperature dependence of the Co-L;
XANES spectra, all the spectra were collected at
room temperature and 105 K.

Prior to the XANES analysis, all the samples were
characterized by the X-ray diffraction (XRD). No
extra peaks were found in the observed XRD patterns
except for those of the perovskite structured
Pr; xCa,Co0s;.5. Then the samples were determined to
be crystallized in a single-phased orthorhombic
perovskite structure (Pbnm).

Observed Co-L; XANES spectra of PrCoO; and
PrysCagsCo0;.5 are compared in Fig. 1. In order to
investigate the difference in the spectral profiles
among these two, the observed spectra were
deconvoluted into three components by using
Gaussian functions (dashed lines in Fig. 1). It is found
that relative intensity of peak A to B increases and
peak C to B decrease with doping Ca®" ions both at
room temperature and 105K. In order to see the
change in spectral profiles of Co-L; XANES
quantitatively, the relative intensities of peaks A and
C to B, i.e., I4/Ig and I¢/I, respectively, are plotted in
Figs. 2(a) and (b), respectively.

As shown in Fig. 2, the relative intensities of peak
A and C to B increase and decrease, respectively, with
increasing of doped Ca’" ions both at room
temperature and 105K. Furthermore, if we compare
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the spectra at 105K to the spectra of room
temperature, the relative intensity I,/Ig and I¢/Iy is
smaller and larger, respectively. These experimental
results suggest that the distributions of Co 3d band of
PrCa,CoOs5 are different between at room
temperature and 105K.
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Fig. 1. Observed Co-L; XANES spectra of PrCoO;

and Pry sCay5sCo0Os_5 (a) at room temperature and (b) at
105K. Dashed lines denote spectra deconvoluted into
three components of the Gaussian function.
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Fig. 2. Relative intensities of (a) Peak A to B, 14/Ip,
and (b) Peak C to B, I¢/Ig in Co-L; XANES spectra of
Pr;xCayCo055 (x=0, 0.5) as a function of the
concentration of Ca®" ions.
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Samarium monosulfide (SmS) is a prototypical
compound that exhibits an insulator-to-metal
transition by applying external pressure. This phase
transition is accompanied by a color change from
black to golden-yellow, namely B-G transition. The
energy gap of about £, ~ 0.1 eV evaluated by an
electrical resistivity measurement at ambient pressure
decreases forward a critical pressure of the B-G
transition. Although angle resolved photoemission
spectroscopy (ARPES) is one of powerful techniques
to study electronic structure as well as a mechanism
of this transition, unfortunately, pressure study is
impossible.

On the other hand, it has been reported that the
B-G transition is induced by site substitution [1].
Then we focused onto the Sm;.Y,S system and
performed ARPES measurement in order to reveal the
mechanism of the B-G transition.

Single crystals of Sm;. Y,S (x=0, 0.17, 0.33) were
grown by the Bridgman technique using a
high-frequency induction furnace installed at NIMS
[Figs. 1 (a) and 1 (b)]. ARPES measurement on these
crystals was performed at the VUV-ARPES beamline
BL5U of UVSOR. The obtained inner potential ¥
values 13.4 eV for x = 0, 13.7 eV for x = 0.17 and
15.2 eV for x = 0.33, by analyzing /v-dependence (27
- 84 eV) of energy distribution curve of
highly-dispersive S 3p bands.

Figure 1 (c) shows the x-dependence of lattice
constant. As increasing x up to 0.17, lattice constant
decreases monotonically. At x = 0.17, the lattice
constant suddenly shrinks by the B-G transition. This
discontinuous volume change suggests a valence
transition of Sm ions (Sm*" = Sm’" + ¢, because
the ionic radius of Sm®" is smaller than that of Sm*".

The ARPES image of pure-SmS near the I' point
(hv= 61 ¢eV) at 10 K is shown in Fig. 1 (d). The
dispersive feature of the S 3p bands at the binding
energy of about 3.2-6.5 eV is consistent with previous
ARPES study and LDA band structure calculation [2,
3]. Flat bands in the binding energy below 2.5 eV
originates from the multiplet structure of the Sm*" 4f
final state. The top of the flat Sm”" 4f state is far from
the Fermi level. This is consistent with the
activation-type 7-dependence of electrical resistivity
p (T) [4] and the absence of the Drude response of
the optical conductivity o (®) [5].
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In the golden phase of x = 0.33 shown in Fig.1 (e),
on the other hand, the top of the Sm*" 4f state shifts to
the Fermi level. This result is consistent with the
metallic property in the golden phase. The
observation suggests that the insulator-to-metal
transition occurs owing to the touch of the Sm*" 4f
state to the Fermi level.
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Fig. 1 Single crystals of (a) pure-SmS (black phase)
and (b) Smye;Y033S (golden phase). (¢) Yttrium
substitution dependence of lattice constant. Dotted
lines are guide to the eye. ARPES images near the I'
point on the X-I'-X line of (d) x =0 (hv= 61 eV) and
(e)x=0.33 (hv=66¢V) at 10 K.
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Heusler-type alloy Fe, VAl is a half metal, the Fermi
level Er of which is located within a pseudo gap. Due
to this electronic structure, small change in its
composition or substitution of the fourth element may
remarkably enhance its thermoelectric properties [1].
For Fe, .M, VAl (M = Co, Rh, Ir), their thermoelectric
power negatively increases on the M substitution. In
spite of Co belonging to the same group as Rh and Ir,
however, the dependence of its thermoelectric power
S on substituting amount x is different from those of
the Rh and Ir substitutions [1]. In this report, we have
studied electronic structures of Fe, M, VAl by means
of photoelectron spectroscopy and first principle
calculation to clarify the origin of the difference in S.

Photoelectron spectroscopy was carried out in the
angle-integrated mode for polycrystalline samples of
Fe, o6Mp 04 VAL Electronic structures were calculated
with the Wien2k code [2] and a 2x2x2 super-cell of
FegsMV3,Als,. In the calculation, the lattice constant
was set at an experimental one of Fe,VAI without
lattice relaxation and magnetic ordering.

Figure 1 shows typical valence-band photoelectron
spectra of FejosMj 04 VAl recorded at the excitation
photon energy Av of 44 eV, which is sufficiently
lower than the Fe 3p-3d threshold, and so-called
off-resonance (anti-resonance) spectra at 7zv= 52 eV,
where the Fe 3d photoemission is suppressed due to
the Fe 3p-3d resonance. Thus the off-resonance
spectra show the partial density of states (DOS) for
other than the Fe 3d states, while the difference
spectra between those recorded at #v =44 and 52 eV
represent the Fe 3d partial DOS. The spectra for Co
substitution resemble quite well ones for the Ir
substitution but show a small hump around the
binding energy Eg of 0.4 ¢V.

Calculated total and partial DOS of Feg MV3,Als,
are presented near Er in Fig. 2. Compared to Fe,VAl,
the overall shape of total DOS is little changed but is
shifted towards the high binding energy side as a
whole on the Co and Ir substitutions. This explains
the observed negative S, since S may be proportional
to the energy gradient of DOS at Er. For both Ir and
Co substitutions, the Ir 54 and Co 3d states form a
common band; the Ir 5d states dominate the higher
binding energy side of the main Fe-V 3d band, while
the Co 3d states are well hybridized with the whole 3d
band. Most noticeable spectral difference between Co
and Ir substitutions is the appearance of a peak just
above Ef, derived from the Co 3d impurity-like states.
These differences are ascribed to the difference in the
spatial extent and energy position of the Co 3d and Ir
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5d states, and hence their hybridization with
surrounding elements. The calculated DOS suggests
that the thermoelectric power for Fes;CoVi3,Als, (-110
uVK™ at 300 K) may be larger in magnitude than that
for FeglrViAly, (<70 pVK'l), which is, however,
inconsistent with the experimental results [1]. The
peak in the present spin-independent calculation
would split in the ferromagnetic phase, which might
reduce S for Fe, ,Co,VAl Such in-pseudogap states
are not clear in the present experimental spectra, since
the spectra are suffered from modification by surface.

[17Y. Nishino, Mater. Sci. Eng. 18 (2011) 142001.
[2] P. Blaha ef al., Comput. Phys. Comun. 59 (1990)
399.
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Europium monoxide (EuO), a ferromagnetic
semiconductor, with Curie temperature (7;) of 69 K, is
attracting  attention due to its anomalous
magneto-optical and transport properties [1, 2]. In the
case of electron doping, T, increases to as high as 200
K. Therefore EuO is one of candidate compounds for
next-generation spintronics applications such as
spinfilter [3, 4]. To growth high quality ultrathin films,
it is important to satisfy small lattice mismatch
between EuO and substrate or buffer layer. Then we
adopt SrO as buffer layer in between EuO thin film
and SrTiO; substrate, as shown in Fig. 1. SrO forms a
rock-salt type crystal structure with a lattice constant
of 0.5144 nm, which is the same crystal structure and
similar lattice constant as EuO (The lattice mismatch
between SrO and EuO is 0.3 %). Due to the quite small
lattice mismatch, EuO ultrathin films with a few
atomic layers are expected to be epitaxially grown on
the SrO buffer layer. To check the existence of the
impurity, such as Eu,O; Eu-metal and Eu valence
number of the surface of the thin films, we performed
photoemission spectroscopy (PES) measurements of
the fabricated thin films.

Single-crystalline EuO ultrathin films and SrO
buffer layer with thickness of about 2 and 5 nm,
respectively, were grown using a molecular beam
epitaxy (MBE) method onto 0.05 wt% Nb-doped
SrTiO; (001) single-crystalline substrates. The PES
measurements were performed at the beamline BL5U
of UVSOR-II combined with the MBE system. The
EuO ultrathin films were prepared in the growth
chamber and were transferred to a 3D-ARPES
chamber under UHV condition.

Figure 2 shows the PES spectra of EuO 2 nm/ SrO 5
nm / SrTiO; [Fig. 2 (a)] and EuO 5 nm / SrTiOs [Fig.
2(b)] measured at ~v= 38 eV at 10 K. In the case of
EuO 2 nm/ SrO 5 nm/ SrTiO; in Fig. 2 (a), only Eu*"
4f and O 2p exist, in spite that the Eu’" 4f and
metallic states originating from Eu,O; and Eu metal,
respectively, are observed in EuO 2 nm / SrTiOs; in Fig.
2(b) [5]. These results suggest that the SrO buffer layer
protects the oxygen diffusion from SrTiO; substrate to
the EuO thin film. Due to the quite small lattice
mismatch at the interface and protect the oxygen
diffusion, we successfully fabricated single crystalline
EuO ultrathin films with a few atomic layers. The
technique is useful for next generation spintoronics
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devices such as a spin filter.
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Fig. 1. Atomic structure of EuO (001) thin film with
SrO buffer layer onto SrTiO; substrate. Lattice
constant of SrTiO;, SrO and EuO and lattice mismatch
between SrTiO;—SrO and SrO-EuO are shown in the
figure.
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Fig. 2. Photoemission spectra of EuO 2 nm / SrO 5
nm / SrTiO; (a), EuO 5 nm / SrTiO; (b) at the
temperature of 10 K with the photon energy of 38 eV,
respectively.
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A topological insulator, whose physical properties
at the bulk of the system are characterized as
insulating or semimetal, while those at the surface as
an anomalous metal, attracts much attention as a new
spintronics device. It becomes central issue to
investigate the anomalous metallic surface states,
which appears as the linear dispersions intersecting
each other between the bulk energy gap (‘so called
Dirac-corn’). So far, angle-resolved photoemission
spectroscopy (ARPES) plays a dominant role to
establish the 3D topological insulating nature and to
probe the topology of their surface states especially in
the binary Bi-based series of compounds [1].

Recently, half-Heusler ternary compounds XYZ
(XY: transition or rare-earth metal, Z: pnictogen)
have been expected to be a new platforms for
topological quantum phenomena as spintronic
utilization ~ with  tunable  multifunctionalities
(superconductivity, magnetism, heavy-fermion etc.),
since the ground state changes from topologically
trivial (semiconducting) to topologically nontrivial
(semimetallic) as the characteristic energy difference
between the T's and 'y energy levels changes from
negative to positive by changing combination of X, Y,
and Z atoms [2, 3].

Among half-Heusler ternary compounds, YbPtSb
with mostly localized Yb* ions [4] might be
categorized as a border between the nontrivial and the
trivial case as a reference compound LuPtSb.
Furthermore, the exceptionally large specific heat
coefficient y = 8 J/mol K* as well as a very tiny
ordered moment below T, = 0.4 K has been observed
on YbPtSb suggest its additional functionalities due
to strong electron correlation effects [5].

In the present study, we have performed ARPES
measurements on YbPtSb to clarify the existence of a
topologically nontrivial state as well as its relation
with extremely heavy carriers.

Figure 1 (a) shows the band structure along the
I'KX symmetry line of YbPtSb obtained by plotting
the intensity of ARPES spectra with hv = 30 eV
photons. Fig. 1(b) shows the result of LDA band
calculation of LuPtSb, referred as the localized Yb**
ground state, with spin-orbit coupling using the
WIEN2k code for comparison. We found that the
valence electronic structure around the G point can be
qualitatively reproduced by the band calculation
though the bandwidth in the experiment seems to be

Binding Inargy [ 2V )
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narrower by twice than the calculation, possibly due
to electron correlation effect. On the other hand, we
found qualitative discrepancies near the Fermi level.
For example, while the calculation on LuPtSb expects
only one zero-gap semiconducting nature, two types
of Fermi surfaces (FSs), suggesting the semimetallic
nature, have been observed by ARPES. One is light
FSs at the I point and the other is a heavy FS at the X
point. Though the origin of the observed differences
is not clear yet, one possibility is a sizable

hybridization effect of the Yb 4f states with
conduction electrons. To elucidate the character of
the observed FSs as well as the symmetry of the
energy dispersions, further studies using polarization
dependent ARPES and systematic studies on LuPtSb
are intended.
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Fig. 1. (a) ARPES image along the 'KX symmetry
line. White lines are guide for eyes. (b) Band
structure calculation of LuPtSb.
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A-site ordered perovskite CaCu;TisO, (CCTO)
has been attracted much attention due to an extremely
high dielectric constant (¢) and its intriguing
properties [1]. Particularly, the temperature

dependence of physical properties has been of interest.

For example, the absence of any structural phase
transition around the temperature of 100 K, where the
high & dramatically drops, is quite a different point
with the typical perovskites, the so-called
ferroelectrics, where the crystal structural phase
transition usually causes the large change of €. In
addition, the electrical resistivity measurements have
showed the variable range hopping conductivity in
the insulator phase below about 150 K. To clarify the
mechanism of such unusual physical properties, we
have carried out the temperature dependent
photoemission (PES) experiments on a single crystal
CCTO.

PES measurements have performed at BL5U. The
used photon energy is 90 eV. The sample surface in
the (100) plane was prepared by cleaving in situ in
the  ultra-high  vacuum. The  measurement
temperatures are from 150 to 300 K. A wide
acceptable angle-integrated mode (== 16°) was used to
accumulate the data. The Fermi level was referred to
that of gold thin film electrically connected with the
sample. In PES experiments of an insulator sample,
one should take care of the possibility of charging in
the sample during measurement. Therefore, we have
investigated the intrinsic properties of CCTO by
comparing with spectra obtained by controlling the
photon flux with the slit size of the beamline.

Figure 1 (a) shows PES spectra in valence band
regime at hv =90 eV and T = 300 K with various slit
sizes. The mainly Cu 3d peak is observed around 4
eV with intense intensity. The broad peak of mainly O
2p states is observed around 5 - 8 eV. Small broad
shoulder of mainly Cu 3d — O 2p hybridized states is
observed around 2 eV as in our previous results [2]. It
is found that the whole shapes of spectra are almost
the same in the various slit sizes. However, the small
shift of Cu 3d peak is observed in the slit sizes larger
than 70x70 pm’. We recognize that the typical
behavior of the charging is the decease of the
intensity of 2 eV peak with increasing the photon flux
as shown in the inset of Fig. 1 (a). This can be a good
standard point in analyzing the PES spectra.

Figure 1 (b) is the plot of temperature dependent
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PES spectra in the valence band regime at hv =90 eV
with the slit size of 30x30 pum? where the sample is
not charged up safely as in the above photon flux
dependent PES experiments. We find that the whole
spectra shapes are almost the same over whole
temperature. There is a small shift of Cu 3d peak
around 4 eV to the higher binding energy with
decreasing the temperature. And the PES spectra
reveal that the intensity of Cu 3d — O 2p hybridized
states around 2 eV increases with decreasing the
temperature, particularly below T = 200 K. This is
completely the opposite behavior to the typical case
of the charging, indicating the intrinsic property of
CCTO. It should be also noted that this temperature is
roughly consistent with the temperature where the
type of the transport property is changed as
mentioned above. The physical meaning and the
relation with the high € are not clear yet and should
be studied further.
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Fig. 1. (a) Photon-flux dependent and temperature
dependent photoemission spectra of CaCu;Ti4Op;, in
the valence band regime, obtained with the photon
energy of 90 eV.
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Ionic conductivity of superionic conductors is as
large as those in liquids. Movement of ions in
superionic conductors is not in phase bout random as
in liquids. However, existence of correlative
movement of conduction ions by Coulomb repulsive
interaction has been expected for a long time.
Recently calculation simulation has been showing
attractive interaction between conduction ions by
electronic effect. Low energy spectral characteristics
indicate such collective motion of conducting
ions[1,2]. If coherent excitation of ionic movement
occurs by coherent external electric field, ionic
conductivity seems to increase drastically. In this
study, I have investigated far-infrared and millimeter
wave spectra of superionic conducting crystal RbAg,ls
in external electric field.

Fig. 1 shows reflectivity deviation at far-infrared
region of RbAg,ls applied electric field. Reflectivity
around 74 and 91 cm™ were increased by applying
1kHz sinusoidal wave of amplitude of 3.0 V,,. This
spectral change disappeared after removing the
applied electric field. These peaks seem to be due to
deformed breathing modes of Ag-I tetrahedron. Such
enhancement of breathing mode seems to be due to
increase of the number of silver and iodine tetrahedron
pairs. Contrary to this result, in my previous
experiment of silver atom doping, absorption bands at
45 and 70 cm™' decreased [3].

Fig. 2 shows change of reflectivity ratio at
submillimeter region of RbAg,ls applied electric field.
The ratio means reflectivity divided by that before
applying the electric field. Red line shows that in
applying 1kHz sinusoidal wave of amplitude of 3.0
V,,- Intensity of “attempt mode” around 19 cm’
increased. This spectral change disappeared after
removing the applied electric field. The attempt mode
is a motion of silver ion trying to escape surrounding
tetrahedron. Such enhancement of attempt mode
seems to be due to increase of the collective
movement of silver ions. Contrary to this result, in my
previous experiment of silver or iodine doping, the
dielectric constants decreased by silver addition and
increased by iodine addition in the spectral region
below 20cm™'[3].

In Raman scattering spectra of the doped RbAg,ls,
drastic spectral changes were reported previously[4,5].
The scattering intensity in terahertz region (under
50cm™) increased by silver addition and decreased by
iodine addition. Moreover fine structures at low
temperature disappeared in the case of iodine addition.
Reflectivity results of this study described above were
contrary to those of the Raman spectroscopic study.

A part of the spectral change by applying electric
field seems to be interpreted as change of local density
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of silver ion or iodine ion. (The latter means silver ion
vacancy.)
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Fig. 1. Reflectivity change of RbAg,ls by applying

electric field. Red line shows that in applying AC1kHz,
3V. Blue line shows that after reducing the voltage to
zero. The dotted line shows Gaussian curves at 74 and
91 cm™. Small peaks are due to remaining interference
fringes.
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Fig. 2. Change of reflectivity ratio of RbAg,ls by
applying electric field. Red line shows that in applying
ACI1kHz, 3V. Blue line shows that after reducing the
voltage to zero. Ry means the reflectivity before
applying the electric field. The dotted line shows
Gaussian curve at 19cm™. Small peaks are due to
remaining interference fringes.

[1] T. Awano, Infrared Phys. and Tech. 51 (2008) 458.
[2] T. Awano and T. Takahashi, J. Phys. Soc. Jpn. 79
Suppl. A (2010) 118.

[3] T. Awano, UVSOR Activity Report 36 (2009)100.
[4] S. Bredikhin, T. Hattori and M. Ishigame, Solid
State Ionics 67 (1994) 311.

[5] S. Bredikhin, N. Kovaleva, T. Hattori and M.
Ishigame, Solid State Ionics 74 (1994) 149.
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FeSb, is known to possess an extremely large
magnitude of Seebeck coefficient reaching -40 mV/K,
which is 200 times larger than that of practical
thermoelectric materials [1]. The mechanism leading
to this huge Seebeck coefficient has not been well

understood yet. Therefore, in this study, by
emoplying high-resolution angle resolved
photoemission spectroscopy (ARPES), we

investigated the characteristics of electronic structure
near the chemical potential because it is the main
factor to determine the electron transport properties
including Seebeck coefficient.

Single grained FeSb, samples were grown in the
Sb-flux, and we succeeded in obtaining FeSb, single
crystals of ~1x1xl mm® in dimension. The sample
possesses a large evolution of Seebeck coefficient at
around 10~30 K as it was reported previously, though
the magnitude of Seebeck coefficient is slightly
smaller than the reported value.

ARPES measurements were conducted at BL7U of
UVSOR using photon energy of 22 eV. This photon
energy was selected so as the measurable momentum
area to cover the whole first Brillouin zone. The
orientation of samples were determined by taking
Laue pictures, and the clean surface was prepared by
cleaving samples in the ultra high vacuum chamber of
APRES apparatus just before the measurement.

Figure 1 shows temperature dependence of EDC
spectrum measured at I" point. The peak intensity and
spectrum  weight increases with  decreasing
temperature, and it becomes evident especially at low
temperatures where the large magnitude of Seebeck
coefficient is observable. Since the peak was located
at the energy 200 meV below the chemical potential,
it is naturally understood that the evolution of the
peak in measured EDC cannot contribute the
increasing magnitude of Seebeck coefficient. The
observed evolution of peak suggests the presence of
the similar increase of peak intensity near the
chemical potential in the conduction band to cause
the large increase in the magnitude of Seebeck
coefficient with negative sign. In such a case, the
chemical potential must possess drastic variation with
temperature in the same manner as the significant
variation of Seebeck coefficient. Thus, in the next
step, we focused on the chemical potential shift.

The temperature dependence of chemical potential
U(T)— ¢, estimated from the peak energy in EDC

was plotted in Fig.2 (a). We also plotted the
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contribution of chemical potential on Seebeck
coefficient, ((T)-¢&,)/(dT) [2], together with the
measured Seebck coefficient in Fig. 2 (b). The
temperature dependence of (u(T)-¢,)/(dT) shows

extremely good consistency with the measured value.
This fact unambiguously indicates that the large
magnitude of Seebeck coefficient is brought about by
the electronic structure effect rather than the
phonon-drag effect.

2 F:

E

=

=]

&

>

a5

Z

=)

a0 {

=] L
-,
les=k

04 02 0

0.5 0

Momentum, & / Ar"
(a) ARPES intensity [(k,&) of FeSb,
measured at 13 K near the I' point. The energy

Energy, e-u /eV

Fig. 1.

distribution curves /(I',&) measured at various
temperatures are shown in (b). Evolution of the Peak
intensity is observable with decreasing temperature
especially below 30 K, where the magnitude of
Seebeck coefficient increases.
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peak energy at 0 K is assumed to be —0.219 meV. The
characteristic temperature dependence of Seebeck
coefficient was clearly reproduced by that calculated
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Graphite has been regarded as a “textbook” system
for solid state physics for many years because of its
unique  characteristics. In  this  study, the
angle-resolved photoelectron spectroscopy (ARPES)
with low-photon energy (7-16eV) is used for the
investigation of HOPG (Highly Oriented Pyrolytic
Graphite) at a low temperature. We observed for the
first time peaks in the low binding energy region
(from the Fermi level to 0.7 eV) of the surface normal
photoelectron spectra at 11K, which disappear above
~30K. Based on the dispersion along both the parallel
and normal to the surface, the peaks are ascribed to
the emission from the K(H)-point that is backfolded
into the I'-point as a result of the two-dimensional
superperiodicity. The surface charge density wave
(CDW) transition is proposed for the driving
mechanism of the superperiodicity based on the
temperature-dependence  of the  photoelectron
intensity[1].

The ARPES experiments were carried out at the
BL7U SAMRALI of the UVSOR-II. Figure (a) shows
a series of normal-emission photoelectron spectra of
HOPG at 11K using the photon energies from 7.3 to
16eV (0.3eV-step). A distinct peak just below the
Fermi level and a smaller peak at the binding energy
(Eg) ~0.7eV are visible when the photon energy is
near 11.5e¢V with a relatively high intensity. In the
normal emission, only the electron states along the
I'-A line of the Brillouin zone (BZ) can be observed.
Therefore, the peaks at Eg~0eV and 0.7¢V in the
ARPES spectra [Fig. (a)] are paradoxical since the
n-band of the graphite crosses Ep near the K-point,
and no corresponding bands near Er have been
reported at the center of the BZ.

In order to obtain the information about the two
anomalous peaks, we measured the band dispersion
by using ARPES at 11K. In Fig. (b), the dispersions
of these peaks as a function of k;, (inverse vector
parallel to the surface) are displayed. The color map
shows photoelectron intensity taken at hv=13eV. The
dispersions of the two peaks closely resemble those
of the m-bands around the K-point in the graphite.
According to the photon-energy dependence of the
surface normal photoelectron emission, it is also
shown that the dispersion of these peaks along the k,
(surface normal) direction is similar to that along the
K-H line. Therefore, these peaks cannot be assigned
to the defect, edge, or surface states, but are
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unambiguously ascribed to the electron emission
from the m-band at the K(H)-point of the graphite.
Then, we can conclude that the K-point of HOPG at
11K is backfolded into the I'-point as a result of the

of the pV3x3)R30

superperiodicity. The detection of the photoelectron
emission from the K-point at the surface normal can
be provided by the diffraction (scattering) by the
reciprocal lattice vector of the 2D superlattice.

We measured the sample-temperature dependence
of the photoelectron spectra in order to reveal the
condition for the superperiodicity formation. In Fig.
(c), the photoelectron intensity at Eg=0.016eV (solid
circles) in the surface normal PES at hv=11.5¢V is
plotted as a function of the reduced temperature
(divided by the critical temperature Tc=29K). This
temperature-dependence is very similar to that of the
X-ray reflection intensity of some materials
corresponding to the superlattice formation as a result
of the charge density wave (CDW) transition, which
is well described with the square of the
order-parameter A predicted by the BCS-law (solid
line). Consequently, it is strongly suggested that the
formation of the superlattice in HOPG is caused by
the CDW transition. This observation demonstrates
the advantage of the photoelectron spectroscopy with
the tunable photons of the low energy.

formation or larger

[1] S. Tanaka, M. Matsunami and S. Kimura, Phys.
Rev. B 84 (2011) 121411 (R) .
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The topology of the Fermi surface (FS) in the
heavy-fermion systems directly reflects the degree of
the hybridization between conduction band and 4f
state (c-f hybridization) as a key concept for
describing the heavy-fermion nature. Angle-resolved
photoemission spectroscopy (ARPES) is a powerful
tool to probe the c-f hybridized electronic structures.
However, most of ARPES measurements have been
performed on the basis of the surface Brillouin zone
or by using the 4d-4f resonant process, in which the £,
dependence of the electronic structure and FS are
ignored. Since the heavy-fermion systems generally
have three-dimensional electronic structure and FS,
ARPES measurements should be done along the bulk
Brillouin zone.

YbAl,, which crystallizes in the cubic Laves
MgCu, structure, is a prototypical valence fluctuation
system. The Yb mean valence has been estimated to
be ~ 422 by the hard x-ray photoemission
spectroscopy [1]. It strongly suggests that a strong c¢-f'
hybridization effect can be realized in YbAl,. Hence
YbAl, is well-suited system for studying the c-f
hybridized electronic  structures and the FS,
particularly in comparison with the band structure
calculations.

In this work, we have performed a three
dimensional mapping of the FS for YbAl, by means
of ARPES. The ARPES experiment was carried out at
the undulator beamline BL7U "SAMRAI" in
UVSOR-II [2]. The crystal orientation was
determined by Laue x-ray diffraction. The single
crystals of YbAI,, which were grown by the Lithium
flux method, were cleaved in sifu along the (111)
plane. The LDA band structure calculations were
performed using the WIEN2k code.

Figure 1 (a) shows the bulk Brillouin zone of
YbAl,. Comparing the photon-energy dependence
(16-29 eV) of ARPES data leading to the FS in the
k.~-k, plane with the LDA calculations as shown in Fig.
1 (b), the inner potential in this system was estimated
to be 13.7 eV. Thus, the photon energy of #v=20eV
are chosen so as to obtain the FS in the k.-k, plane as
shown in Fig. 1 (¢). Two FSs around I" point in both
the k-k. and the k.-k, planes are well described by the
LDA calculations. The results suggest the small
renormalization effect in YbAl,, which can be
provided by the strong c-f hybridization, consistent
with the extremely high Kondo temperature (above
2000 K).
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Fig. 1. (a) Brillouin zone of YbAl,, in which the £,
corresponds to the (111) direction of the fcc Brillouin
zone. (b) and (c¢) Fermi-surface (FS) mapping of
YbAL, in the k-k. plane and the k.-k, plane,
respectively. The green dots and lines indicate the FSs
obtained by the LDA band structure calculations.

[1] M. Matsunami ef al., J. Phys. Soc. Jpn. 81 (2012)
073702.
[2] S. Kimura et al., Rev. Sci. Instrum. 81 (2010)
053104.
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The newly discovered K.Fe,,Se, superconductor
exhibits many distinct properties from other
iron-based superconductor [1], such as its parent
compound and electronic structure [2, 3]. Since the
electronic structures of iron-based superconductors
are dominated by multiple 3d orbitals [4, 5], to
understand the unique properties of K Fe,Se,, one
needs to understand its orbital characters.

The intrinsic phase separation in KFe,Se,
superconductor  leads to  relatively  lower
concentration of superconducting phase compared to
other iron-based superconductors, however, the
strong photon intensity and variable polarizations of
beamline BL7U at the ultraviolet synchrotron orbital
radiation facility (UVSOR) enable us to successfully
resolve the orbital characters of low-energy electronic
structure.

o]} o !

Fig. 1. The polarization-dependent APRES data
around Z taken with 30 eV photon. (a) The
photoemission spectra and their corresponding second
derivatives with respect to energy taken in the s and p
geometries, respectively, along Z-A direction. (b) is
the same as panel a, but taken along Z-R direction.

Figure 1 shows the photoemission spectra around
the Z point. In Fig. 1(a), the upper panels are the
photoemission spectra taken along Z-A (#1) direction
in the s and p geometries, respectively, and the lower
panels are the corresponding second derivatives with
respect to energy. Fig. 1(b) is similar to Fig. 1(a),
except that the data were taken along Z-R (#2)
direction. We could resolve three hole-like bands, a,
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B, and Y, two electron-like band, ¥ and ¢, and

two rather flat bands, @ and ®’, around Z in Fig.
1.
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Fig. 2. (a) The summary of the orbital characters of
low-energy electronic  structure in  K.Fe,.Se,
superconductor along Z-A direction. (b) The
illustration of the orbital characters on the Fermi
surface sheets around I', M, Z, and A. The almost
overlapping & and &’ Fermi surface sheets around M
and A are separated for a better illustration.

Exploiting the polarization-dependent
angle-resolved photoemission spectroscopy (ARPES),
we have determined the orbital characters of the
low-energy electronic  structure of K Fe,,Se,
superconductor (Fig. 2) by considering the spatial
symmetries of Fe 3d orbitals and their matrix element
effects mentioned in refs.4 and 5. We found that the
small electron pocket near the Z point is mostly
dominated by the dz* orbitals, while the large Fermi
cylinders around the zone corner are dominated by
the dxz, dyz, and dxy orbitals. Moreover, we find that
the Fermi cylinders are actually composed of two
highly degenerate ones, indicating negligible
interactions between them.

To a large extent, the K Fe,,Se, superconductor
shares similar orbital characters with other iron-based

superconductors [4, 5], but with its own
characteristics. The determined orbital characters
would help to construct realistic model for
KxFez_ySez.

[1]1J. G Guo et al., Phys. Rev. B 82 (2010) 180520.
[2]Y. Zhang et al., Nature Mater. 10 (2011) 273.
[3]1F. Chen et al., Phys. Rev. X 1 (2011) 021020.
[4]Y. Zhang et al., Phys. Rev. B 83 (2011) 054510.
[51Y. Zhang et al., Phys. Rev. B 85 (2012) 085121.
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LiFeAs is an intriguing iron pnictide superconduc-
tor because it shows superconductivity (7c = 18 K)
without any structural and SDW/AFM transitions [1].
In pristine LiFeAs, we have demonstrated that the
electronic structure can be fundamentally explained
by a LDA band structure calculation. We have also
pointed out the importance of the interband scattering
between hole and electron Fermi surfaces in terms of
the appearance of superconductivity [2]. In this sys-
tem, the excess or deficiency of Li-ions from the
stoichiometry has been reported to suppress the su-
perconductivity [3] and enlarges spin fluctuation [4].
However, the reason of the suppression of the super-
conductivity owing to the off-stoichiometry has not
been clarified yet.

To elucidate the effect of the Li excess or defi-
ciency to the electronic structure, we performed a
polarization-dependent three-dimensional an-
gle-resolved photoemission spectroscopy
(3D-ARPES) of a Li-excess LiFeAs (Lij+FeAs)
without superconducting transition at BL7U,
UVSOR-IIL.

Figure 1 shows a normal emission (k=0 A™) AR-
PES image of Li;\FeAs measured at 7= 12 K along
the Z-A direction. The blue line indicates the trace of
the peak positions of the momentum distribution
curves (MDCs) and the green dashed lines indicate
the dispersion curves derived from an LDA band cal-
culation. The obtained band dispersion is strongly
renormalized below 100 meV. The renormalized bare
band is assumed as the green solid line in Fig. 1. The
obtained band dispersion has kink structure that is
away from the assumed bare band at about 20 meV
and 100 meV.

In order to argue about the kink structure qualita-
tively, we performed the self-energy analysis. Figure
2 shows the real part of the self-energy ReX(w),
which is obtained by the subtraction of the assumed
bare band dispersion from the MDC dispersion. The
ReX(w) spectrum clearly has two peaks; one is lo-
cated at about 20 meV and the other at about 100
meV. The former is consistent with phonon energy
position as shown by the dashed lines reported by
Raman spectroscopy [5] and theory [6]. However, the
later peak cannot be explained by the phonon origin.
A recent inelastic neutron scattering (INS) study in-
dicated that the spin excitation peak appears at around
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100 meV as shown by a blue line [7], which is con-
sistent with the observed higher-energy kink. This
suggests that the higher-energy kink originates from
magnetic excitations.

2

Al wacior (A1)

Fig. 1. ARPES image of Li;.\FeAs measured at 7 =
12 K along the Z-A direction.

==

S = F -
i o / " T B
N \ :
12|35 T ¥ A g
g o w‘-" S i

[ ™
=] 20 .I:.'l & 80 W0 a0 140 6D
Bl [Eraigry il (M)

Fig. 2. The real part of the self-energy ReZ(w) indi-
cated by a red solid line. Vertical dashed lines indi-
cate the phonon energy position [5, 6] and blue line
indicates the energy dependence of the local suscep-
tibility of Lij o4FeAs obtained by INS [7].

[1T X. C. Wang et al., Solid State Commun. 148
(2008) 538.

[2] T. Hajiri et al., Phys. Rev. B 85 (2012) 094509.

[3] M. Wang er al., Phys. Rev. B 83 (2011)
220515(R).

[4] L. Ma et al., Phys. Rev. B 82 (2010) 180501(R).
[51Y.J. Umet al., arXiv:1109.5797.

[6] R. A. Jishi et al., Adv. Condens. Matter Phys.
2010 (2010) 804343.

[7T M. Wang et al., Phys. Rev. B 83 (2011)
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The Bechgaard salts (TMTSF),X (TMTSF:
tetramethyl-tetraselenofulvalene, X=AsFg, PFs, ClOy,
etc.) are the well-known  models of
quasi-one-dimensional systems. Owing to the stacks
of planar TMTSF molecules in columns,
quasi-one-dimensional conductivity appears. At low
temperatures, this quasi-one-dimensionality results in
an intriguing ground state such as a
spin-density-wave (SDW) state, or a superconducting
state, depending on anion X and pressure [1]. For
(TMTSF),AsFs, the SDW transition occurs at 12 K at
ambient pressure.

In this study, we have performed angle-resolved
photoemission spectroscopy (ARPES) on
single-crystalline (TMTSF),AsFs to clarify the
electric state and its relation to the anomalous
properties. By utilizing the bulk-sensitive microfocus
low-energy photons (hv = 8 eV, 15X 100 pm?) at the
BL7U, we have succeeded in directly observing the
intrinsic electronic structure of (TMTSF),AsF.

Figure 1 shows the ARPES image near Efr along
the I'X high-symmetry line measured at 7= 30 K. At
the T" point, the hole-like dispersive feature, which
can be assigned to the TMTSF band [2], was clearly
observed. In order to clarify the relation between the
observed dispersive feature and the anomalous
property, we analyzed the electronic structure near Eg
around the Fermi/Luttinger surface in detail.

Figure 2 shows the second derivative of the
ARPES image (Fig. 1) with enlarged scales. The
weak dispersions (b) and (c) other than the main
feature (a) appear at the low-binding energies. The
origin of anomalous multiple dispersive features are
not clear yet. Two separated excitations of spin and
charge in one-dimensional electron systems has been
expected by so called spin-charge separation model,
which has recently been demonstrated on SrCuO, by
the ARPES experiments [3]. Furthermore, an
additional low-energy excitation due to the
electron-photon coupling has been predicted by the
recent theory [4]. To elucidate the present observation
of the anomalous multiple dispersive features on
(TMTSF),AsFg, further studies are intended.

[1] T. Ishiguro et al., Organic Supercondutors
(Springer-Verlag, Berlin, 1998).
[2] S. Ishibashi, Sci. Techonol. Adv. Mater. 10 (2009)

024311.
[3] B. J. Kim et al., Nat. Phys. 2 (2006) 397.
[4] F. F. Assaad, Phys. Rev. B 78 (2008) 155124.
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Fig. 1. ARPES image of (TMTSF),AsF along the I'X
high-symmetry line measured at 7 = 30 K. Dashed
lines are guide for eyes to trace a main dispersive
feature.
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Fig. 2. Second derivative of ARPES image (Fig. 1) of
(TMTSF),AsFs enlarged near FEr around the
Fermi/Lutinger surface. Dashed lines (a), (b) and (c)
are guide for eyes to trace the observed dispersive
features.
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Optical absorption spectra and photoluminescence
spectra were obtained for eight kinds of polyolefin
sheet samples using photons in a range from visible
to vacuum ultraviolet. Almost all samples were found
to exhibit an absorption peak at around 6.5 eV and a

luminescence band at around 4.3 eV as shown in Figs.

1 and 2. The luminescence was found to be induced
by the absorption. Furthermore, it was found that
successive absorption of ultraviolet photons weakens
the luminescence intensity [1, 2]. It is assumed from
these results that o, P-unsaturated carbonyls are
luminous and that the carbonyls are decomposed
through the Norrish type II reaction by absorbing
ultraviolet photons [3, 4]. In Norrish type II reaction,
o, B-unsaturated carbonyls change to B, y-unsaturated
carbonyls, which are then separated into pure carbon
double bonds and pure carbonyls by main chain
scissions.

Quantum chemical calculations were carried out
using polyethylene models with and without an
unsaturated carbonyl to verify the above-mentioned
assumption. From the calculation results, the model
with an unsaturated carbonyl was found to have
localized electronic states in the forbidden band as
shown in Fig. 3. One of the differential energies
between the states is close to the photon energy, by
which the luminescence is induced. The bond length
of a double bond, which is next to the carbonyl, was
found to be longer at the excited singlet state than at
the ground state. These results obtained by the
quantum chemical calculations support the above-
mentioned assumption of the luminescence center and
its decomposition.
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Fig. 1. Absorption spectra measured by

vacuum ultraviolet spectroscopy observed for
PE, PP and PMP. The numerals in parentheses
are the thicknesses of the samples.
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? Department of Photonics and Applied Physics, Gwangju Institute of Science and Technology (GIST), Gwangju
500-712, Korea

Spin state of the Co ions, particularly Co™, in
cobalt-oxides has long been a controversial issue.
Depending on the relative magnitude of the crystal
field splitting against the Hund’s rule coupling, the
spin state for Co’" with six 3d electrons can be low
spin (LS, S=0), high spin (HS, S=2), or even
intermediate spin (IS, S=1). Although this additional
degree of freedom complicates the problem in
understanding magnetic and relevant properties, it can
also provide a chance to invoke novel functionality,
such as the large thermoelectric power or spin state
dependent charge transport.

For  the  half-doped layered  perovskite
La; 5CaysCo0,, a checkerboard-type charge order of
Co®" and Co™ s realized with a high transition
temperature 7co~850 K, and the magnetic order
occurs at comparably low temperature (T) around 30
K. Concerning the local spin state, Co”" is usually
considered to be in the HS state. As for Co’",
Hollmann et al. recently proposed the
temperature-induced  spin-state  transition by
examining high-temperature magnetic susceptibility
[1], although the high-temperature spin state is not
determined between IS and HS.

In this article, we report the spin-state issue in the
layered perovskite cobaltate based on the optical
spectroscopy. From the temperature dependency of
infrared-active optical phonons, we observed clear
signatures of the temperature-induced spin-state
transition particularly to IS around 400 K.

We measured reflectivity spectra for single crystals
of La;sCaysCo0, between 12 meV and 5 eV using
Fourier-transform spectrometer and grating-type
spectrometer in temperature range between 300 K and
850 K. We obtained the reflectivity between 5 and 30
eV at room temperature by using synchrotron

radiation at BL7B in UVSOR. We determined
complex optical constants through the
Kramers-Kronig  transformation ~ with  proper

extrapolations of reflectivity in the low and high
energy regions.

Figure 1 (a) shows the reflectivity spectra up to 30
eV. Sharp peaks below 0.1 eV are assigned to infrared
active optical phonons. A peak structure in energy
range from 0.1-4 eV is assigned to charge transfer
type transition between O-2p band and Co-3d band,
or Co-3d interband transition. In the following, we
focus the temperature dependence of the phonon
spectra. Figure (b) shows optical conductivity spectra
in the energy range between 20-50 meV. At 300 K,
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three peaks are visible around 33, 37 and 44 meV.
These peaks are assigned to the Co-O bond bending
mode. With increasing temperature, the peaks
gradually broadens, as expected by structural
anharmonicity. It should be noted that there are
additional modes developing as temperature increases
above 400 K around 30 meV (indicated by red
triangles). This indicates that there is an additional
structural distortion going on with an increase of
temperature, and such a distortion should be
understood differently from the structural distortion
related to the charge order. Considering that the mode
itself, supposing the tetragonal symmetry, is an apical
oxygen bending mode, it would be reasonable to
assume that the corresponding structural distortion is
related to the apical oxygen, and the most plausible
candidate should be Jahn-Teller distortion. It is of
importance to note that among possible spin states of
Co™, it is only the IS state that involves the
Jahn-Teller distortion. This leads us to suggest that
while the LS state of Co®" would be dominant at the
low temperature, the IS becomes populated as T
increases across 400 K, which is substantially lower
than the charge ordering transition temperature (850
K).
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Fig. 1. (a) Reflectivity and (b) optical conductivity
spectra for La; sCa;sCoO, at various temperatures.

[1] N. Hollmann et al., Phys. Rev. B 83 (2011).
174435,
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The crystal of Cs,ZnCl; is composed of anionic
ZnCly tetrahedra separated from each other and C
interstitial Cs cations between them [1]. In the I Cs,ZnCl,
previous work [2], we have investigated optical 3 48eV 10K
properties of Cs,ZnCly crystals with the use of F
synchrotron radiation as a light source, and observed
Auger-Free luminescence (AFL) resulting from a
radiative transition between the Cl 3p valence band
and the Cs 5p outermost core band. In the present
study, we have studied decay behaviors of AFL using
a time-correlated single-photon counting method
under the single bunch operation.

Cs,ZnCly crystals were prepared by evaporating a
stoichiometric mixture of solutions of CsCl and ZnCl,.
Experiments were performed at the BL7B beamline
of UVSOR. Luminescence from samples was
dispersed by a grating monochromator and detected
by a microchannel-plate photomultiplier.

When Cs,ZnCly is excited at 10 K at 21.4 eV, three Lo e 1
AFL bands peaking at 3.2 4.1 and 4.8 eV are - 4
observed. In Fig. 1, decay curves of AFL measured at B
3.2, 4.1 and 4.8 eV are shown in semi-logarithmic
scale, where decay curves are vertically displaced for Time (ns)
comparison. The photo-excitation was made at 21.4  Fig. 1. Decay behaviors of AFL detected at 3.2, 4.1,
eV at 10 K. Three decay curves are parallel with each and 4.8 eV in Cs,ZnCl,.
other. That is, the decay profile is fundamentally the
same for each band. This result suggests that the life
time is governed by that of the holes created on the
outermost core band. We can see a somewhat fast 3
component in the earlier stage of the decay curves. If
we estimate the lifetime from a least-square fit to the
single exponential decay by neglecting the
component, the decay time is about 2.0 ns. The red
straight line drawn on the experimental data of the 3.2
eV AFL shows a single exponential curve with
lifetime of 2.0 ns. Figure 2 shows decay behaviors of
the 4.1 eV band at 10 and 300 K. The decay time at
300 K is estimated to be 1.6 ns. The decay time is a
little shorter than that at 10 K. This temperature
dependence was the same for the AFL at 3.2 and 4.8
eV.

The life time of AFL is much longer compared to the
lattice relaxation time. Thus, it is probable that the core S SN S S S B
hole induces some lattice distortion within the life time 2 ] 6 8 1012w
and interacts with the lattice vibrations. In fact, the Time (ns)

AFL spectrum observed was red-shifted than the Fig. 2. Decay behaviors of AFL detected at 4.1 eV at
energy range expected within the rigid band model. 10 and 300 K in Cs,ZnCl,.

Furthermore, the linewidths of AFL bands were found .

to be gradually broadened as increasing the sample [1]J. A. M(':glr.lnery , Inorg. Chem. 13 (1974) 1057. :
temperature, though the overall structures of AFL [2] A. Ohnishi, T. Otomo, M. Kitaura and M. Sasaki,
spectrum were not very sensitive to the sample J. Phys. Soc. Jpn. 72 (2003) 2400.
temperature between 10 and 300 K. These details will

be reported somewhere.
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A. Yoshikawa6, N. Sato7, H. Kan’ and K. Kamada®

!Inst. Laser Engineering, Osaka Univ. ,’Kumamoto Univ. ,’Kyushu Univ. ,*Ceramic Research Center of Nagasaki,
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The realization of nuclear fusion is highly expected
to satisfy the energy demand in the future. Fusion
plasma diagnostics at higher plasma areal density
than 3 g/cm’ is one of the biggest breakthrough in
nuclear fusion research. Scattered-neutron diagnostics
[1]  utilizing  Pr’'-doped  20AI(PO;);-80LiF
(APLF+Pr) glass scintillator is expected to achieve
plasma areal density measurement in fusion core.
APLF+Pr, which have high sensitivity for scattered
neutrons and fast response time about 5.4 ns, is the
key factor of the measure.

In this work, we report the luminescence properties
of APLF+Pr at different Pr’" concentrations
(0.5mol%~3mol%).

We have measured Photoluminescence (PL) spectra
and Photoluminescence Excitation (PLE) spectra of

APLF+Pr at 30K, 50K, 150K, 200K, 250K, and 300K.

The experiment was conducted at BL7B utilizing G2
grating. PL spectra are measured with excitation
wavelength at 80nm, 120nm, 150nm, 180nm, and
200nm. The APLF+Pr samples, having Pr+ density at
0.5mol%, 1mol%, 2mol%, and 3mol%, and cut into
10 mm X 10 mm X 10 mm, were prepared. PL
and PLE spectra of Pr’*-doped LiCaAlFg (Pr:LiCAF)
was measured as well for comparison.

The PL spectra of APLF+Pr and Pr:LiCAF excited
by 180 nm radiation are shown in Fig. 1. The green
colored lines are corresponding to spectra of APLF+Pr
with Pr*" density at 0.5mol%, 1mol%, 2mol% and
3mol% and red line to that of Pr:LiCAF. The UV
luminescence around 250 nm are observed for each
samples.

The PLE spectra of APLF+Pr monitoring 240 nm,
400 nm, and 480 nm are illustrated in Fig. 2. The 240
nm emission is attributed to 4f5d—4f" transition. In
the other hand, the 400 nm emission occurs from both
4f5d and 'S,.

These consequences indicate that 5d state of Pr'” in
APLF glass host vary in wide range as shown in Fig.
3.

[1] M. Moran et al., Rev. Sci. Instrum. 75 (2004)
3592.
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Vacuum UV Reflectance Spectrum of Diamond
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Graduate School of Science, Kobe University, Kobe 657-8501, Japan

Diamond is one of the most familiar and classical
materials of all, with its well known crystal structure
and the covalent bonding. Accordingly, its band
structure has been studied extensively since the early
stage of the band calculation technique. To examine
the energy dependent band structure of a material, it
is very useful to compare the dielectric function
€(m) derived from the calculated band structure with
that derived from the measured optical spectra. The
Kramers- Kronig analysis is often used to derive &(m)
from a reflectance spectrum R(®) measured over a
wide photon energy range.

In spite of the familiarity of this material in the
condensed matter and materials physics, experimental
studies of its optical properties above the fundamental
absorption edge have been only reported by a small
number of papers [1-5]. Namely, several papers on
the UV and vacuum UV (VUV) reflectance
measurements of diamond appeared in the 1960’s, but
since then, no further measurements seem to have
been reported [6], in spite of the persisting interest
from the theoretical point of view [6-8].

In view of the above situation, we have measured
the reflectance of diamond in the VUV using the
synchrotron radiation source at BL7B of UVSOR.
The diamond sample used was a diamond anvil used
for high pressure optical experiments in our
laboratory at Kobe University. The anvil was of type
Ila with low density of impurities, and had a table
diameter of 3.1 mm, a culet diameter of 0.4 mm, and
a height of 1.7 mm. The light beam was incident on
the table side of the diamond. Below the fundamental
absorption edge, there may have been reflection from
the back (culet) surface, but this should not occur
above the absorption edge.

Figure 1 shows the measured reflectance spectrum
R(®) of diamond at room temperature. It has a high
reflectance band at 12-22 eV and peaks at 7 and 12.5
eV, which had been observed previously [1-5]. The
weak structure at 5.5 eV is due to the fundamental
absorption edge of diamond. This structure is only
weak since the fundamental absorption edge is due to
an indirect band gap. The peak at 7 eV is due to the
smallest direct band gap, which was studied in detail
including its temperature dependence [4]. However,
the shoulder at 10 eV and the dip at 23 eV were not
clearly observed in the previous works [1-5]. In the
old measurements made in the 1960’s, discrete lines
from discharge lamps were used as the light source,
and then the measured reflectance at the discrete
photon energies were interpolated. This resulted in
poor spectral resolution, and these structures had
probably been overlooked. We plan further
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measurements in the future, including the temperature
dependences, to make available more complete
optical spectra of this important material for
comparison with the results of band calculations.
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Fig. 1. Reflectance spectrum a type Ila diamond anvil
at room temperature.
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The uppermost of the valence band (VB) at the I'
point of the AIN is split into three bands, LH, HH,
and CH bands. These splits are due to the crystal-field
splitting and the spin-orbit splitting. However, both
the crystal-field splitting energy (Acr) and the
spin-orbit splitting energy (Aso) of the AIN are
different from those of the GaN [1]. Then, the
uppermost VB ordering at the I point of the AIN and
GaN are CH-HH-LH (top-to-bottom order) and
HH-LH-CH, respectively. The important point is that
the transition from CH band, and HH and LH bands
to the conduction band (CB) are allowed for E // ¢
and E L ¢, respectively, where E represents the
electric field vector of the excitation light and ¢ the
crystal axis. It means that it is not easy to measure the
minimum bandgap of AIN, because the AIN samples
are usually thin films and the ¢ axis are perpendicular
to the surfaces (c-plane AIN). On the other hand, the
c-axis is parallel to the sample surface in the case of
a-plane AIN (See Fig. 1). Then, we can measure the
optical anisotropy of AIN by the in-plane rotating. In
this report, we present the photoluminescence (PL) -
PL excitation (PLE) spectra of the a-plane AIN single
crystalline film.

<>
A

Fig. 1. c-plane (left) and a-plane (right) of the
wurtzite AIN

The AIN single crystalline film was grown on the
r-plane sapphire substrate by the MOVPE method [2].
All measurements have been performed at BL7B. The
PL from the sample at about 20 K is measured by the
conventional 0.3 m monochromator with the Lig. N,
cooled CCD.

Figure 2 shows the PL-PLE spectrum of the
a-plane AIN at 20 K with E L ¢ (above) and E // ¢
(below) configurations. The horizontal and the
vertical axes represent the photon energy of the PL
and the excitation energy, respectively. The vertical
straight-line like trajectory at 6.05 eV in each
configuration represents the well-known PL peak due
to the free and bound excitons of the AIN, and are
strongly excited at 6.3 — 6.35 eV (red and white
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regions) in E L ¢ configuration. The white region at
the lower photon energy side and the white slant line
at the higher photon energy show the impurity PL and
Rayleigh scattering of the excitation light,
respectively. In the E // ¢ configuration, the PL - PLE
spectrum shows at least three slant line like trajectory
parallel to that of the Rayleigh scattering. The energy
differences among these lines are always 1, 2 or 3 x
110 meV. Here the photon energy difference, 110
meV, is in good agreement with the LO photon
energy of the AIN. Then, we consider that these lines
are attributed to the resonance Raman lines.

Excitation Energy (eV)
o o o o o o
w B (4] w B (4]

o
[N

o

5.0 52 5.4 5.6 5.8 6.0 6.2 6.4 6.6
Photon Energy (eV)

Fig. 2. The photoluminescence — photoluminescence
excitation (PL — PLE) spectra at 20 K of a-plane AIN
thin film with £ L ¢ (above) and E // ¢ (below)
configurations.

[1] T. Onuma, S. F. Chichibu, T. Sota, K. Asai, S.
Sumiya, T. Shibata and M. Tanaka, Appl. Phys. Lett.
81 (2002) 652.

[2] N. Okada, N. Kato, S.Sato, T. Sumii, N. Fujimot,
M. Imura, K. Balakrishnan, M. Iwaya, S. Kamiyama,
H. Amano, I. Akasaki, T. Noro and A. Bandoh, J.
Cryst. Growth 300 (2007) 141.
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Since the discovery of superconductivity in
boron-doped diamond, its impurity band structure has
been a key issue for the understanding of the
superconductivity. Recently we reported that when
the boron concentration exceeds Ng=4x10'cm™, an
impurity band forms at the first excited levels (2p) of
the impurity boron at 0.06 eV above the valence band
maximum. At higher Np, the wave functions of the 2P
states begin to overlap and the impurity band spreads
in the k-space. Simultaneously, Fermi level rises to
the impurity band and a variable range hopping is
realized [1]. When the impurity band has k-space
dependence, the refractive index should change,
especially in the visible region. However, precise
refractive index measurement was not been reported.
Hence we measure the refractive index of boron
doped diamond with impurity band using BL7B and
compare it with that obtained by the density
functional first principle calculation.

Figure 1 shows the refractive index of 5000 ppm
boron doped diamond measured at 300 K by a
combination of G3 grating (1.2~7.7 eV) and a
photo-diode detector of BL7B. The value of 5,000
ppm corresponds to Np=1x10""cm™. The reflection
spectrum shown in the inset shows weak sinusoidal
interference fringes caused by the interference of the

transmitting light of the homo-epitaxial diamond film.

Using the film thickness of 1.6 um, the refractive
index is obtained from the oscillatory order of the
interference so as to fit the optimum refractive index
of 2.4 at 1.8 eV, where the oscillation disappears. The
observed refractive index is much smaller than that of
the bulk diamond (n~2.4), and shows a continuous
decrease as the photon energy decreases and becomes
less than 1 around 1.2 eV.

Figure 2 shows the refractive index of boron doped
diamond obtained by ab initio calculation. The used
program is Advance/PHASE and the cutoff
wavefunction energy is 25 Hartree. The calculation
model is the diamond CgB super cell, where the
Bravais unit cell of diamond is expanded to 2x2x2
and one carbon atom is replaced by a boron, which
corresponds to NB:2.7><102'cm'3. For comparison,
refractive indices of single unit cell diamond and
Cs;B super cell are also plotted. The calculated
refractive index is in good agreement with that
obtained in Fig. 1, which indicates that the impurity
band forming in the boron doped diamond with
Np=1x10"Ycm™ is similar to that with a boron
concentration two orders of magnitude larger.

In conclusion, when the impurity band is
established in boron doped diamond when Npg>
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4x10"cm>, it has k-space dependence and changes
the refractive index in the visible region.
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Fig. 1. Refractive index of 5000 ppm boron doped
diamond. Inset shows the sinusoidal oscillation of the
reflection spectrum caused by interference of the
transmitted light.
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Fig. 2. Refractive indices of diamond, C4;B and Cs3sB
super cells obtained by ab initio calculations.

[1] T. Inushima, R. F. Mamin and H. Shiomi, Phys.
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Extensive ultraviolet photoelectron spectroscopic
studies of single metal atom  entrapped
metallofullerenes, M@Cs,, established an empirical
rule that the cage structure principally governs the
electronic structure of these metallofullerenes and a
difference in the amounts of transferred electrons to
the cage is another factor to modify it. A similar
relationship was found in the UPS of endohedral
fullerenes encapsulating multiple atoms, such as
Se,C@Cs; [1], Y2C,@Cs, [2] and MsN@Cgp (M =
Sc, Tm and Dy) [3]. However, the UPS of La,@Cs
and Ti,C,@C7g were significantly different [4], even
though their cage symmetry was the same Dj,.
Isolation of another C;g cage endohedral fullerene,
Sc;N@Cqg, has also been reported. Since its
absorption spectrum is significantly different from
those of La,@C;s and Ti,C,@Crs, it is highly
plausible that their electronic structure might be
mutually different. We measured the ultraviolet
photoelectron spectra of Sc;N@Css and compared
them with the UPS of La,@Cs;s and Ti,C,@Crs.
Density functional theory (DFT) calculation was also
performed to eclucidate the plausible geometry of
SC3N@C78.

The valence band UPS of Sc;N@Cg obtained with
hv = 20 — 60 eV photon energy. The spectral onset
was 0.75 eV below the Fermi level. There are 8
explicit structures labeled A to H in the UPS of
Sc;N@Crs. Approximate peak positions of the
structures are indicated with dotted lines.

The UPS of Laz@C73, TizCz@C78 and SC3N@C78
obtained with hv =40 eV photon energy are shown in
Fig. 1. These three endohedral fullerenes have the
same cage symmetry of Dy, (78:5). For the electronic
structures located in the 5 - 11 eV binding energy
region, there is a fairly good correspondence among
these three UPS, although there are slight deviations
in the corresponding structure peak positions
(indicated by dotted lines) and slight difference in
their relative intensity. Since the structures in this
region are due to c-electrons, the present findings
suggest that the o-electronic structures of these three
endohedral fullerenes do not differ significantly. On
the other hand, there is a significantly large difference
in the upper valence band UPS (between the Fermi
level and BE = 5 eV), which is against the empirical
rule. X-ray photoelectron spectra of these endohedral
fullerenes and the DFT calculation revealed that there
was a critical difference in these fullerenes in the
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amounts of transferred charge from the entrapped
species to the cage.

DFT geometry optimization of Sc;N@C;s gave
three possible structures and one of them reproduced
the UPS very well (Fig. 2). Therefore, we concluded
that Sc;N@Cs took the geometry shown in the inset
of Fig. 2.
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Fig. 2. DFT calculated simulation spectra and the
UPS of Sc;N@Cs and its estimated structure.
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Fullerenes cages often encapsulate metal atoms and
metal-carbide clusters, and entrapped metal atoms
donate electrons to the cage so that the electronic
structure of the fullerene cage is altered by the
encapsulation. Recently, erbium atoms and erbium
carbide encapsulated Cs, fullerenes, Er@Cs, (1),
En@Cs, (I), En@Cs, (D), EnC,@Cs (I) and
Er,C,@Cg, (IIT), have been isolated. The NMR study
revealed their cage symmetry as follows, C,, (82:9) for
Er@ng (I), CS (826) for Erz@C32 (I) and Er2C2@C82
(I), C3V (828) for Erz@ng (III) and EI'2C2@32 (III) It
is worthwhile to examine what kind of change
entrapped multiple Er atoms bring to the electronic
structure of the Cg, cage. In this report, ultraviolet
photoelectron spectra (UPS) of Ery@Cs, (1), Ern@Cs,
(III), EI'2C2@C82 (I) and EI'zCz@ng (III) arc presented
and compared with the valence band -electronic
structure of their endohedral Cg, fullerenes.

En@Cs, (), En@Cs, (1), ErnC@Cs, (I) and
Er,C,@Cg, (IIT) were synthesized and isolated from
the soot containing them. Specimens for photoelectron
spectra measurement were prepared by vacuum
deposition onto a gold deposited molybdenum disk
from a quartz crucible under 5x107 Pa. The
temperature of the crucible during vacuum deposition
of endohedral fullerenes was 650°C ~ 700°C. The
UPS was measured at the beamline BL8B of
Ultraviolet Synchrotron Orbital Radiation Facility of
Institute for Molecular Science. The base pressure of
the UPS measurement chamber was 4x10™ Pa and the
pressure during the measurement was about 6x10® Pa.
The measured UPS were referenced against the Fermi
level (EF) of gold and were plotted as a function of
binding energy relative to Ep. All UPS were
normalized by the peak height of a structure appeared
at around 5.5 eV. The energy resolution of the UPS
was 110meV, which was estimated from the width of
the Fermi edge of gold.

The UPS of these endohedral fullerenes taken by
40eV photon energy are collected in Figure 1 for
comparison. The spectral onset energy of these
endohedral fullerenes is around 0.8 0.9 eV,
which is larger than that of Er@Cg, (I) of 0.4 eV [1].
As for the deeper binding energy region (structures
labeled by a — ¢), the electronic structure of these
endohedral fullerenes seems to be almost analogous
although there are minute differences among them: A
large structure ‘o’ appears at around 5.4 ~ 5.6 ¢V, a
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series of structures B, v, 6 appear between 6.7 and 8.6
eV with a slight intensity variation and a difference in
their intervals. These peak positions of structure 3 and
0 do not shift so much, but peak top position of
structure y moves in slightly wider range. These
findings indicate that the skeletal C—C o-bonds in
endohedral fullerenes are similar in these endohedral
fullerenes and they are not seriously affected by
entrapped species. As for the upper valence band UPS
of these endohedral fullerenes, the situation is quite
different. The electronic structure is principally
dependent on the cage structure, and entrapped
species do not bring serious change to the electronic
structure of endohedral fullerenes. That means the
empirical rule that the electronic structure of
mono-metal entrapped endohedral fullerenes is
principally governed by the cage structure seems to
be held in multiple atoms encapsulated fullerenes.
The difference spectrum between the UPS of Er,(@Cs,
(ITI) and Er,C,@Cs, (III) has the same Cj, structure
reveals two excess electrons on the cage of Ery@Cs,.
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Fig. 1. UPS of Er atoms encapsulated fullerenes were
measured by incident photon energy of 40 eV.
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