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Recently core excitation and deexcitation processes have been investigated in detail for various
systems. For the planar nickel complexes, a number of satellite series in the Ni 3p and 3s regions
are strongly enhanced by the Ni 2p resonant excitations and lowers its kinetic energy for the
higher resonance energy, showing one-to-one correspondence with the excited state [1-3].
Furthermore, it was revealed that the kinetic energy shift relative to the photon energy is strongly
influenced by the intermolecular interaction [3].

In the present study, we have measured resonant photoelectron spectra in the Ni 3p and 3s
ionization regions at the Ni 2p edge of Ni. It is interesting to know the resonant behaviors in Ni
which has metallic bond with a much shorter Ni-Ni distance than those of the molecular solids.

Experiments were performed at BL1A soft x-ray beamline. A sample of Ni was evaporated on
Ni plate in a vacuum of 2x10'° Torr. A pair of beryl (1010) crystal was used as a monochromator. The
Ni 2p photoabsorption spectra were measured by monitoring the total electron yield. A SCIENTA
SES200 electron energy analyzer was used to measure the photoelectron spectra. The total energy
resolution in the photoelectron spectra was about 0.7 eV.

Figure 1 shows the Ni 2p photoabsorption spectrum of Ni. Figure 2 shows the resonant
photoelectron spectra in the Ni 3p and 3s ionization regions measured at the excitation energies
(0—6) marked in Fig. 1. The normal Auger spectrum (N) measured at the photon energy of 800 eV is
also shown. Similarly to the case of Ni planar complexes, Ni 3p and 3s primary ionization peaks
labeled with an asterisk (*) are not enhanced by the resonant excitation. On the other hand, the
weak satellite bands (a—e)in the non-resonant spectrum (0) are strongly enhanced at the lowest N1
2pasresonance (1). The kinetic energies of these bands are linearly dispersive as a function of the
photon energy below the resonance maximum (1). Above the maximum, photon energy dependence
changes drastically; i.e., the kineticenergies are independent of the photon energy and are the same
as those in the normal Auger spectrum (N). These photon energy dependences of the kinetic energy
shift have been reported by Weinelt at al. for the 6 eV satellite in the valence band of Ni [4]. However,
the observed photon energy dependence in Ni is different from that in the planar nickel complexes
and indicates that the photoexcited electron in the intermediate and/or the Auger final states does
not strongly localized. In the Ni2py; excitation region, the new satellite bands (a'-e’) are enhanced

and show similar photon energy dependence as in the Ni 2py» excitation region.
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Fig. 1. Ni2p photoabsorption spectrum of Ni.
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Fig. 3. Resonant photoelectron spectra in the Ni
3p and 3s regions of Ni at the photon energies
marked in Fig. 2.

—139—



(BL1A) Polarized Ni 2p photoabsorption spectra of
Nill(mnt) 22- and Nill(mnt) 21-.

Takaki HATSUI, Yasutaka TAKATA, Nobuhiro KOSUGI

The Graduate University for Advanced Studies, Myodaiji, Okazaki 444-0864
Institute for Molecular Science, Myodaiji, Okazaki 444-0864

The metal 2p photoabsorption spectraof 8d transition metal compounds have been extensively
studied. For ionic compounds such as oxides and halides, the spectra are successfully explained by
model hamiltonians taking into account the crystal field, intra-atomic multiplet coupling and, if
necessary, ligand-to-metal charge transfer (LMCT) effect, or covalency hybridization between
ligand and unoccupied metal 3d* orbitals. On the other hand, for compounds with m-backbonding
such as organometallic compounds, the metal 2p excitation is not well understood. One of the
reasons is the insufficient knowledge of the metal-to-ligand charge transfer (MLCT) transitions,
namely transitions to unoccupied low-lying ligand ©* orbitals hybridized with occupied metal 3d
orbitals. In the previous studies, we measured linearly polarized Ni 2p photoabsorption spectra of
K:Ni(CN)#H;O and nickel dimethylglyoxime, and revealed that strong bands above the most
intense 2p-3d* atomic lines are associated with MLCT transitions [1]. In this study, we measured
linearly polarized Ni 2p photoabsorption spectra of two nickel complexes [(CsHg)iN]z[Ni"(mnt).] and
[(C.Hs)N][Ni"(mnt); (mnt = 1,2-dicyano-ethylene-1,2-dithiolato (maleonitrile-dithiolate)). The
observed polarization dependence was interpreted in terms of the symmetry and the character of
unoccupied molecular orbitals (MO).

Single crystal samples were prepared as described inref. [2]. The molecular axes x, yand z are
determined by Xray diffraction analyses (the axes are chosen as shown in Fig. 1). Both the
Ni'(mnt):* and Nil{mnt)," anions have Dz symmetry in a good approximation [2]. The Ni Z2p
photoabsorption spectra were measured at the BL1A soft Xray beamline with a pair of beryl (1010)
crystals by monitoring total electron yields.

Fig. 2 shows the polarized Ni 2p photoabsorption spectra of single crystalline
[(C4Hg)sN]o[Ni"(mnt).]. Distinct anisotropy is observed for three isolated peaks B, C, D and E.
Because Nil(mnt).* in the ground state has low-spin Ni 3¢ configuration, the only unoccupied
metal 3d orbital is 3d,0* with by, symmetry. Thus, it is reasonable to assign peak B to the intra-
atomic transition to bi* (3dx6*) orbital. Employing the dipole selection rule, the transition to 8d.,0™
is allowed in E//x and E//y directions and forbidden in E//z, which is consistent with the observed
polarization dependence of peak B. Peaks C and D are plausibly described in terms of intra-atomic
multiplet, LMCT, or MLCT effects. The intra-atomic multiplet effect, however, cannot explain the
polarization dependence of peak Cbecause it is expected to cause the second lowest peak stronger in
E//z than the other directions [3]. Peaks C and D cannot be interpreted as LMCT satellites, or
transitions to 2p3d°L (2p and L denotes 2p and ligand hole, respectively) which should show the
same polarization dependence as peak B. On the other hand, the mnt* ligand has unoccupied ligand
7 orbitals. Two mnt ligands produce two low-lying unoccupied bs* (dy. in central symmetry) and
ag* (dyz.yz, dyz, s ) orbitals, which may cause MLCT transitions. Based on the observed polarization
dependencies, the peaks C and D can be assigned to the MLCT transitions to the ba;* and a.* orbitals,
respectively.

Fig. 3 shows the polarized Ni 2p photoabsorption spectra of [(C:Hs),N][Ni("'mnt),]. A strong
peak A is observed on the lower energy side of the peak B.PeakAis strongin E//z, weak in E//x, and
very weak in E//y. Because Ni(mnt),"" anions are not completely parallel to one another [2], peak A
should be forbidden in E//y. Thus, peak Acan be assigned to the transition to anorbital with bz (dxz)
symmetry. This is consistent with the electronicstructure of Ni{mnt)," with ansingly occupied 3bs,
orbital. Peaks C and D can be assigned to the transition to bs;,* and a * orbitals, respectively on the
basis of the polarization dependence,

In conclusion, the peak C and D (Fig. 2 and Fig. 3) are undoubtedly assigned to the transitions
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to MLCT transitions. These results indicate that the MLCT effect 1s indispensable in interpreting
the metal 2p photoabsorption spectra of compounds with mbackbonding. Furthermore, the
symmetry of the singly occupied 3by, orbital in Ni{mnt),! is successfully determined by polarized Ni
2p photoabsorption.
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Fig. 1 The structural formula of Ni(mnt)z (n=1,2) with Dy, symmetry.
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Fig. 2 Polarized Ni 2p photoabsorption spectra of [(C.Hg):N]s[Ni(mnt)s].
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Fig. 3 Polarized Ni 2p photoabsorption spectra of [(C:Hs),N][Ni'{mnt).].
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We have investigated resonant behavior of photoelectrons at the Ni 2p excitation for nickel
compounds. For the planar nickel complexes, K;Ni(CN)y[1] and Ni(Hdmg)2 [bis-(2,3butanedione
dioximato)nickel(II)] [2], a number of satellite series inthe Ni 3p and 3s regions, which are mostly
forbidden in the non-resonant spectrum, bhecome strongly observable via the resonant excitations.
For both samples, each satellite lowers its kinetic energy for the higher resonance energy, showing
one-to-one correspondence with the excited state. This behavior is characteristic of molecular system
in solid. It was also revealed that kinetic energy shift relative to the increment of the excitation
energy differs considerably between these samples. One possible reason for the difference supposed
to be the different degree of the intermolecular interaction.

In the present study, the resonant behavior of satellite electronsinthe Ni3p and 3s regions at
the Ni 2p excitation of Ni(Hgly). [bis-(dioximato)nickel(II)] was investigated to clarify the effect of
intermolecular interaction upon the kinetic energy shift. Ni(Hgly): is a good sample for this purpose
because the local bonding character around the Ni atom is nearly the same as in Ni(Hdmg). as
shown in Fig.1 but the intermolecular (Ni-Ni) distance (4.20A) is much longer than Ni(Hdmg).
(3.254).

Experiments were performed at BL1A soft x-ray beamline. A sample of Ni(Hgly), was
evaporated on a gold plate in a vacuum of 1x10° Torr. A pair of beryl (1010) crystal was used as a
monochromator. The Ni 2p photoabsorption spectra were measured by monitoring the total electron
yield. A SCIENTA SES200 electron energy analyzer was used to measure the photoelectron spectra.
The total energy resolution in the photoelectron spectra was about 0.7 eV.

Figure 2 shows the Ni2p photoabsorption spectrum of Ni(Hgly).. The shape is nearly the same
as that of the Ni(Hdmg).[3]. This is reasonable because both the complexes have almost the same
local bonding character around the Ni atom. Figure 3 shows the resonant photoelectron spectra in
the Ni 3p and 3s ionization regions measured for three resonant excitations (1-3) in Fig. 2, together
with an non-resonant photoelectron spectrum (0). Two weak peaks labeled as sharp (#) are the Au
4fs» and 4fss photoelectron lines originating from the substrate. Similarly to the case of Ni(Hdmg)2,
Ni3p and 3s primary ionization peaks labeled with an asterisk (*) are not enhanced by the resonant
excitation but satellite bands (a—e) weakly observed or absent in the non-resonant spectrum (0) are
enhanced. Peaks (a, b), (¢) and (d, e) are attributable to the resonant photoionization 2p32¢pi —
3p3dwi, 2paei —3s3dwi and 2pa2pi —3p3pyi, respectively. Here, each under bar denotes a single
hole. ¢1 is an excitonic electron bound by the 2p32singly charged state, and yiis an excitonic electron
bound by the doubly charged state such as 3p3d.

The kinetic energies of the distinct peak (a) were measured then the slopes (AK.E./Ahv) were
obtained, where AK.E. and Ahv denote the increments of the kinetic energy and the photon energy,
respectively. The slopes have a nearly constant value of —0.4240.05 between the resonance (1) and
(3), and are considerably different from the results in Ni(Hdmg); [2]. In Ni(Hdmg),, the slope
between the resonance (1) and (2) is about —0.7 but is only about —0.1 between the resonance (2) and
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(3) [2]. The molecular orbitals to which the Ni 2p electron is excited are the in-plane Ni 3d* and the
out-of-plane ligand orbitals for the resonance (1) and the resonances (2, 3), respectively[3]. Therefore,
the effect of the intermolecular interaction upon the kinetic energy shift is stronger in the case that
the molecules are more closely stacked with one another. The intermolecular (Ni-Ni) distance is
much longer in Ni(Hgly), so that the effect is much weaker than those in Ni(Hdmg).. As a result the
kinetic energy shift is not so influenced by the intermolecular interaction in Ni(Hgly): and shows
strong photon energy dependence as in the ionic complex KoNi(CN)4[1].
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Study of the electronic structures of rare earth compounds has been attracted much attention because of
their interesting physical properties which are derived from the localized nature of 4f electrons. Among the
intermediate valent systems, Eu compounds are known to exhibit strong temperature dependence of the mean
valence. Very recently, it was found that the EuNiy(Sij_,Ge,); compounds with 0.70£x<0.82 show a

temperature induced valence transition below room tempera[urel) and magnetic field induced transition. In the

previous reportz), it has been concluded that the 3d-4f resonant photoemission of such kind of mixed valent 4f
compounds is a useful technique to clarify the different 4f electronic states owing to different valence. In this
study, we have applied the 3d4f resonant photoemission method to investigate the valence transition of the
EuNiy(Si;_ Gey)y compound. We have also measured the photoemission spectra around the Ni 2p-3d resonant

excitation region in order to investigate the Ni 3d states of the same sample. The sample of x=0.75 which shows
the mean valence transition from ~2.3 (high temperature) to ~2.8 (low temperature) at T=110K was used.

The samples were prepared by melting stoichiometric amount of constituent elements in argon furnace.
The ingots were annealed in an evacuated quartz tube at 800°C for one week. The resonant photoemission
experiments were performed at the double crystal monochromator beamline BL1A, where the high performance
photoemission spectroscopy system SCIENTA SES-200 is equipped. A pair of beryl ( 1010) erystals was used to
obtain the monochromatized light around both the Eu 3d-4f and Ni 2p-3d excitation regions. The total energy
resolution of the photoelectron spectra was estimated to be about 0.7 eV. Photoelectron total yield (TY) spectra
around these excitation condition were also measured by recording sample drain currentas a function of photon
energy. The clean surface of the sample was obtained by filing in ultra high vacuum condition.

Figure 1 shows the TY spectra around the Eu 3d-4f excitation region (My +; edge) at about 300K and

80K. Several peaks are appeared due to the final staté multiplet and mixed valent nature of the sample. It is
noticed from Fig. | that the peaks 2, and 3 are enhanced at the low temperature phase. From the comparison

with the previous report of Ly edge spectral), it is concluded that these peaks are enhanced due to increasing the

trivalent Eu ion component at low temperature. The resonant photoemission spectra around these excitation
conditions are shown in Fig. 2. It is found that the trivalent components of Eu 4f states are enhanced at the
excitation conditions of 2 and 3. On the other hand, the divalent 4f states are dominant at 1. 4 and 5. From these
results, the features around 0-4eV binding energy are estimated to be mostly divalent 4f states and those around
6-12eV are trivalent ones in these on-resonant spectra. The features of the off-resonant spectrum at "0" might be
mainly hybridized states of divalent Eu 4f and Ni 3d.

The Ni 2p-3d resonant photoemission spectra have also been measured (not shown here). It was
considered that the spectra reflect the contribution of the Ni 34 bands. The resonant behavior of the Ni 3 band is

almost same as that reported for the Ni metal>). Tt is noted that the 3d bands seem to be situated higher binding
energy (about 0.8-0.9eV) than those of Ni metal.
It is concluded that the 3d-4f resonant photoemission spectra and the Eu Mp, v edges absorption

spectra behave as similar manner as the Eu Ly edge spectral) in their temperature dependence, which reflects
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mean valence for each temperature is now in progress as will be described elsewhere),

3d-4f resonant photoemission is very useful as reported for Tm compounds
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Titanium oxide with a perovskite structure is classified as a Mott-Hubbard (M-H) type by the phase diagram
based on the work of Zaanen, Allen, and Sawatzky, where early transition metal compounds (TMC’s) are a M-H
type and late TMC's are a charge transfer type [1]. However, in our previous study on CeTiOs,s we have
observed spectral changes across the -controlled metal-insulator (M-]) transition due to doped hole states in the
O 1s x-ray absorption spectra and showed that M-H system can have a charge-transfer (C-T) character due to a
strong hybridization [2]. In this study, to further investigate the electronic structure of Titanium oxide, we have
performed x-ray absorption spectroscopy (XAS) on Ce;,Sr,TiO3;, which exhibits M-I transition by a
substitution of trivalent Ce with divalent Sr.

XAS was carried out at BL2B1 in the total electron yield mode at a resolution of 1 eV. Samples were scraped
in-situ with a diamond file to obtain clean surfaces. Fig. 1 shows O 1s XAS of Ce; ,Sr,TiO; [x=0
(semiconducting), 0.05 and 0.2(metallic)]. We find two structures in the spectrum of CeTiO;. One is a prominent

peak centered at 535 eV and the other is a weak shoulder around 532eV. The overall spectral shape is similar to
that of LaTiO; [3], where a feature at 532 eV is T ' T T T
ascribed to O 2p states hybridized with the upper Cel_XSI‘XTIO3
Hubbard band and a feature at 535 eV corresponds to
Ce 5d states with O 2p admixture. In the spectrum of

x=0.05 compound, we can clearly see that the weak

v I

feature at 532 ¢V observed in x=0.0 compound is
strongly enhanced, forming a peak structure. The
intensity of the peak structure is stronger in x=0.2
compound than in x=0.05 compound. This indicates
that the new hole-doped state evolves as a function of
x, and may cause the M-I transition. The spectral
changes across the x-controlled M-I transition are

similar to that across the &-controlled one [2]. These

Intensity (arb.units)

results provide a direct confirmation of the C-T nature
of early TMC’s due to a strong hybridization.
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Fig. 1. O 1s-p XAS of Cey_, Sr, TiO3 (x=0.0,
0.05 and 0.2).
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CaTiOs is one of alkaline earth titanates with perovskite structure. However, the crystal structure of
CaTiO; is not an ideal cubic perovskite type but a GdFeOs type with orthorhombic distortion, because the ionic
radius of Ca ions is smaller than that of Sr or Ba ions.! These alkaline earth titanates are known to show n-type
conduction by proper donor doping and have several fascinating properties in electrical and optical applications.
Extensive and intensive studies on their electronic structures have been undertaken to find the origins of the
properties, especially in the cases of SrTiOs; and BaTiOs. Only a few studies have been reported in the case of
CaTiOs, probably because of less popularity in practical applications and the complication in the crystal structure.
However, analysis of its electronic structure would be as meaningful as that of other titanates’, because understanding
of the electronic structures through a series of the alkaline earth titanates may provide us with an essential clue to
reveal the nature of the attractive properties.

Photoemission spectroscopy (PES) is known as an effective method to observe valence bands of materials.
However, since conduction bands play important roles in n-type oxide semiconductors, the observation of the
conduction bands is significant to understand the electroconductive properties of the n-type oxide semiconductors.
Therefore, inverse photoemission spectroscopy (IPES), X-ray absorption spectroscopy (XAS), and electron energy
loss spectroscopy (EELS) are more useful for the n-type oxide semiconductors than PES. In the present report, the
XAS spectra of CaTiOs were measured and compared with the EELS spectra obtained on a transmission electron
microscope and the results of an energy band calculation, mainly the partial density of states (PDOS).

Single crystals of CaTiOs were prepared by the floating zone method using an infrared furnace. Ha-
reduced crystals doped with Y 0.01at% were used in the XAS measurements to avoid charging effects. On the
other hand, nominally non-doped crystals were used in the EELS measurements. XAS measurements for Ca La,3
edges, Ti La,3 edges and O K edge were carried out on BL2B1 of UVSOR in Institute for Molecular Science. The
surface of a sample was scraped by a diamond file at a pressure of ~10? Torr before the measurements and the
spectra were obtained under a vacuum of ~10"% Torr. EELS spectra for Ca Lz,3 edges, Ti L2,3 edges and O K edge
were measured on the transmission electron microscope ( Hitachi : HO000NAR ) equipped with a LaBs electron
source and an electron energy loss spectrometer ( Gatan : 676 ). An empirical energy band calculation by the
tight-binding method was carried out to interpret the spectra.

Figure 1 shows the XAS and EELS spectra for (a) Ca La,3, (b) Ti L2,3, and () OK edges in CaTiOs. The
XAS spectra are adjusted to the EELS spectra in energy scale so that the energy of peak tops will meet each other
between these spectra. Intensities of these spectra are arbitrarily arranged to enable a comparison of the spectra.
The XAS spectra and EELS spectra provide analogous structure in the three absorption edges although the former
gives sharper bands because of the higher energy resolution. Two bands were observed at 348 and 351 ¢V in the
Ca L,,3 edges (fig.1a), and they are attributed to the L, and L3 edges, respectively. The spectra for Ti La,3 edges
(fig.1b) are also interpreted in the similar manner, except that each unoccupied band is split into two bands under
the influence of octahedral crystal fields. Therefore, a pair of bands at 458 and 460 eV is ascribed to the L edge,
and the other one at 463 and 465 eV is to the L3 edge. The XAS spectrum for the Ti La,3 edges in CaTiOs is similar
to that in SrTiOjs reported by Abbate et.al.2 because of analogous environments for Ti ions. Although the observation
of Ca and Ti L, edges was tried, no prominent absorption was detected. The O K edge (fig.1c) shows four bands
at 531, 534, 536 and 544 eV. Since the relative intensity of the O K edge was lower than those of the Ca Ly,; and
Ti La.5 edges, the spectra of the O K edge were somewhat noisy, especially for the EELS spectrum, The energies
of the absorption edges are approximately estimated from the lower-energy edge of the observed bands to be 346
and 349 eV for the Ca Ly, Ls edges, 456 and 461 eV for the Ti L», L3 edges, 530 eV for the O K edge, which are
close to the energies reported by Bearden and Burr.?

XAS and EELS spectra generally provide PDOSs of conduction bands. Therefore, the spectra correspond
mainly to intra-atomic excitations and they are unique to each element in materials. Recalling the selection
rule for the electric dipole transition, transitions to s or d orbitals are allowed for Ly,3 edges and transitions to p
orbitals are permitted for a K edge. Therefore, it is expected that the Ca L,,; edges show the transition to a Ca 4s
band, the Ti La,3 edges do the transition to Ti 3d and 4s bands, and the O K edge does the transition to an O 2p
band in the anti-bonding states. If we assume that the band width of the initial states, that is the core levels, in
each transition is negligibly small, the structure of the spectra is substantially derived from the structure of the
final states, that is, the PDOSs of the conduction bands for each element. Therefore, the XAS spectra were
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compared with the results of an energy band calculation. In the cases of the Ca and Ti spectra, the L3 edges were
climinated in the way that the high energy sides of the L; edges were smoothly extrapolated to zero. Although this
operation erases the information about PDOSs at higher energy such as the PDOS of a Ti 4s band, the processing
of the spectra is clear and reproducible because of its simplicity.

Figure 2 shows the comparison of the XAS spectra with the PDOSs obtained by the tight-binding energy
band calculation. Although there is no relation in intensity between the XAS spectra and PDOSs, the XAS spectra
of Ca, Ti, and O edges or the PDOSs of these elements are relatively arranged in intensity among themselves. The
bottom of the conduction band is set to zero in energy scale for the PDOSs. The energy scale for the XAS spectra
was taken so that they will fit to the respective PDOSs. Although the comparison may be somewhat artificial, it is
based on the selection rule and provides reasonable results; The degree of the energy splitting by crystal fields for
Ti ions is almost the same between its XAS spectrum and PDOS, and the energies of three bands in the O K edge
agree well with the energies of the cations’ bands in the XAS spectra indicating the anti-bonding states of O 2p
bands. Although some deviation can be seen between the XAS spectra and PDOSs in intensity because of the
neglect of the transition probability, they agree with each other qualitatively.

In conclusion, the XAS and EELS spectra of
——— T CaTiOs; were measured to understand the electronic
Caly g structure of the conduction band. The XAS and EELS
spectra gave almost the same features between them, and
the energy resolution of the XAS spectra was higher than
that of the EELS spectra in the present experiments. It was
understood from the comparison of the XAS spectra with
the calculated PDOSs that the conduction band mainly
EELS consists of Ca 4s and Ti 3d bands with a small contribution
of the O 2p anti-bonding bands.
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Figure 1 The XAS and EELS spectra for Ca Lz,3 (a), lines) for Ca L (top), Ti L2 (middle), and
Ti Lo,z (b), O K (c) edges in CaTiOs. O K (bottom) edges with the PDOSs (dotted

lines) of Ca 4s, Ti 3d, and O 2p orbitals.
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In the 4d-4f resonant process of rare earth compounds, study of resonance behavior of core levels (Sp or 5s) is
important to understand overall decay processes related to different electronic states. In fact, the core level
photoemission spectra in rare earth systems show complex multiplet structures due to existence of unfilled and
localized 4f-shell'. Sometimes it is rather difficult to separate the spin-orbit peaks and the valence components if the
system is mixed-valence. In this point of view, the resonance study of core levels is also significant to get clear picture
of complex muliplet structures. Recently we have measured the resonant photoemission of 4f- states at the 4d-4f
excitation condition of thulium compounds (TmS, TmSe, and TmTe) for divalent and trivalent Tm-ions’. It was found
in that experiment that a large resonant enhancement occurs in Tm 4f emission around Tmdd absorption edges. As a
consequence of that experiment, we measured the resonant photoemission of 5p levels around 4d threshold. In this
report, we present the Tm-5p photoemission results at the 4d-4f absorption edges (hv = 150-200eV) of Tm-compounds.

The experiments were performed at the beam line, BL2B1, with Grasshopper monochromator. Photoelectrons from
the sample were collected and analyzed by a double-pass cylindrical mirror analyzer. The base pressure of the chamber
was 2x10™"" torr. The overall energy resolution was less than 0.5eV. The clean surfaces of the single crystal were
obtained by scraping with diamond filler.

Figure 1(a) shows the on- and off- resonant 5p resonant photoemission results of mostly divalent compounds TmTe.
The excitation energies are selected from the total yield (TY) spectra in Fig.1 (b). The peak position (~173¢V) in Fig.
1(b) corresponds to 4d-4f resonance of Tm?*. The shoulder at photon energy of ~178eV indicates the presence of small
amount of Tm’* in this mostly divalent compound. All dotted curves represent the calculation. The on-resonance
spectra for 5p (Tm**) are shown in the upper panel in Fig.1 (a). The off-resonance spectra taken at hv=169eV are in the
lower pancl. It can be easily seen that TmS5p states show resonance enhancement at on-resonance condition. It is noticed
that the resonance effect is larger for higher binding energy states, i.e. around 30eV than lower ones around 24eV.

In Figure 2(a), it is shown the resonance behavior of trivalent Tm5p of TmSe, a typical mixed-valent compound.
Though the mostly trivalent TmS is the best to show the trivalent characteristics, the Sp-photoemission peaks taken at
several on-resonance conditions are overlapped by LMM Auger transition from sulfur (S). So the true resonance effect
can not be scparated easily for TmS. Figure 2(b) represents the 4d-4f absorption spectrum for the both Tm®* and Tm**
components. This absorption spectrum is considered as a superposition of two spectra for two Tm-valences as shown by
the calculated curves. The off —resonance photoemission spectrum taken at hv=169eV is shown in the lower panel of
Fig. 2(a). At this photon energy position in the TY spectra the both valence components are present with different ratio.
As a result, the photoemission also shows the both Tm** and Tm** components as seen by comparing the calculated
curves for two valences. In the upper panel, the on-resonance spectrum taken at the photon energy of ~178eV reflects
the trivalent characteristics. It is found that the spectrum shows the enhancement in trivalent parts due to the resonant
cffect.

The decay channel 4d5pdf explains the resonance behavior of TmSp at 4d-4f resonance. Though the intrinsic
photoionization cross-section of 5p level is not so strong as compared with the 4f level at the 4d-4f absorption ranges,
the Sp-photoemission still shows resonance at this 4dSp4f-decay channel. Sp-photoemission cross section (total) for
photon energy hv,, near 44 edge can be written as:

o(hvy) = 0"(hva,), normal part + o™(hv,,), resonance part.
The resonance contrast can be written as:

Eni( hvag) =0 (hvgy)/ o (hvay).
For 5p(Tm** in TmSe), the value of resonance contrast is about 3. On the other hand this value is 4.25 for 4f(Tm’ in
TmSe). So at 4d-4f resonance,

(€ 5p/ § 4] x100% = 70%
This indicatcs that 4d5p4f-decay channel is also active but not so strong as 4d4f4f decay channel.

Another interesting observation of this 5p resonant photoemission is that the apparent values of spm -orbit splitting
between Spa, and 5pyp states are not easﬂv defined because of multiplet structure. Oh and co- workers® have reported the
values of 5p spin-orbit splitting of Tm®* and Tm** for TmSe. They did not mention the mu!tnp]cl structure in 5p
photoemission. Recently, resonant effect of 5p for Tm-metal has been studied by Nicklin ef al’. Though they mentioned
multiplet peaks by the help of calculation, they also defined 5pas, and 5p,,; states for several peaks. In fact, there is no
meaning to estimate the values 5p spin-orbit-splitting peaks or to define directly the 5p;, and 3p;, peaks in the presence
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of multiplet structures. Our experiments show broadened feature of 5p photoemission peaks due to complex structure in

both figures, 1(a) and 2(a). At the same time the calculated line and convoluted spectra indicate the same feature like
experiment.

In conclusion, the 5p photocmission shows resonance behavior at 4d-4f excitation range for Tm-compounds. The

strength of 5p-decay channel is comparable with 4f-decay channel in 4d-4f excitation process. The photoemission
spectra for two Tm-valences are defined by complex multiplet structures, not by single 5pay or 5py, peak.

We would like to thank the staff members of UVSOR facility staff for their technical support.

*Visiting Scicntist on leave from Physics Department, University of Cukurova, 01330 Adana, Turkey
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Figure 1. (a):Tm 5p resonant
photoemission  spectra  for
TmTe. (Upper): the on
resonant. (Lower): the off
resonant. The dotted curves
represent the calculation. The
excitation energies are taken
from the total yield (TY)
spectrum given in Fig. 1(b). In
this absorption spectrum, the
peak at ~173eV is the on-
resonance condition of divalent
Tm-ion.

Figure 2. (a):Tm 5p resonant
photoemission  spectra  for
TmSe. (Upper): the on-
resonance spectrum to show the
trivalent characteristics.
(Lower): the off resonant one.
The dotted curves represent the
calculation. The excitation
energies are taken from the
total yield (TY) spectrum given
in Fig. 2(b). The TY shows the
mixed valent characteristics as
shown by calculation. Because
of long tail of the divalent part,
the off-resonance 5p-
photoemission  show  mixed
behavior. This is also shown by
calculation.
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The crystal structures of (DI-DCNQI);M (M=Ag, Cu), where DI-DCNQI is 2,5-diiodo-N,N'-
dicyanoquinonediimine, are isostructural with a space group I4,/a, whereas the physical properties are quite
different from each other. In the electrical resistance [1], (DI-DCNQI),Cu (abbreviated DI-Cu) shows metallic
conductivity down to low temperature, on the other hand, (DI-DCNQI),Ag (DI-Ag) shows semiconducting
nature with a gap of 490K. The difference in the physical properties is considered to arise from the d band
position of M ion. Although the photoemission is a direct method to investigate these electronic structures, the
photoemission study for the single crystals DI-Ag and DI-Cu has not been performed so far. The reason is that
the size of these single crystals is not large enough to carry out the photoemission experiments. However,
photoelectron spectromicroscopy apparatus can do the experiment. Therefore, we have measured the
photoemission spectra for DI-Ag and DI-Cu using the photoelectron spectromicroscopy [2].

Needlelike shaped single crystals of DI-Ag and DI-Cu were synthesized by electrochemical reduction as
reported elsewhere [1]. The typical sample size used here was smaller than $100x1000pnm?. These samples
were characterized by x-ray diffraction, electrical resistance, magnetic susceptibility and NMR measurements [1].
The clean sample surfaces were obtained by 0.5 keV Ar ion sputtering for 10 min. The cleanliness was
confirmed by x-ray photoemission spectroscopy for the absence of extra features arising from the
contaminations. Photoemission experiments were carried out by using a conventional UHV system (FISONS,
ESCALAB-220i-XL) at a base pressure of 2X10-% Pa [2]. Total instrumental energy resolution was 0.3 ~ 0.6
eV full width at half maximum (FWHM), depending on the photon energy (hV) in the energy range of 30 ~ 200
eV. All experiments were performed at room temperature.

Figures 1(a) and 1(b) show the photoemission spectra of DI-Ag and DI-Cu, respectively. The detection
area of the photoemission spectra was S0um, which is smaller than the sample size. The light polarization (E)
was parallel to the c-axis of DI-Ag and DI-Cu. The photoemission spectra were normalized to the maximum
intensity of the valence band. For DI-Ag, four features in this valence band are observed at ~1.0, 3.5, 5.0 and
8.0 eV labeled A, B, C and D, respectively. Although the prominent feature C has the maximum intensity for
every photon energy, the relative intensity of these features is varied as the photon energy changes. From the
photon energy dependence of the photoionization cross section [3], the features A, B and D are predominantly
derived from N and C 2p, and the feature C is from Ag 4d bands. Another feature is observed at ~10 eV with hv
=40 eV. This feature is assigned to the Auger signal. For DI-Cu, three features are observed at ~3.5, 6.5 and
10.0 eV labeled E, F and G, respectively. The relative intensity of the features F and G to the feature E is
gradually decreased with increasing hv. This photon energy dependence shows that the features F and G are
predominantly derived from N and C 2p, and the feature E is from Cu 3d bands. Here, we compare the d bands
of the M ion in both DI-Ag and DI-Cu. As assigned above, the Ag 4d bands for DI-Ag are located around 5 eV
and localized within 2.5 eV width, For DI-Cu, the Cu 34 bands are situated around 3.5 eV and show broader
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band width. This is a direct evidence of the localized nature of Ag 4d electrons and the itinerant nature of Cu 3d
electrons. As Ag has much deeper d levels than Cu, DI-Ag has smaller pr-d hybridization with the DCNQI
molecule than DI-Cu. These results are consistent with the band calculation [4].

In figures 2(a) and 2(b), the polarization dependence of the photoemission spectra is shown for DI-Ag and
DI-Cu, respectively. The photoemission spectra were normalized to the background intensity at ~12 eV.
Although the polarization dependence of both DI-Ag and DI-Cu is observed reflecting the anisotropy of the
crystal structure, the stronger dependence is seen for DI-Ag as compared with that for DI-Cu. This results

indicate that the anisotropy of the electronic states is stronger for DI-Ag than DI-Cu.
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Figure 1. The photon energy dependence of the photoemission spectra (a) of (DI-DCNQI),Ag, (b} of (DI-
DCNQI),Cu. The detection area was 50LLm.
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It is now well known and firm established that the ultrathin film in nanometer range of 3d-materials often shows
very intcresting and striking magnetic properties different from its bulk. Because of rich variety of unusual magnetic
properties in these nearly two-dimensional systems, the thin film magnetism is getting much more interest from both
experimentalists and theoreticians'. By varying the preparation conditions, i.e., different substrates (non-magnetic,
magnetic or semiconductor), substrate temperatures or deposition rate, film thickness, one can modify the structural
properties as well as the magnetic properties of the film.

Magnetic Dichroism (MD) effect in both the photoemission and photoabsorption is considered to be one of the most
powerful methods to study the magnetism. It provides information of both the surface and interface magnetism. The
absolute value of MD intensity can be used to identify the degree of magnetic ordering, since it is proportional to the net
system magnetizationz. The study of element specific magnetism can be done easily by the MD effect selecting different
clectronic levels of multilayer component. MD experiment in the photoelectron spectroscopy can be performed by using
circularly, linearly, or unpolarized light. By using linearly polarized light in the UVSOR facility, it is possible to
perform successfully the dichroism experiment for studying the magnetism in thin film system. Here we report the
results of magnetic linear dichroism (MLD) of Ni-3d states around the Ni-3p threshold of ultrathin Ni film grown on fct
Co (100).

In order to perform these experiments, the VG ESCALAB 220i-XL* system with base pressure of 2x10™"" mbar was
connected to the beam linc. The total energy resolution of the photoelectron spectra at photon energy of 67.2eV was
300meV, which is estimated from the width of the Fermi edge in the spectra of Ni. The photoemission experiments and
film evaporation were carried out in room temperature. The Cu (100) substrate was prepared by several cycles of Ar ion
sputtering and subscquent careful annealing until sharp LEED pattern was seen. The magnetic substrate Co (100) was
grown on Cu (100) to thickness of approximately 10 ML (~18}3;)e. The Co film in this range of thickness exhibits a
tetragonally distorted fce structure having layer spacing of ~1.73A along Cu [001] direction™. The Ni film evaporated
on the fet Co (100) also shows same growth structure like Co on Cu (100) that was confirmed by LEED. All films were
cvaporated from a water-cooled evaporator. High purity (4N) Ni and Co rods were used for the evaporation. The
deposition rate, ~0.8ML/min, was calibrated by a quartz thickness monitor placing the same position of sample before
and after the deposition.

The geometry of the MLD experiment s
described in Figure 1. The sample surface is parallel
to the XY plane. Cu [100] direction is along Y-axis.
The clectric vector (E) of s-polarized light impinges
on the sample surface at an angle a=15° out of XY-
plane. Electrons are collected at an angle 8=8 out
of the sample Z-axis (sce insct). Thin film is
magnetized along the both X and Y-directions in the
XY-plane (in-plane magnetization). The dichroism
signal is obtained by calculating the asymmetry; i.e.
the difference between those two spectra divided by
sum of them. In the linear dichroism measurements,
the asymmetry between two spectra depends on the
experimental geometry of light electric  vector,
electron emission and magnetization direction in the
presence of spin-orbit (SO) splitting and exchange
interaction’.

In Figure 2, we show the Ni-3d MLD result for Figure 1. Schematic geometry of MLD experiment (see text).
Ni(8ML)/Co(10ML)/Cu(100) taken at the photon
cnergy of 67.2¢V, ie. the Ni-3p excilation energy.
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The photoecmission spectra (upper panel) show the two dominant peaks. One is near the Fermi level stated as main peak
with 3d° confi%uration. Other peak stays at 6eV below of the main peak. This is the so-called 6eV satellite peak
assigning as 34" final state configuration. This satellite peak shows a strong resonant enhancement at the 3p-excitation
encrgy that was explained via super-Coster-Kronig (sCK) process®. The lower panel in Fig. 2 shows the intensity
asymmetry between the two spectra taken for two magnetization directions parallel to X and Y-axes as in Fig. 1. This
MLD signal is the direct evidence of the long-range ferromagnetic orderings on the Ni-film.

In the lower panel in Fig.2, both the main peak (3d”) and the satellite peak (34°) show asymmetry but in opposite
direction from each other. The 3p-resonance effect on dichroism of different 34 states has been reported by S. Ueda et
al, for Ni(110) samplc7. In this previous result, the MLDAD (magnctic lincar dichroism in angular distribution) does not
show any asymmetry for 6eV-satellite region. But the MCDAD (magnetic circular dichroism in angular distribution) in
their results shows asymmetry for 6eV-satellite region with an opposite direction of main peak. QOur results are similar
to this MCDAD result. Moreover we did not find any asymmetry for satellite peak at other off-resonance conditions. It
can be interpreted that the resonance effect on MLD for satellite region is mainly guided by sCK process. A detailed
theoretical interpretation is needed for clear understanding of dichroism behavior in this satellite region.

We can usc these dichroism results to explorer the magnetic property in Ni-thin film. It has been reported that Ni-
film on Cu (100) shows a transition from in-plane magnetization to perpendicular magnetization in the average region
of ~7ML up to ~12 ML*”, It was also reported by XMCD measurement” that Ni-film of above 9 ML on Cu (100) does
not show any in-plane magnetization. But the situation is different for Ni/Co/Cu (100) system. In our MLD experiment,
we found the in-planc magnetization for 11 ML Ni-film growth on magnetic Co substrate. But Ni of 12 ML on Cu
(100) does not show any in-plane magnetization in our measurement, which is consistent with previous results.

Our dichroism mcasurement concludes that the resonance effect is present on MLD of 6eV satellite in the valence
band photocmission whereas the main valence band peak shows same MLD signal for the both on and off resonance

conditions. Magnetic orderings on different Ni-films are also verified by this experiment. The calculation of Ni-MLD is
in progress.

hv=67.2eV Ni-3d MLD R

Intensity (arb. units)

Asymmetry (%)

12 10 8 6 4 2
Binding energy (¢V)

Figure 2. (Upper): Ni-3d photoecmission spectra taken at 67.2eV- photon energy with s-polarized light (E|| X). Dark
circles: M ||E and open circles: M L E. Lower: Asymmetry of those two EDC’s showing MLD in photoemission.
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Barium halides have attracted much interest in recent years, because they show a variety of luminescence
and resonant photoemission processes.  The so-called Auger-free luminescence (AFL) due to a radiative
transition between the valence band and a core level is observed in BaF, (1,2). A strong recombination
luminescence is observed in BaFCl and BaFBr, which include impurities of rare-earth elements (3).
Photoelectron spectra of barium halides show clear solid-state effects on the resonant photoelectron spectra (4).
The luminescence has been applied to fast scintillation or registration of x-rays, but the detailed mechanism of
the luminescence is sill not clear. Detailed comparison of the photoelectron and luminescence spectra is
strongly desired. However, photoelectron and luminescence of barium halides have been measured
independently so far. In this work, the irradiation effect on BaF, films is investigated using both photoelectron
and luminescence spectroscopies. Time-correlation between photoelectrons and AFL photons is also studied for
the first time, bringing additional information on the relaxation process of the core-level excited states.

Experiments were carried out at plane-grating monochromator beam line BL6A2.  Photoelectron
spectra were observed by using a hemispherical energy analyzer installed on a two-axes goniometer in an
analyzer chamber, the base pressure of which was about 2x10™® Pa. The angle of incidence of the exciting
photon was 60°. The emission angle of the photoelectrons and the angular resolution were about 15 and 1.1°
respectively. Luminescence was collected with a quartz lens mounted in the analyzer chamber, and was
focused in a conventional monochromator (Jobin-Yvon HR-320). The luminescence was observed by a
photomultiplier (HAMAMATSU R943-02) or a CCD system (Princeton Inc.). The present spectra were not
corrected for the spectral sensitivity of the detection system. To avoid charging up effects, BaF, thin films of
10-20 nm in thickness were prepared on the gold substrate by in-situ evaporation in a preparation chamber, the
base pressure of which was 5x10® Pa, and then transferred to the analyzer chamber. The Baf, films were
irradiated with zero-th order light from the plane-grating monochromator through an aluminum filter in order to
investigate the irradiation effects. The energy range and flux of the incident photons were 17-150 eV and about
10" phs/s/mm?, respectively. The time-correlation between the photoelectrons and the AFL photons was
observed by using a time-to-amplitude converter (TAC) system with a micro-channel plate photomultiplier
(MCP-PM).

Figure 1 shows the luminescence spectra observed at every five-minute’s irradiation intervals. The
spectra consist of two luminescence bands at about 4.1 and 5.5 eV. The 4.1-eV band may be attributed to the
self-trapped exciton (STE), although the energy position of the STE luminescence in BaF, films is slightly
different from that in single crystals. The 5.5-¢V band is AFL, which is due to an electron transition from a
valence band to a Ba Sp core-level. Obviously, intensities of the STE luminescence and AFL decrease as the
irradiation dose is increased. This figure shows that the decrease in AFL is larger than that in STE
luminescence. It should be noted that the spectral shapes of the STE luminescence and AFL changed with
irradiation. Especially, a shoulder becomes clear at 5.2 eV as the irradiation dose is increased. This result
cannot be interpreted with the simple idea based on the density of states in the valence band. The present result
indicates that AFL may be strongly affected by the crystal field around a core hole. This is consistent with the
lattice-relaxation model proposed by Kayamuma et al (5).

Figure 2 shows the photoelectron spectra observed at every-five minute’s irradiation intervals. The
excitation photon energy is 90 eV, and the binding energy is presented relative to the maximum of the valence
band. The valence band, Ba 5p3/2, and Ba Sp1/2 photoelectrons are observed at 2.5, 8.5, and 10.5 eV binding
energy, respectively. The intensity of these photoelectrons decreases as the irradiation dose is increased, while
new bands acquire appreciable intensity at +1.8 and +3.7 eV. According to Karlsson et al. (6), the F 2p states
of CaF, on Si(111) are redistributed in energy by irradiation, and a new state with an initial-state energy of +5.5
eV is created. A half-filled band due to metallic surface and the suface Ca in a 1+ oxidation state are also
observed near fermi level in their spectra. The present photoelectron spectra of BaF, show no clear structures
due to Ba+1 states and metallic states near fermi level, but new structures are observed around +1.8 and +3.7 eV.
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These irradiation-induced structures may be due to the F 2p states, which is different from unirradiated BaF,.
The decrease in intensity of the valence band and Ba-5p photoelectrons may also be attributed to irradiation
effects of BaF, thin films.

Before irradiation, the condition Evc<Eg is satisfied, resulting in AFL, where Evc and Eg are the energy
difference between a valence band and a Ba-5p core level and the band gap energy between a maximum of the
valence band and a minimum of the conduction band, respectively. = The irradiation-induced structures are
produced at Ex (Ex=1.8-3.7 eV) above valence band, and then the condition changes to Evc>Eg-Ex. This
causes the decrease in intensity of AFL as the irradiation dose is increased. The decrease in the intensity of the
STE luminescence may be due to the defect-induced nonradiative decay process.

The time-correlation between Ba-4d photoelectrons and AFL photons was also observed. The result
indicates that photoemission and luminescence processes correlate with each other.
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Lead-halide crystals exhibit a variety of interesting physical properties, with possible
applications to high-energy particle detectors. Although there have been some earlier photo-
emission studies of Pb-halides, the nature of their valence bands (VB's) has not yet been under-
stood satisfactorily. In the present experiment, we have performed ultraviolet photoemission
spectroscopy (UPS) of PbF2 and PbClz with use of synchrotron radiation as a light source.

Photoelectron spectra were measured with an angle-resolved hemi-spherical analyzer, its
resolution being kept at 0.2 eV. Thin film samples were fabricated in-situ by evaporation on gold
substrates in a preparation chamber, and were then transferred into an analyzing chamber.
Reagent-grade powders of PbF2 and PbCl: from Merck were used as the starting materials.
Thickness of the specimens was maintained at about 100A to avoid any charging effect.

For PbFe, it was found that the spectral shape in the valence region changes seriously with
irradiation time. A typical example observed under the excitation with 100-eV photons is shown
in Fig. 1. Here, the measurements progressed repeatedly from (a) to (e), with a scanning time of
8 min for each spectrum. The curve (a) is the spectrum taken for a previously unexposed sample.
The sample was exposed to 100-eV photons for 25 min before the next measurement. The
binding energy is given relative to the top of the VB. Judging from the spectrum (a), the VB in
PbF: is composed of, at least, three unresolved bands. As obviously seen, the central part of the
VB spectra is reduced remarkably with irradiation time. On the other hand, the intensity of the
Pb2+ 5d doublet around 20 eV increases slightly during the measurements, and its peaks shift
toward the lower binding-energy side.

In contrast to PbFz, the VB spectra of PbCl: did not change seriously even when a sample
was exposed to photons for more than 1 hr. Figure 2 shows UPS spectra of PbClz excited at
different photon energies. It is clear that spectral shape of the VB in PbCls is not sensitive to the
change in excitation energies in the range 60 to 120 eV.

It seems very likely that the VB spectra of PbFz are deformed as a result of photon-
stimulated desorption of fluorine atoms from the sample surface. In alkali and alkaline-earth
halides, it has been believed that the decay of excited electronic states results in the formation of
F-H defect pairs, which leads to ejection of the halogen atom from the sample surface [1]. We
suppose that the similar dynamical process of defect formation, occurring within a few atomic

layers of the surface, is also responsible for the fluorine desorption in PbFz which has fluorite
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structure. On the other hand, PbCl: crystallizes in orthorhombic structure, where the interstitial
space is not so open as PbFs.  Accordingly, the defect formation process leading to the chlorine
desorption may not be easy to occur in PbCls.

Based on the present results, we suggest strongly that the central part of the VB in PbF: is
dominated by fluorine 2p state, and the remaining upper and lower parts have lead 6s character
with small contribution of fluorine 2p state. This is consistent with the theoretical calculation of
the electronic structures of the VB in PbFz [2,3]. Furthermore, because of the similarity in the
VB shape between PbF2 and PbClg, it is also supposed that the electronic structure of the VB in
PbC: is essentially the same as that in PbFz.

Finally, it is noted in Fig. 1 that, when a PbFz sample is continuously exposed to photons, the
Pb2* 5d doublet shifts toward the low-binding-energy side, accompanied by a slight increase in
intensity. This is likely due to environmental changes around Pb2* ions induced by the fluorine

desorption, with the result that the upper surface layer becomes increasingly lead enriched.
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Fig. 1. UPS spectra of PbFzexcited Fig. 2. UPS spectra of PbCls excited
at 100 eV. at 60, 80, 100 and 120 eV.
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Introduction

The electron transport properties of many nonmagnetic amorphous alloys have been reported.
Especially a number of Ca-based amorphous alloys have been studied because of the fascinating electron
transport properties. The resistivity is only 40uQcm for Ca-Mg binary amorphous alloys, whereas more than
400pQcem for Ca-Al and Ca-Ga binary ones. Mizutani et al."™ revealed that the replacement of Al and Mg by
Ga further increases the resistivity in the Ca-Al-Ga and Ca-Mg-Ga ternary amorphous alloys.

In the present work, We have measured UPS spectra for a series of Ca Mg, Ga_ amorphous alloys
(x=0, 10, 20, 30, and 40) and the valence band structure has been discussed in comparison with the XPS spectra
measured with the use of the laboratory XPS spectrometers. We show that the narrow Mg-Ga bonding states are
formed immediately below the Fermi level as a result of the hybridization of Mg-3p and Ga-4p states and that
the formation of this narrow p-states are responsible for the rapid increase in resistivity upon addition of Ga.

Experimental technique

UPS spectra were measured at the BL 6A2 in UVSOR of Institute for Molecular Science, Okazaki,
Japan. The excitation energies in the range 12-20 eV was used to study the fine structure of the valence band
structure near the Fermi level. Here the Fermi level was determined with reference to that of pure Au. The
working pressure of the main chamber during measurement was kept less than 3.0x10" torr. A clean surface
was achieved by using Argon sputtering technique.

Result and Discussion
We have measured the XPS valence band spectra for a series of the amorphous alloys in our laboratory
(Surface Science). As is clearly seen in Fig 1, the XPS spectrum for the amorphous Ca Mg, alloy is well
extended only with a shallow depression at the binding energy of 4 eV. However, we can see a substantial
growth in the density of states immediately below the
Fermi level when Ga is added to the amorphous
Ca Mg, binary alloy. From the XPS valence band T T T T
profile of the Mg,Ga compound we conclude that the EF
peak at 1.5 eV can be attributed to the formation of
the bonding states between the Ma and Ga atom.
Further detailed information about valence
band structure near the Fermi level can be extracted
by studying the excitation energy dependence of the
photoemission - valence band spectra.This is
accomplished by using the synchrotron radiation in
the energy range 10-20eV. Fig 2 shows the
photoemission spectra with different excitation
energies for the two amorphous alloys with x=0and
30.

As is clearly from observed spectra, the
intensities just below the Fermi level are high when
the excitation energy is below 14 ¢V and are much
stronger in the x=30 than in the x=0 amorphous
alloy. Intensities just below the Fermi level gradually

Intensity ( arb.units )

Figure 1.

XPS spectra for two amorphous Ca Mg, Ga_( x=0,30)
alloys. The data for MgZn -type Mg Ca and LiSb -type
Mg, Ga intermetallic compounds are also shown for
comparison.

Binding Energy (eV )
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Figure. 2.

UPS spectra for two amorphous Ca Mg (O) and Ca Mg _Ga, (@) alloys.The spectra were taken with the
excitation energies of hn = 13, 16, 18 and 20 eV.

decrease with increasing excitation energies in both amorphous alloys. In contrast, the intensities at the binding
energy around 4eV increase with increasing excitation energy in both amorphous alloys. According to the
calculations of the atomic subshell photoionization cross section®, the cross section due to p electrons is larger
than that of the s electrons in the excitation energy range below 14 eV. But this situation reverses when the
excitation energy is increased above 14 eV. The valence band in the Ca Mg_ amorphous alloy is dominated by
the Mg-3p,3s states. From the excitation energy dependence of the cross section, We conclude that the Mg-3p

states dominate near the Fermi level and the Mg-3s states at binding energy around 4eV.

In contrast to the x=0 amorphous alloy, the intensities immediately below the Fermi level are greatly
increased in the x=30 amorphous alloy. This enhancement can be now attributed to the growth of the Ga-4p
states hybridized with the Mg-3p states. This hybridization produces the narrow density of states immediately
below the Fermi level for the x=30 amorphous alloys and leads to a substantial increase in resistivity in this

system.

[1]U. Mizutani, M. Sasaura, Y. Yamada and T. Matsuda; J. Phys. F: Metal Phys. 17 ( 1987 ) 667
[2]Z. Diao, Y. Yamada, T. Fukunaga, T. Matsuda and U. Mizutani; Mat. Sci. Eng. A181/A182 ( 1994) 1047
[3]J.J. Yeh and L. Lindau; At. Data Nucl. Data Tables 32 (1985) 1
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Introduction

Hydrogen molybdenum bronze, H,MoOj; (0<<x=2), is obtained from MoQ; by reduction of hydrogen
in an acidic media or by hydrogen spillover. Four distinct phases have been confirmed in the region 0<x
<7 by Birtill and Dickens.” Eda® has studied the thermal decomposition of Type-I (0.21=x=0.4) ina
nitrogen atmosphere and discussed the decomposition mechanism. He suggested that the decomposition
process took two ways depending on the density of defect in the sample. One is the way to MoO, through
high defect density and the other, to MoO; through the MoO; like structure. In both cases, the removal of
lattice oxygen in nitrogen or in vacuo produces a defect structure. The defect structure can be expected to
be effective for catalytic reaction, so that it is interesting to know the detailed structure. We investigated
Type-I by heat treatment in vacuo by XANES.

Experimental

Hydrogen molybdenum bronze, H,MoOs, (x=0.25:Type-I) was obtained by the method described
previously.S)

XANES (X-ray Absorption Near Edge Structure) spectrum was measured at BL-7A of UVSOR at
Institute of National Laboratory for Molecular Science, Okazaki, Japan, using a Ge (111) two-crystal
monochrometer. After the sample was evacuated to < 1.0x 107 torr in the sample chamber, the spectrum
was measured in total electron yield mode at room temperature.

Result and Discussion

We measured the XANES spectra by the total electron yield
mode method and the penetration range of the spectra was
possibly several tens angstroms into the bulk. The observed
XANES spectra can reflect the surface and/or near the surface
structure of the sample. Figure 1 shows the Mo L;-edge XANES
spectra of standard materials of Type-I, MoOj3, and MoO,. Type-I
and MoO; has a octahedral symmetry and the spectra show two
distinct peaks. The peak at a lower energy side is higher than that
at a higher one. The peaks are attributed to the electron transition
from 2pss, to a vacant 4d state, tyg (dxy, dx, and dyz) and eg (dy2.y2 ¢) MoO,
and d,2). The peak height at the low energy side differs from that
at the high energy side. This difference is due to the difference in
the transition cross section of the molecular orbital of Mo(4d)-
O(2p); theoretically, the intensity is tyy : eg = 3 : 2 for octahedron.
The spectrum of Type-I appeared at little lower energy side than
that of MoOs. Type-I make a minor rearrangement in the Mo-O
framework of MoOg octahedron which is caused by insertion of
hydrogen into MoOj; intra—layer."‘) The hydrogen atoms are
stabilized by bonding to the lattice oxygens in the intra-layer.”
The energy gap between the peak to peak width, A, is used as a
parameter of the ligand field splitting of the final state 4d orbital
because of reflecting the coordinated environment around Mo

b) MoO;

Electron yield

Second derivatives (smoothed)

2516 2520 2524 2528 2532

atom.>” The second derivatives as shown in Fig.1(IT) are used to Photon energy / eV
determine the energy gap. A of Type-I and MoO; was determined Fig.l Mo Lj-edge XANES spectra (I) and
to be 3.2 and 3.4eV, respectively. This result is very reasonable ~ the sccond derivatives (I of reference So-

mpounds; a) Type-I, b) MoO; and ¢) MoO,.
because A takes 3.1~4.5eV for the octahedral compounds as

shown in Table 1. We obtained A=2.5eV for MoO,. This value

was good agreement with that of the reported value of 2.4eV.” A of MoO, having Mo** ions should be
smaller than that of the material having Mo®* ions; because of the less effect of perturbation by the ligand
field of six O ions. This result indicates clearly that the reduction of Mo ions leads to the condensation of
a total 4d state, and makes the energy gap much smaller.
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Figure 2 shows the Mo L;-edge XANES patterns (I) and
their second derivatives (II) of Type-I treated at various
temperatures in vacuo. A is summarized in Table 1. The
XANES spectra looked like no change at all treated
temperature. The second derivative above 723K showed
the interesting peak at around 2522eV. Below 673K A took
3.1~3.2eV, and above 673K, that gave two value,
3.1~3.2eV and 2.2eV. The former A is due to Type-I and/or
MoO; which have octahedral symmetry, and the later, to
MoQO,. We observed MoO, by XRD when Type-I was
treated at 573K in vacuo. It suggests the formation of
MoO, is easier by about 150K in the bulk than that on the
surface. Moreover, we have reported that the formation of
MoQO, is accompanied by the formation of the defect
structure. This result strongly suggests the formation of the
defect structure in the bulk of Type-I and its diffuse to the
surface. We are now studying to reveal the surface
composition and their proportion.

Table 1 d-orbital splitting, A, of molybdenum compounds.

Local

Sample Structure AjeV
CoMoQO, octahedral 3.3%

MoO;, octahedral 3.4, 4.0%,3.47
Type-1 ™~ octahedral 3.27,3.17
Type-I1 ~ octahedral 3.17

(NH,)sMo,0,4 octahedral 3.6%, 2.9,
Ba,CaMo0O,  octahedral 4.5%
MoO, octahedral 2.5, 2.47
treated
temperature
R.T - 3.2
373K 3.2
473K 3.1
Type-I 523K 32
H0.25M003 573K 3.2
623K 3.2
673K 3.1
723K 2.2 3.2
773K 2.2 3.1
873K 2.2 3.1
*: present work, **:hydrogen molybdenum bronze
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Fig.2 Mo L ;-edge XANES spectra (I) and
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1 _Introdnction

Zirconium oxide is a very interesting material because of its thermal stability, its mechanical properties
and its acidic, basic surface properties!). Sulfated ZrO, was known as superacid, for example, which has catalytic

function of skeletal isomerization for alkane. Comelli et. al. reported the catalytic activity of sulfated ZrO; is not
dependent of the precursor salts and of the Zr(OH)4 preparation method?). These prompt us to carry out
systematic studies on the electron states and catalytic activity of sulfated ZrO, catalysts.

In the present study, we described the change of localized electron states and its effect to catalytic activity
of sulfated and non-sulfated ZrO, catalysts against calcination temperature by Zr L.3-edge XANES analysis.

2_Experiment

Zirconium oxychloride was dissolved in water at R. T., then stirring and slowly added aqueous ammonia
(25% NHs) to obtain Zr(OH)4 until the solution change into pH8. After Zr(OH) 4 was washed by a large quantity

water, dried at 383K for 24h. Sulfated ZrO, was prepared in a solution of IN H28Oy4 for 6h with stirring after the
mixture were filtered, dried at 383K for 24h. Each Zr(OH)y4 calcined at 873K for 3h in air, then non-sulfated ZrO,
(hereafter it is referred to as ZrO;) and sulfated one were obtained.

The measurements of Zr L3-edge XANES spectra were carried out on a facility of BL-7A station of soft

X-ray beamline. Each sample was prepared for measurement by grinding with hexane, and mixed with active
carbon then spread on a Cu-Be dinode which was attached to a first position of electron multiplier into the
beamline chamber. After the chamber had been evacuated, the spectrum was recorded in a total electron yield
mode at R. T., using a Ge(l11) double crystal monochromator.

3 Results and Discussion

In Fig.1 (A) and (B) shows Zr L3-edge XANES spectra of ZrO; and sulfated ZrO; calcined at different
temperature. The two peaks (2334 eV (first) and 2336 eV (second)) observed in these spectra that were
corresponding to transfer from 2s3/3 t0 tz, and e of 4d orbital, respectively.

While XRD results of ZrO, and sulfated ZrO, are exhibited in Fig.2 (A) and (B). The both of catalysts

calcined at 473K have amorphous phase. Calcined at 873K, the r_nain structure is metastable tetragonal phase,
however a mixture of the tetragonal and monoclinic phase of ZrO, was also observed. And calcined at 1073K,

practically the monoclinic phase is detected. Zirconium oxide generally changes its crystalline from amorphous
to metastable tetragonal, and then monoclinic with increasing calcination temperature?), It is explained that SO4

ion existed in sulfated ZrO, was lead to prevent crystal growth. When sulfated ZrO, maintained metastble
tetragonal phase, activity of skeletal isomerization for n-butane (See as Fig.3) was recognized. In case of
monoclinic phase (calcined above 1073K), SO4 ion was separated from catalyst and sulfated ZrO5 have no
activity of skeletal isomerization.

Thus, these catalysts calcined at 473K has amorphous phase, two peaks was broad and indistinct (in
Fig.1). This is supposed that hydroxyl group was obtained in the catalyst cause action, as function of electron
donor. When sulfated ZrO; catalyst calcined at 873K, the remarkable change of XANES spectra was observed,
that is, the intensity of second peak was increased more than that of first peak. It is expected that the electron
density between zirconium and oxygen atoms were drawn toward oxygen atom side because SOy ion of sulfated
710, has been electron-accepting. So Zr 4d e is nearly empty orbital, electron transfer the higher energy states
easily. Calcined above 873K, each spectra are similar shape which intensity of the first peak is higher than that
of second peak. It is explained that localization of electron density has became weak due to SO4ion desorption
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from catalyst, and then reactivity also decreased.
Accordingly, the effect of SO4 ion addition to electron density of ZrO; was depend on the calcined

temperature. Sulfated ZrO, has a unique electron structure when it was most active for skeletal isomerization.
However, further theoretical effort so as to include the electron interaction between catalysts and n-butane is need
for understanding of this catalysts activity in detail.

Intensity / a.u
;

Intensity / 2.u.
3>

b)
b)
a) a)
1 L
2325 2335 2345 2325 2335 2345
Photon energy / eV Photon energy / eV
Fig.1 (A) Zr Lj-edge XANES spectra on Fig.1 (B) Zr L3-edge XANES spectra on
sulfated ZrO, calcined at a) 473K, ZrO; calcined at a) 473K,
b) 873K and c) 1073K. b) 873K and c) 1073K.
o
2
M
i E ]
3 i M e M
~ ~ {c)
2z -y
2 g
£ g
a)
S oty
1 1 1 L L ]
5 25 45 65 5 25 45 65
26 /deg. (Cu Ka) 20 /deg. (CuKa)
Fig.2 (A) XRD patterns of sulfated ZrO; calcined Fig.2 (B) XRD patterns of ZrO, calcined at
at a) 473K, b) 873K and ¢)1073K. a) 473K, b) 873K and c)1073K.
T: Tetragonal T: Tetragonal
M: Monoclinic M: Monoclinic
30
o
L2}
8
- o
:
8 10 | o
<]
D e O 1 " Q o_,
473 673 873 1073
Calcined temperature / K

Fig.3 Skeletal isomerization for n-butane
on sulfated ZrO, against calcined
temperature.

1) Y. Nakano, T. lizuka, H. Hattori, and K. Tanabe., J. Catal. 57, 1 (1979)
2) Raul A. Comelli, Carlos R. Vera, and Jose M. Parera., J. Catal. 151 96 (1995)

—165—



(BL7A)
Si K-edge XAFS study of dense vitreous silica

N. Kitamura, H. Mizoguchi, K. Fukumi, H. Kageyama, K. Kadono and M. Makihara

Osaka National Research Institute, AIST, Midorigaoka, Ikeda, Osaka 563-8577

Introduction

Permanent densification of glassy materials is of interest to understand the glass structure and mechanism of the
compaction. The structure of densified silica glass has been investigated using infrared absorption, Raman[1] and neutron[2]
scattering. However, detail of change in local structure is not clear yet. In this work, we have observed Si K-edge x-ray near-
edge structure for pure synthetic and permanently densified silica glasses.

Experimental procedure and results

Synthetic silica glass (Nihon Silica Glass Yamaguchi Co. Ltd.) was used for starting material. Silica glass (3mm in
diameter) was densified by heating at 400°C for 2min under 6 GPa with a 6-8 multi-anvil type high pressure apparatus (UHP-
2000, Sumitomo Heavy Industry Co. Ltd.). Density of undensified and densified glasses are 2.20 and 2.44 g/em’, respectively.
X-ray absorption experiments were performed at the double crystal monochromator beam line BL7A. InSb was used as the
monochromator crystal. At first, spectra of undensified silica glass were recorded at room temperature by using Total Electron
Yield (TEY), Transmission (TR), Drain Current (DC) and Electron Yield (EY) methods. The electron yield spectrum was
obtained by an electron multiplier (EM) and an x-ray photo diode (PD) equipped with sample chamber at position of about
45° against beam direction. Non-bias photocurrent is recorded on the PD measurement. Bulk sample put on a manipulator
using carbon tape was used on the DC and EY measurements. Powder sample was put on the first photocathode made of
Cu-Be of the electron multiplier on the TEY measurement. Powder dispersed film and pure film were used on the TR
measurement in the chamber of about 10® torr. Figure 1 shows the results of the Si K-edge absorption spectra obtained by five
methods (EM, PD, TR, DC and EY). The DC curve shows abrupt down in intensity at higher energy side of sharp peak. Since
the drop down is suppressed with the increase of scan speed. It will be due to charge up of the sample. The other curves did
not depend on scan speed. In the TEY and DC curves, the sharp peak is smaller in intensity than that in the EM or PD curves,
although the reason is not clear yet. The EM and PD curves are quite similar with each other. The S/N ratio on the PD
measurement is slightly better than in the EM measurement. Since the size of densified glass is small, comparison of
absorption spectra for undensified and 11% densified silica glasses was performed by using the TEY measurement. Figure 2
shows the TEY curves for two glasses. They are almost same, but slight difference (small peak) is found near the sharp peak
in the XANES spectra. Dominant change in glass structure under densification is decrease of Si-O-Si bond angle[1,2]. An
elongation of Si-O bond length is expected from low energy shift of band gap energy which was observed in the vacuum uv
reflection spectra at the BL7B[3]. Speculation of the difference in the XANES spectra remains unclear, but the similar
behavior is found for some lithium silicate glasses.

References

[1] G. E. Walrafen and M. S. Hokmabadi, Structure and Bonding in Non-Crystalline Solids, ed. By G. E. Walrafen and A. G.
Revesz(Plenum, New York, 1986), p.185.

[2] A. Hiramatsu, M. Arai, H. Shibazaki, M. Tsunekawa, T. Otomo, A. C. Hannon, S. M. Bennington, N. Kitamura and A.
Ondera, Physica B219&220(1996)287.

[3] N. Kitamura, K. Fukumi, K. Kadono, H. Yamashita and K. Suito, Phys. Rev. B50(1994)132.

—166—



Vitreous SiO, 7]

. TR ]

“é -

ﬂ iy

£ i
2]

< PD _

= EM )
3

5 i

DC _

I | [ TEY,
1840 1860 1880 1900
Energy(eV)

Figure 1 Si K-edge x-ray absorption spectra obtained by total electron yield (TEY),
transmission (TR), drain current (DC), electron yield (EM) and x-ray photodiode (PD).
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Figure 2 Si K-edge x-ray absorption spectra for undensified

and 11% densified silica glasses obtained by total
electron yield.
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Introduction

Neutron or high energy ion irradiation effects on silica glass are one of the main concerns for its
application for optical windows, insulators and optical fibers in fusion reactors as well as fission
reactors. We have studied on the dynamic effects of the irradiation mainly by neutron or ion
induced luminescence of silica and revealed that both the electron excitation and the lattice
displacement are caused under the irradiation [1,2]. These processes are closely related to the
defect formation in silica. However, the structure and the electronic state of the irradiated silica
glass are still unclear. In the present study, we investigated the change of local structure and
the electronic state of silica glass before and after neutron or He™ ion irradiation.

Experimental

Synthesized silica glass plates (T-4040) of 15 mm diameter and 2 mm thickness were
obtained from Toshiba Ceramics, Japan.

Neutron irradiation experiments were carried out at the nuclear reactor YAYOI. During the
experiments YAYOI was operated with a power of 2 kW with an average neutron energy of 1.3
MeV. The fluence of neutron was 6 x 1018 n/ecm2. Het ions accelerated up to 20 KeV and mass-
analyzed were injected to a silica sample at room temperature through an aperture of 5 mm in
diameter. The vacuum of the chamber during the irradiation was maintained below 1 x 106 Pa.
The fluence of Het ions was 2 x 1017 jons/cm?2.

X-ray absorption experiments were carried out on the beam line 7A at UVSOR, Institute for
Molecular Science, Okazaki, Japan with a ring energy 750 MeV and stored current 80-200 mA.
Spectra were recorded at room temperature in a total electron yield mode, using a two-crystal
InSb monochromator. To avoid the charge up by X-ray and to measure a spectrum of only the
irradiated part of a sample, unirradiated part of a sample was covered with carbon sheet and
Cu sheet having adequate thickness. The sample was put on the first photocathode made of Cu-
Be of the electron multiplier.

Results and Discussion

Fig.1 shows Si K-edge XANES spectra of a virgin silica sample (a), its neutron or Het-
irradiated samples (b,¢), and a silicon crystal (d). XANES spectrum of a virgin silica glass plate
(a) was identical to those of its ground sample and a powder amorphous silica [3]. Therefore, we
regarded the charge up effect on the spectrum of a virgin silica sample (plate sample) as
negligible. XANES spectrum of a virgin silica sample shows a sharp and prominent peak at
around 8 eV (relative energy to Si K-edge). This absorption is possibly due to atomic-like Si 1s to
3p transition. In case of silica, a silicon atom is located at a center of the regular tetrahedron of
oxygen atoms. Therefore, Si 3p orbitals should be degenerated resulting in such a sharp
absorption.

XANES spectrum of the neutron irradiated silica sample (b) is similar to that of a virgin silica
sample (a) , indicating that the local structure around Si atom in silica sample does not change
by the neutron irradiation. The neutron fluence, 6 x 1015 n/em? would be too small to bring
about a considerable structural change.
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On the other hand, XANES spectrum of Het-irradiated silica sample (c) is different from that
of a virgin silica sample (a). The prominent peak at around 8 eV shown in Fig.1 (a) disappears in
Fig.1 (c) while a new sharp peak appears at lower energy position. This result may indicate that
the reduced Si ion species are formed by He' irradiation. According to the TRIM92 calculation,
the atomic (oxygen) displacement takes place in the depth region from surface to ca. 300 nm in
the present He™ irradiation experiment. Taking into account this, the presence of the reduced Si
ions may be correlated with the formation of Si precipitate due to atomic displacement. Only the
irradiated part on surface of silica glass plate was gray and the transmittance of visible light in
wavelength region from 300 to 700 nm reduced by He™ irradiation, supporting the formation of Si
precipitate in the vicinity of the surface of a silica glass plate. Since Si K-edge XANES spectra
were measured in a total electron yield mode, which mainly monitors X-ray energy dependence of
Si KLL Auger electrons yield, the spectrum would reflect such a structural change in the vicinity
of the surface. It is clear that the Si precipitate in this Het-irradiated sample (Fig. 1 ¢) is not
like a Si metal crystalline (Fig. 1 d) . Further approach by EXAFS analysis should be carried out
to clarify the local structure of the Si precipitate.
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Fig. 1 Si K-edge XANES spectra of a virgin silica sample (a),
its neutron or He  -irradiated samples (b,c), and a silicon crystal (d).
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X-ray absorption fine spectra at the Al K-edge were measured experimentally on a
chemically pure and physically perfect synthetic a-Al,O; (o-alumina) powder, a natural
“ruby/sapphire” (corundum) crystal and a series of artificial “corundums” produced for
technical purposes, some of which are physically homogeneous although chemically impure
(max. 30,000 atoms per formula unit), and others are impure inhomogeneous phases
containing up to 10 vol.% admixed P-alumina. Measurements were done at the soft X-ray
beamline BL7A using total yield of the photoelectron. Samples were ground homogeneously
to a 3-5 micron size and spread as a fine film on a piece of adhesive tape, which is sticked onto
the first photocatode of the Hamamatsu R595 photomultiplier. All measurements were
constantly carried out using 0.1 eV steps, so as to assure maximum reproducibility, and
warrant meaningful comparison among spectra.

Figure 1 show the XANES spectra fitted to account for the baseline. The Al K edge
XANES spectra of a-alumina, “ruby/sapphire” and homogeneous “corundums” differ despite
of the identical six-fold co-ordination (short-range arrangement) assumed by O around Al,
and vary slightly in relation to the slightly different chemistries of the materials (substitutional
defects) as well as on account of the location taken by foreign atoms in the structural lattices
(positional defects). The Al K edge XANES spectra of inhomogeneous “corundums”
containing the admixed f-alumina phase show additional XANES features reflecting the
presence of Al in four-fold co-ordination besides the prevailing six-fold co-ordinated one.

Figure 2 shows the quantitative treatment of the observed changes, which is interpreted in
terms of short-range modification of the co-ordination polyhedron and of medium- to long-
range modifications in the overall structure; both of them induced by substitutions.

These experiments clearly shows that XAFS spectroscopy it is a reliable technique for both
investigate a light element such as Al, and detecting minor co-ordination changes and
substitutions (ca. 1~3 wt.% as oxide) of the absorber by dilute other atoms, at least under
favourable conditions as those occurring in this system are.
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The soft X-ray absorption (SXA) around aluminum K-edge have been measured to investigate the elec-
tronic structure of the wurzite 111-V nitrides (AIN and AlGaN), especially the structure of the unoccupied
states. The Al K absorption spectra of 1I-V nitrides near the Al K-edge in principle represent the partial
density of the final states with p symmetry (p-like p-DOS) according to the selection rule. Furthermore, the
Al K absorption spectrum gives us the site-specific (aluminum ion site) information, since the core levels are
very localized in space. The Al K absorption spectrum also gives us the information about the final states
symmetry p., and p., because the incidence soft X-ray light is linearly polarized.

The experiments were carried out at BL7A. Resolutions under the experimental conditions were about 0.8
eV at about 1500 eV. The soft X-ray absorption measurement was performed by using the total photoelectron
yield (TY) method. The both AIN and AlGaN thin films which have about 1 pm thickness on SiC were made
by the MOCVD method at Riken. All films were cleaned with organic solvents just before the installation
into the vacuum chamber, and the measurements were performed at room temperature in the range of 107°
Torr. The sample holder was able to rotate in the vacuum chamber for the angle dependence measurement.
The polarization angle « is defined as the angle between the incident light and the normal to the sample
surface, i.e., ¢ axis. The o dependence measurements were performed under the p-polarization configuration
which means E || ¢ at a ~ 90 degree.

Figure 1 shows the Al K absorption spectra of AIN and AlGaN mixed crystals. The energy scale is
relative to the threshold energy which correspond to the conduction-band minimum. The threshold energies
of AIN, Aly7Gag.sN, AlgsGagsN and Alg 3Gag 7N are 1557.1, 1556.7, 1556.6 and 1555.6 eV respectively.
The intensity of each spectrum is normalized at the maximum peak for convenience. They show the similar
spectrum shape, but some differences can be seen between AIN and the other AlGaN. This similarity represents
that the structure of the p-like p-DOS around the Al ion site almost independent on Ga content, and the
differences between AIN and AlGaN show that there are some sensitive Al native electric structures. The
energy separation between the lowest energy peak and the main one is gradually decreasing with increasing
Ga concentration.

The a dependece absorption measurement was performed each sample which was shown in Fig. 1. Figure
2, for example, shows the Al K absorption of AIN as function of angle a. All spectra are normalized. AIN
result in Fig.2 also shows a clear o dependence as well as the other samples. To investigate the symmetry
of the unoccupied states, the component analysis of the partial density of the final states with p symmetry
(K absorption spectra) have been performed under the assumption as follows; (i) the partial density of the
final states with p symmetry consists of p,,, p. and the « independent components, (i) the absorption
coefficients for 1s — py and 1ls — p, are proportional to cos?a and sin? a, respectively, where z axis
is taken to be parallel to the ¢ axis of the sample. Figure 3 shows the results of the component analysis
of the Al K absorption for AIN. The spectrum labeled a represents the a independent component, b the
p, component and ¢ the p,, component, respectively. The component analyses of the Al K absorption
for AlGaN were also performed as the same manner. From these results each peak of the pq, and the p,
components is found around the same energy. It suggests that the unoccupied states with p symmetry of

11V nitrides have the similar structure near aluminum site.

—172—



The authors would like to thank Dr.S. Tanaka, Dr.Y.Aoyagi (RIKEN) for supply of AIN and AlGaN samples.
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1. Introduction

YBss is a new synthesized crystal which has a proper nature to monochromatize soft
x-rays from synchrotron radiation.” The 2d value of x-ray reflecting (400) plane is 10.76 A ,
which covers the energy region of 1.2 to 2keV and is suitable for Mg X, Al K and Si K EXAFS
experiments.

In this report, we present the recent results of the experiments by using the YBss
crystal at the soft x-ray beam line of the UVSOR facility in the Institute for Molecular Science,
OKAZAKI. The measurements were carried out on the absorption fine structures at the Br L
edges of alkali bromides. As far as we know, there has been no report on the Zp absorption
spectra of bromine ion, whereas a lot of 2p absorption spectra of chlorine ion had been studied
from the very early stages in the history of the synchrotron radiation science. The one of the
reasons may be that spectroscopic studies were due to photographic recording in those days
and absorption by Br ion in AgBr grains in photographic plates interfere with the spectral
features. The other reason is that there has been only few proper crystal with a large 2d value
of around 10A for SR studies.

2. Results and discussions

At first, we have tried to use beryl crystal to measure Br L spectra. Figure 1 shows a
result on RbBr. The dotted curve I shows a reference signal spectrum and the solid curve I/10
shows a corrected absorption spectrum with a reference spectrum. At the Br L edge, the both
spectra show fluctuating structures which reflect the sharp absorption structures due to the
constituent Al atom in beryl crystal. The Al K absorption edge lies accidentally at the Br Ls
edge. The effects of the anomalous dispersion could hardly remove even with a proper
correction method. Thus the beryl crystal could not be applied to the spectroscopic studies at
Br Ledge..

We have measured the Br- L absorption spectra of the alkali-bromides by use of YBes
crystal. Figure 2 shows the Br L spectra obtained with total photoelectron yield method. No
obstructing structure is observed. The L edge is separated well above the Ls edge The photon
energy was referred to the metallic Al K absorption edge. The resolution was also estimated to
be 0.8 eV with a width of a derivative curve of the Al K edge. The spectrum shows
characteristic structures which are common among the samples. They are designated A
through D. In order to fix the bottom of the conduction band, we evaluated the binding energy
of the Br 2p level and the top of the valence band. The high resolution XPS spectra had been
measured by monochromatized Al K x-ray source, and the binding energies were measured
carefully referred to Au 4fline. The binding energy of Br 2plevel was determined by adding the
photon energy of the Br L , ,(3d to 2p transition) characteristic x-ray to the binding energy of
Br 3dline. The band gap of the bromides was determined from the binding energy of the top of
the valence band. In Fig.2 , the energy of the bottom of the conduction band is shown by an
arrow.

The fine structures designated A is bellow the conduction band threshold, and may be
due to the x-ray exiton absorption. It is interesting that the spectral features are like those of
chlorine Ls spectra®, considering a difference in a life time broadening between the case of
the chlorine and the bromine ions. It has been well known that chlorine L spectra show several
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sharp peaks at the chlorine absorption edges. The separations of the peaks correspond well to
those of the characteristic structures of the bromides. Table 1 exhibits the relative energies of
the characteristic structures to the bottom of the conduction band.  Thus the fine structures
at Br-Is edge may be interpreted on a same way as in the case of chlorides.

References
1) J. Wong et al, Nucl. Insr. and Meth., A195, 243 (1990)
2) O.Aita et al., J. Phys. Soc. Japan, 30, 1414 (1971)

Table 1. Energy positions of characteristic structures measured relative to the bottom of the
conduction band .

Energy relative to the bottom of the conduction band (eV)

A B C D E
NaBr -0.6 1.4 3.8 10.3 12.1
KBr -1.5 0.0 2.0 8.4 6
RbBr -0.6 0.6 3.2 8.9

Br-L; absorption

1510 1520 1530 1540
Photon Energy (eV)

Fig.1. The throughput spectrum with
beryl monochromator (Io) and absorption
curve (I/ Ioy of RbBr at the Br Lzedge.
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It is widely accepted that the selective catalytic reduction of NO by hydrocarbons 1s a
potential method to remove NOx practically in excess Oz [1]. Recently, we have reported that
copper-aluminate catalysts having the spinel-type structure show high de-NOx performance, and
Cu2* cation interacted with vy -Al2O3 matrix is considered to be related to the active species. In this
study, we have measured Cu Ls-edge absorption spectra to clarify the local structure of Cu®* cation
in AloO3 matrix.

Copper-aluminate samples (Cu-Al:O3) with Cu content of 1-30 wt% were prepared by a
coprecipitation method. Solutions of copper acetate and aluminum nitrate at the required
concentration were coprecipitated using aqueous ammonia. The precipitates were washed, filtered
and dried at 395K then calcined in air for 12h at 1073K. Cu-Alz03 with 30 wt% Cu content almost
corresponds to CuAlzO4 (stoichiometric spinel), whose crystal phase was confirmed by XRD.

Cu L-edge X-ray absorption spectra were measured on BL-7A at UVSOR with a ring energy of
750 MeV and a stored current of 70-220 mA in a mode of total electron yields. A double crystal
beryl monochromator was used, and the absolute energy scale was calibrated to the Cu2pa: peak in
CuO at 931.3 eV [4]. From each absorption spectrum, subtraction of a sloping background was
performed by extrapolating it from the linear region below the threshold. The intensity of the
spectra have not been normalized because of missing of an adequate normalizing procedure.

Fig. 1 illustrates Cu Ls-edge absorption spectra of Cu-Al:0s catalysts and CuAl204 (Cu=30
wt%). For 1wt% Cu-Al20s, a peak are seen at 930.8 eV, while for 16wt% Cu-Al2O3 and CuAl204, two
peaks are seen at 930.1 eV and at 930.8 eV. These peaks exhibited the positions similar to that
observed for copper (II) compounds [3,4], and has been considered to be mainly due to 2p—3d
transitions [4]. By assuming that a single absorption peak results from a single unoccupied d state
of Cu2* with an atomic configuration of @, the result suggests that the samples contain at least two
kinds of Cu?* species with different chemical states and the fraction of such species varies with Cu
content.

For a qualitative estimation of the local environment of Cu?* in Cu-Al20s, diffuse reflectance
UV.-vis spectra were measured. The results showed that Cu?* cations in 16wt% Cu-Al:03 and
CuAl:04 were both in tetrahedral (1 =7000 cm!) and octahedral (A =13000 cm-!) sites, while those

in 1wt% Cu-Al:O3 were predominantly in octahedral site. Therefore, it is considered that the
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absorption peaks at 930.1 eV and at 930.8 eV in Cu Li-edge spectra should correspond to Cu?

cations in tetrahedral and octahedral sites, respectively.

To estimate the fraction of Cu?* cations in tetrahedral and octahedral sites, we carried out
deconvolution of the Cu Ls-edge spectra with two set of curves of a Lorenzians. From the
deconvoluted spectrum of CuAl2Q4 (Cu=30 wt%) shown in Fig. lc, the ratio of the areas of 930.1 eV
peak and 930.8 eV peak were determined to be 60/40, which is in good agreement with the ratio of
tetrahedral/octahedral obtained by diffraction analysis [5]. Therefore, it 1s concluded that the ratio
of tetrahedral/octahedral can be estimated quantitatively from Cu Ls-edge absorption spectra. By
using this method, the ratio of Cu?* catiens in tetrahedral and octahedral sites was estimated for a
series of Cu-Al203 and plotted as a function of Cu content (Fig. 2). The result shows that the ratio of

tetrahedral/octahedral is a function of composition; it increases as Cu content increases.

100

1wt% Cu-Al O,

16wt% CU“A1203

Ratio of Cu(Td) or Cu(Oh)/ %
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!
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I

Fig. 2 Ratio of Cu(Td) or Cu(Oh) as a function
of Cu content.
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Fig. 1 Cu Ls-edge absorption spectra of (a) 1wt% Cu-
AlLOs, (b) 16wt% Cu-Al;05 and (c) CuAl,O4 (Cu=30
wt%) and its deconvoluted spectrum (dotted lines).
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The applications of resonant photoemssion (RESPES) are important especially for studies of rare carth systems
where the multiplet structures are complex due to existence of unfilled and localized 4f-shell'. In the previous reports”™”,
thulium compounds have been studied by RESPES to know the 4f electronic structures for two kinds of ions, Tm** and
Tm®*. It was found in these experiments that a large resonant enhancement occurs in Tm 4f emission around Tmdd
absorption cdgﬁ:s2 and also around Tm3d absorption edges’. On the other hand, the resonance behavior of deeper core
levels such as 44 has not been studied extensively so far. The efficiency of other decay channcls of core-4f resonant
transition can be derived using core level RESPES. In addition, the dynamics of collapsing core hole to its ground state
can be directly observed through the lifetime-broadened features in the core level photoemission spectra.

In this report, we present the Tm-4d RESPES results at the 3d-4f resonance absorption edges (hv= 1450-1520eV) for
mixcd-valence Tm-compounds TmS, TmSe and TmTe. Because of different Tm ionic states, these compounds show
different physical and electrical properties. The results of this study give us the resonant behaviors of the peaks of 44
multiplet and two Tm-valences. The lifetime broadening effect in the 4d emission depending on the multiplet structure
is discussed herewith. The results of the theoretical calculation are compared with the experimental ones.

The experiments were performed at the beam line, BL7A, with an YBgs double crystal monochromator. The VG
ESCALAB 220i-XL photoelectron analyzer system with a base pressure of less than 2x10™"" mbar was connected to the
beam line for these experiments. The overall energy resolution of the core level photoemission spectra was less than
leV both for on- and off-resonant condition. The surfaces of the single crystal samples were cleaned by Ar ion
bombardment or by scraping. Oxygen contamination was checked by monitoring the O (1s) XPS peak and found to be
negligible.

Figures 1(a-d) show the on- and off- resonant 44 core level photoemission results for TmS at various photon energies
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along with the XPS spectrum excited by MgKa radiation. The observed spectra show mostly trivalent nature, but there
is small amount of the divalent component. The excitation energies indicated by alphabet (A-D) are selected from the
total yicld (TY) spectrum shown in Fig.1 (e) Three of thc%e cxcitation energies (B- D) represent the resonant conditions
of trivalent Tm ion, namely correspond to Hf,, GJ, and H5 intermediate states. It is noticed that the 4d spectra are
strongly enhanced (about 10 times of off-resonant one) under the 3d-4f resonant condition. The resonance effect of
spectra in Figs.1 (b-d) is explained by considering the interference between the direct 44 photoemission and the 4d
excitation to continuum state due to the decay channel, 3d'%44"'4f'"* + hv — 3d°4d"°4f*— 3d4™44°48"*+ €. We observed
several multiplet peaks in both off- and on-resonant spectra in Figs. 1(b-d). Each 4d-multiplet spectrum is extended over
the binding cnergy width of 40eV. The off-resonant spectrum excited by MgKo radiation in Fig.1 (a) also has the
complex multiplet structures.

In Figure 2, we show the resonance effect of the 4d spectrum corresponding to Tm®* ion for TmSe, which is
considered as a typical mixed valent compound. Figures 2 (b-c) correspond to on- and off- resonant 44-XPS results for
TmSc around the 3d-excitation region. In order to clarify the divalent component of 4d core level, the off-resonant XPS
spectra for TmSe, TmS and TmTe, are shown togcihcr in Fig.2 (a). The TY spectrum for TmSe in Fig.2 (d) has to be
considered as a superposition of Tm’* and Tm®* peaks. The dominant features of the TY spectra are similar to that of
TmS in Fig. 1(e), i.e., trivalent peaks at the photon energy of 1460.5, 1462.5, 1465 and 1508eV. In addition, there exits
obviously a shoulder at the photon energy of 1459.6eV that belongs to the divalent component as shown in the calculated
curve. This is the condition for on-resonant photoemission spectrum of divalent 4d-level in Fig.2 (c) that shows also
large resonance enhancement comparing with off-resonant one.

The lifetime broadening of the several core-states in the mu]tiplet structure strongly varies with their binding energy
that was cxplained in details by Ogasawara and co-workers®. The lifetime of core hole depends on the super-Coster-
Kronig transition rate involving 4f electrons. The broadening effect accordmg to the selective Auger transition can be
casily understood by spin-selection rule and electron correlation effect’. The general tendency of 4d spectrum is to be
more broadenced at higher binding energy than the lower one, so that the lower binding energy peaks are sharp with long
lifctime as scen for different on- and off-resonant spectra in the Fig.1 and 2. In the lower binding encrgy sides in the 4d-
spectra for TmS and TmSe, the experiments show good agreement with calculation. But there are some disagreements in
the higher binding cnergy sides as seen it the both figures. The origin of this disagreement is not still known.

The core level RESPES study gives us the different spectral features of 44 multiplet in the final state vary according
to the excitation conditions and different Tm-valences. At the same time, the lifetime broadening phenomenon is also
introduced to describe the variation of spectral shape.
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EXAFS Studies in Defective Perovskite Type Oxides
Such as Ba,InO, and La Y Sc, , 0O,
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Recently, a significant amount of work
has been devoted to solid oxide fuel cells
(SOFCs) utilizing oxide ion conductors as
electrolyte. When the operating temperature
is reduced to intermediate temperature range
(700-800°C), SOFCs could be constructed by less
costly materials for interconectors, for example
alloys, and technical advantages such as
increase reliability and life time will be
attained. Since oxide ion conductivity of
stabilized zirconia decreases at such
temperatures, the development of electrolyte
materials having high oxide ion conductivity
at the intermediate temperatures is of
considerable interest.

Defective perovskite type oxides are
excellent candidates for electrolytes of SOFCs
operating at intermediate temperature. The
perovskite type of oxides such as Ba,In,0O,
doped with Ca and/or Laix2YxScix20; are the
most promising candidate for electrolytes of
intermediate SOFCs. In the perovskite oxides,
there are two kinds of cation sites, that is A-
site:12 coordination with larger space and B-
site:6 coordination with smaller space. Crystal
structure, especially local structure of cations
must influence the oxide ionic conductivity. In
this work, the crystal structure were analyzed
by powder X-ray Rietveld method and EXAFS
analysis.

Pure and Ca doped Ba,In, O, powder was
prepared by usual solid state reaction starting
with BaCO,, In,0, and Ca0. For the
Preparation of Laix2Y:Sc1x203, lanthanum
oxide, scandium oxide and yttrium oxide were
weighed with molar ratio as La:Y:Sc=1-x/2:x:1-
x/2(x=0.00, 0.10, 0.20, 0.30, 0.40) and mixed for
5 h by electric mortar. The mixtures were
pressed into disk, heat-treated at 1600°C for 5
h in air, then left cool in the furnace.

Figure 1 shows fourier
transform of Sc K-edge EXAFS
function for LaosoYo205c000s. A peak
between 1.0 and 2.5 A was observed
for each sample. This peak was
attributed to oxide ions neighboring

0 LI S S e L L B L Y BN L A
0 1 2 3 4 5
R /A

Figure 1 Fourier transform of Sc K-edge
EXAFS function for LaosoYo20S¢0900s
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Figure 2 Results of the parameter fitting of the
EXAFS function for Laoso Yo20Sc0900s. The solid
and broken lines present the experiment and
calculation, respectively.

Table 1 Refined parameters of Laix:Y«Sc1weOs(x=
0.10, 0.20, 0.30) and reliability factors obtained by
the Rietveld analysis.

the absorbing Sc®** ion. Figure 2 X | Sc-O / A a/lA b /A c /A
shows the inverse Fourier transform
of the peak and the result of the 0.0 2.09 5.7973 8.1014 5.6833
parameter fit for each sample. Table
¥ shows obtgm%gparametersbythe 0.2 2.10 5.8327 8.1326 5.6867
parameter fit. The local interatomic
distances of Sc-O which are obtained 0.3 212 26513 8. 1548 56348

by the EXAFS analysis are increase
with increase of Y dopant content.
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Yoshiharu UCHIMOTO, Takeshi YAO, Dan ISHIZAKI, and Koichi KAJTHARA

Department of Fundamental Energy Science,
Graduate School of Energy Science, Kyoto University,
Yoshida, Sakyo-ku, Kyoto 606-8317, JAPAN

LiMn,O, based spinel type oxides
are one of the most promising cathode
materials used in lithium ion batteries
because their low cost, high theoretical
energy density. It is important to clarify
valency change and structural change
during charge and discharge process in
order to understand their
electrochemical properties. In the
present study, oxidation state of
manganese ion in the LiMn,O, spinels
were determined by using a
measurement of Mn L, -edge X-ray P NS NI FE NS NE TS PR FE NN S N AR
absorption near edge structure. 02 04 06 08 10 12 14 16

_ _ X in LixMn204
A mixture of L12COfl and MnCOd

in a mole ratio of 1:4 was heated at 85 = AT Lot a
°C for 48 h in air. The crystal structure T | Nanishois of st poleatal wilh
of the product was determined by XRD
using CuKa radiation to confirm the
formation of a well characterized ; ]
LiMn,O,. Figure 1 shows a low rate L|an204
discharge curve of LiMn,O,. The LiMn,O, 2
shows mainly 2 different regions. Between \ S
x=0.2 to 0.5 (Li Mn,0,), the discharge ;
voltage was of 4.10 to 4.0V and then the : N My ~_MnO;
voltage fell rapidly down to 2.9 V at x =0.5. : f} Y S e ]
XANES analysis were performed to clarify Tl L\
the oxidation state of manganese for various
x values in Li Mn,O,.
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capacity upon first discharging of LiMn,O,
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Fig. 2 shows the Mn L-edge X-ray AL
absorption spectrum of Li Mn,0O (x=0.22, —
0.50, 0.87, 0.98,1.10, 1.50, and 1.70) together
with MnO, (Mn**) and Mn,O, Mn*"). The
spectra correspond to Nin?.p“Sd“ to ;i
Mn2p®3d™! transitions. Figure 2 shows that | M

: 2 H \ £
the Mn L, absorption edge of Mn,O, is about ! .;" ¥ \‘_\..\‘ \/ w&.

642.0 eV and that of MnO, is 643.4 eV.

/ 3
These results indicated that increasing the '——/' ;a-u'\‘\., \ 1.10
oxidation state of manganese, the Mn L, i ;’l"‘ \
absorption edge shift to higher energy. __,J" % 1.50

N e
-
“/—
\>\
F
4]
o

As shown in Fig. 2, the peak of

Li .. Mn O, is a combination of peak of f I 70
Mf)lf _an n0,. At high x value such as i \\'/ L
X :'1.'?0, contribution of Mn®" increase. On L :

the other hand, at low x values of 0.22, . P

contribution of Mn* increase. In conclusion, ) ~ Mn2O3

the average manganese valence in LiMn,0O, , i e
is between 3 and 4 and the valence is

& = p 1 111 l 11 I 1 1.1 III I 11 I L1 il I L1
increase during the electrochemical o™ g g 645 650 655 660 665
Energy / eV

Fig. 2. Mn L-edge XANES of LiMn,0O, at various x values (Li Mn,O ) potentials. x =
x=0.22, 0.50, 0.87, 0.98, 1.10, 1.50, and 1.70 '
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The nature of magnetism of the intermetallic compound YMnj; is a subject cf a long term discussion. It

orders antiferromagnetically by a first order type phase transition with a wide hysteresis over a range 80 - 105 K.

This transition is accompanied by a large volume expansion of =6 % and a terragonal distortion. In the

paramagnetic state, the thermal expansion of YMn, is essentially enhanced and @ = d(Inl.)/dT attains 35x 10°¢
K. Different models, geometrical frustration, metamagnetism, critical Mn-Mn distance [I-3]. proposcd to

account for the anomalous properties of YMn, have a descriptive character and do not analyse the mechansims of
magnetic instability. Recently was found that the paramagnetic thermal expansion coefficient is strongly
enhanced in other binary Y-Mn compounds, too [4]. It was suggested that the anomalous propertics of the
binary Y-Mn compounds are related to the Mn electronic structure instability. one cf the possible explanations
could be a continuous temperature induced change in the Mn electronic structure (an itinerant analog of the
intermadiate valence state), which can provide a strong temperature dependence of the: local spin density on Mn
sites and, hence, give rise to an enhancement of the thermal expansion. A change in the Mn electrome stmcture
was recently observed by XAS investigation performed at the Mn K-edge in the Y(Mn;_(Ni;), system |3].

In this work an attempt is made to observe directly the possible co-existrce of different Mn-statcs in

YMn, and YMny, by recording the soft X-ray absorption spectra of the 2p (Mn) and Hd (Y) core levels at

Table. Basic characteristics of YMn; and YMn ;. different temperatures above and below the
Neel temperature (52, 85, 125 and 300 K)
Compound YMn, YMnj, by using the BL8BI beam line.

In Fig. 1 the Mn L-egde absorption
Crystal structure Cubic, Fd3m, | Tetragonal, [4/mm,

; spectra of YMn, and YMn;, arc shown at
and paramaters (A) | a=7.675 a=8.579, ¢=4.760

different  temperaturcs.  The  spectra

80 - 105 110 ; Sa e
Ty ) correspond to Mn 2p°3d" — 2p"3d"
0.66 (Mn(8i)) transitions and present two well resolved
peaks separated by the spin-orbital
iy at 4 K (1p) 97 -
! ’ 0.66 (Mn(8)) interaction of the Mn 2p core hole.
0.22 (Mn(8f))
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Fig. 1 Mn L-edge absorption spectra of YMn; and YMn; at differen temperatures.

The position of the L3 absorption edge. 643.7 ¢V, is very near to that observed in MnO, (Mn™ ) by

XANES measurements [6]. From the magnetic data, the Mn state in YMn, is rather close to Mn~ . whilc in

0. 30T YMn,, it is close to Mn®". A close inspection of the
0‘25:%_. } __ linewidth shows a weak temperature variation with a
g 'E' _i_ _____ - _ﬁ broadening below 7' (Fig. 2). This can be ascribed to a
; ° 20%7 OYMr'!2 ----------- change in the Mn-electronic structure induced by a
0. 15t 0 YMR g - magnetic order. However, in order to investigatc the
010_{_} I _+ influence of the 3d-electron shell on the Mn core lavels.

50 100150 200 250 300 higher resolution is required. Similar behavior was
T (K) observed when collecting Y K-egde absorption spectra of

. L these intermetallics.
Fig. 2. Linewidth vs. 7" for YMn; and YMn,,
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The soft X-ray absorption (SXA) around nitrogen K—Edge have been measured to investigate the electronic
structure of the wurzite 111-V nitrides, especially the structure of the unoccupied states. The N K absorption
spectra of 11I-V nitrides near the N K-edge in principle represent the partial density of the final states with
p symmetry according to the selection rule. Furthermore, the N K absorption spectrum gives us the site-
specific (nitrogen ion site) information, since the core levels are very localized in space. The N K absorption
spectrum also gives us the information about the final states symmetry p., and p;, because the incidence
soft X-ray light is linearly polarized.

The experiments were carried out at BL8B1. Resolutions under the experimental conditions were about
0.5 eV at 400 eV. The soft X-ray absorption measurement was performed by using the total photoelectron
yield (TY) method. Thin films were made by the MOCVD method at Nichia Chemical (GaN), Riken (AIN
and AlGaN) and Fukui University (InN). GaN thin film is 2.8 pm thickness on a-Al;Os substrate. Both AIN
and AlGaN thin films are 1 pm on SiC, and InN thin film is 0.1 zm on GaAs(111). All films were cleaned with
organic solvents just before the installation into the vacuum chamber, and the measurements were performed
at room temperature in the range of 1072 Torr. The sample holder was able to rotate in the vacuum chamber
for the angle dependence measurement. The polarization angle a is defined as the angle between the incident
light and the normal to the sample surface, i.e., ¢ axis. The a dependence measurements were performed
under the p-polarization configuration which means E || ¢ at a ~ 90 degree. We were also performed the o
dependence measurements at the N K absorption under the s-polarization configuration (E L c at any a),
and found that there was no angle dependence.

Figure 1(a) shows the N K absorption spectra of AIN, GaN and InN, and Fig.1(b) shows those of AlGaN
mixed crystal. The energy scale is relative to the threshold energy which correspond to the conduction-band
minimum. The threshold energies of AIN, GaN and InN are 395.0, 395.0 and 392.2 eV respectively. The
labels A to G are corresponding to those for GaN in Ref. 1. The intensity of each spectrum is normalized at
the peak B for convenience. The spectra feature of GaN and InN are good agreement with the previous works
[1-3]. All spectra seem to be explained by the same labelling. It may be suggested that the electric structures
of the unoccupied states around nitrogen ion for l1l-V nitrides basically consist of the similar components.

The a dependence absorption measurement was performed each sample which was shown in Fig. 1(a)
and (b). Figure 2, for example, shows the N K absorption of AIN as function of angle . All spectra are
normalized. AIN result in Fig.2 also shows a clear a dependence as well as the other samples. Both the angle
independence under the s polarization configuration and the clear angle dependence under the p polarization
configuration are good agreement with the fact that the 11I-V nitrides are hexagonal and their ¢ axes are
perpendicular to the surface. To investigate the symmetry of the unoccupied states, the component analysis
of the partial density of the final states with p symmetry (K absorption spectra) have been performed under
the assumption as follows; (i) the partial density of the final states with p symmetry consists of p.,, p, and
the a independent components, (ii) the absorption coefficients for 1s — p., and 1s — p, are proportional to
cos? a and sin® &, respectively, where z axis is taken to be parallel to the ¢ axis of the sample. Figure 3 shows
the results of the component analysis of the N K absorption for AIN. The spectrum labeled a represents the
a independent component, b the p. component and ¢ the p,, component, respectively. The component
analyses of the N K absorption for GaN, InN and AlGaN were also performed as the same manner. From
these results each peak of the p,, and the p, components is found around the same energy. It suggests that
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the unoccupied states with p symmetry of |lI-V nitrides have the similar structure near nitrogen site. Our
results also show that the intensity ratio of the a independent component to the a dependent components
is increasing with decreasing the cation mass. They will give us the information about the ionisity and the
covalency of lI-V nitrides.

The authors would like to thank Dr.S.Tanaka, Dr.Y.Aoyagi (RIKEN) for supply of AIN and AlGaN samples

and Dr.S.Nakamura (Nichia Chemical) for supply of GaN samples.
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Fig.1 N K absorption spectra of AIN, GaN and InN(a), and those of AlGaN(b). The energy

scale is relative to the threshold energy.

Normalized Intensity

T T T T T T T # T ‘ T

N-K absorption

i { =y 1

1 1
0 5 10 15 20 25 30 40

Energy relative to threshold (eV)

35

Fig.2 N K absorption spectra of AIN as function
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the incident light and the normal to the sample

surface (c-axis).
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The angle-resolved ultraviolet photoelectron spectroscopy (ARUPS) using synchrotron radiation is a powerful
method to investigate the geometrical structure of the ultrathin films of functional organic molecules as well as the

electronic structure.

In the previous work we analyzed the take-off angle (0)
and azimuthal angle (¢) dependences of ARUPS of thin films
of large organic molecules using the independent-atomic-
center and single-scattering approximations combined with
molecular orbital calculation (IAC/MO and SS/MO) and
succeeded to determine the molecular orientation of copper
phthalocyanine[1] and bis(1,2,5-thiadiazolo)-p-quinobis(1,3-
dithiole) on MoS; surfaces.[2]

In the present work we found that the 6 dependences of the
photoelectron intensities from the HOMO band of thin films of
chloroalminium phthalocyanine (C1AIPc) on MoS; surfaces
depend on the temperature. The purpose of this report is to
investigate the temperature dependences of molecular orientation
by the analysis of the photoelectron angular distribution. The
molecular structure of CIAlPc is shown in Fig. 1.

ARUPS measurements were carried out at the beam line
BL8B?2 at Institute for Molecular Science. The 6 dependences of
photoelectron spectra were measured at normal incidence
[incidence angle of photon (a)=0°] and at hv=40eV. CIAIPc
molecules were deposited on the MoS; substrate cooled at about -
100°C. The film thickness was 8 A.

Figure 2 shows the ARUPS (i) observed at -150°C for as-
deposited film, (ii) observed at room temperature (RT) for the
film annealed at RT for 12 h, and (jii) observed at -150°C for the
film annealed at 110°C for 8 h after 12-h annealing at RT. Itis
noted that the feature B, which originates from MoS,, appearing
in the ARUPS spectra of the as-deposited film disappears by the
annealing at RT. Furthermore, while the energy position of
HOMO band A which originates from the single 7 band shifts to
the higher binding energy by about 0.2eV with the annealing at
RT, it does not change after the additional annealing at 110°C.
These results indicate that the as-deposited film consists of islands,
and by annealing at RT the molecules spread over the substrate
surface.

Figure 3 shows the 6 dependences of photoelectron
intensity from the HOMO band for the as-deposited film and for
the film annealed at 110°C. For the annealed film, the 6
dependence at RT is slightly broader than that at -150°C. It is
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Figure 1 Structure of CIAIPc molecule.
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Figure 2 ARUPS spectra of CIAIPc films (8
A) on the cooled MoS; (-1007C) at hv=40eV,

a=0°

and 6=30°.

The ARUPS of as-

deposited film, the film annealed at RT for 12
h, and the film annealed at 110°C for 8 h
after 12-h annealing at RT are measured at -
150°C, RT, and -150°C, respectively. The
substrate spectrum observed at RT is shown
for comparison.



considered that the origin of the broadening is due to the vibrational excitations of CIAIPc molecules at RT. On the
other hand, the 6 dependence observed at -150°C for the annealed film is sharper than that for the as-deposited film.

It means that the molecular orientation changes by
the annealing.

To estimate the change of the molecular
orientation quantitatively, we calculate the 6
dependences of photoelectron intensity from the
HOMO band. We used SS/MO method to calculate
the photoelectron intensity. The phase shifts and
radial matrix elements were calculated using Muffin-
tin potential.[3] The theoretical formula of SS/MO
approximation were described in Ref.4. In this
calculation we averaged the six azimuthal molecular
orientations which are expected from analyses of
LEED and ¢ dependences of photoelectron intensity.

The calculated and observed 0 dependences
are compared in Figs.4 (a) and (b). In Fig.4(a), the
observed 0 dependence for the as-deposited film
agrees with calculated one for 3=5°, where p is the
molecular inclination angle. For the film annealed at
110°C, the observed 8 dependence is in good
agreement with calculated one for =0° as shown in
Fig.4 (b). These results indicate that on the cooled
MoS,, the molecules incline at about 5° with respect

Intensity(normalized)

Figure 3 The take-off angle () dependences of
the photoelectron intensity of the HOMO band of
CIAIPc films (84) on the cooled MoS; (-100°C)
at hv=40eV and «=0°. The result of as-deposited
film is shown by O (measured at -150°C). The
results for the film annealed at 110°C for 8 h after
12-h annealing at RT are shown by A& (measured
atRT)and @ (measured at-150C).

| 900

to the substrate surface, and after annealing at 110°C they lie flat.

0° (a)

_30°

J)Intensity(normalized)

Figure 4 The comparison between calculated ( —) and observed take-off angle (6)
dependences. The experimental results at -150°C are shown by O (as-deposited film) and
@ (the film annealed at 110°C for 8 h after 12-h annealing at RT). The calculations were
performed with SS/MO approximation at hv=40eV and a=0° for p=5° (panel(a)) and for

p=0° ( panel (b))-
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Metallofullerenes have attracted a lot of attentions such as their structures including the position of the
metal atom(s), their electronic structures as well as the amounts of transferred electrons from the metal atom(s) to
the cage, their reactivity and so on. Photoelectron spectroscopy is a powerful tool to clarify their electronic
structures. In this article, our recent results of the photoelectron spectroscopy on metallofullerenes, GdCy, and
La,Cs, are presented and their electronic structures are discussed.

Figure | shows the incident photon energy dependence of the UPS of the solution dried-up GdCs, film
heated up to 300 °C in ultrahigh vacuum. Note that the specimen is not vacuum deposited film. The spectral onset
is 0.3 eV below the Fermi level and six distinct structures labeled A — E and N are observed in this energy region. In
the spectra obtained with lower excitation energy, superposition of secondary electrons is heavy in the higher
binding energy region; structure C can be vaguely discerned in the hv = 15 — 25 eV spectra and a dip between
structures C and D is discerned only in the hv = 30 eV spectra. A clear intensity oscillation is observed in structures
A and B. as in other fullerenes. Their intensity in the hv = 20 and 40 eV spectra is nearly equal, but structure B in
other spectra is about one and half times more intense than structure A. This intensity dependence of structures A
and B on the incident photon energy is essentially the same as those of Cg; [1] and LaCg, [2].

Figure 2 shows the photoelectron spectra of GdCya, Cy2 and LaCg, (excited by hv =20 eV photon). The
intensity of the high binding energy region of the spectrum of
GdCy, is stronger than those of the other two spectra, which is

due to the overlap of secondary electrons. Structures A — E
have one to one correspondence with those of Cy, and LaCy,.
Note the presence of structure N that is also observed in
LaCy, but absent in Cg,. The appearance of structure N is the
result of electron transfer from the metal atom to the fullerene
cage. In order to estimate the amount of transferred electrons,
a difference spectrum is obtained by subtracting the spectrum
of Cg, from that of GdCg,: both spectra are normalized at the
peak position of structure B (3.3 eV). The difference
spectrum is shown in the inset of Fig. 2. It can be

deconvoluted into two parts, o and [3; their peak positions are

Photoelectron Intensity (arb. units)

0.85 and 1.45 eV, respectively. Their intensity ratio is
roughly 1 : 2. This finding and the electron configuration of
the Gd atom, (65)2(4f)7(5d)‘, support that three electrons are

transferred from the metal atom to the Cg, cage. The

difference spectrum between LaCyg, and Cy, is very close to
the present result [2]. This fact and the resemblance of their
Fig.1 Incident photon energy dependence of the
photoelectron spectra of GdCy,. Approximate peak
positions are indicated by broken lines.

absorption spectra [3,4] indicate that the electronic structures
of LaCy, and GdCy, are analogous and that three electrons of
the metal are transferred to the cage in both metallofullerenes.
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When three electrons are transferred from the
Gd metal, the Cg, cage has odd number electrons to form
an open shell molecule. A solid composed of open shell
molecules is considered to be metallic, but GdCg, is not
metallic since the spectral onset does not cross the £ but
is 0.3 eV below the E¢. Both X-ray diffraction study of
YCy [5] and a theoretical consideration of
metallofullerenes containing one metal atom [6] indicate
that the metal atom is located at the off-centered position
in the cage. This also seems to hold in GdCgs,, so that the
molecule might have a large dipole moment. In GdCsg,
solid, the molecules might be arranged to cancel its dipole
moment to lower the total energy of the solid, and
probably pairing of the molecules takes place so that
molecular aggregates tend to behave like closed shell
molecules.  This could be the reason for its semi-
conductive nature.

A photoelectron spectrum of the solvent dried-
up La;Cy, film heated up to 400 °C begins at the Fermi
level and show poor structures. The spectrum resembles
that of vitreous carbon. A straightforward interpretation
of this analogousity brings a conclusion that the electronic
structure of La,Cyo is somewhat like that of amorphous
carbon or La carbide. That is, the metal atoms could be at

any place; outside or inside the carbon cage or just in the

Photoelectron Intensity (arb. units)

108 6 4 2 O
Binding Energy / eV

Fig.2 Photoelectron spectra of empty Cg,. LaCy; and
(GdCy, obtained with hv = 20 eV excitation energy.
Inset is the difference spectrum obtained by subtracting
the Cg, spectrum from the GdCg, spectrum. The intensity
of both spectra is normalized at the 3.3 eV peak that
seems to be least affected by superposition of secondary
electron. The difference spectrum can be deconvoluted
into two peak components o and [} with an intensity
ratio of 1: 2.

carbon plane. This is inconsistent with the conclusion obtained from the reactivity of 1,1,2,2 -tetramesityl-1,2-

disilirane to La,Cgy and the analysis of its nuclear magnetic resonance spectrum [7]; they strongly support its

endohedral form. A further investigation is required to settle the conflicting results on La;Cg.
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INTRODUCTION

Recently various polymers have attracted wide attention in close relation to electronic devices.  The
elucidation of geometrical and electronic structure ol polymer / metal interfaces is crucial for understanding and
improving the performance of such devices. Especially. the study for a simple system with a well-ordered
structure is highly desired. However, it is not easy for polymers. The use of the shorter oligomers instead of
polymers is one of the solutions because of their delinite molecular weight, better crystallinity, and possibility of
preparing well ordered thin films by vacuum deposition.  In fact, oligcomers such as p-sexiphenyl (6P) and a-
sexithiophene (0-6T) have been applied to devices, and their oriented films have been prepared by vacuum
deposition.  Very recently, we have found that cven for 6P with small number N of repeating units (6), the
wavenumber (k) of the valence electron is still a good quantum number but much blurred because of small N [1],
indicating that translational nature is still far from that of a polymer with full translational symmetry. Thus the
study for a longer oligomer is desired for investigating polymer.

In this study, we investigated the molecular orientation of a long-chain alkane, tetratetracontane (n-
CysHog, TTC) in thin films on Cu(100) single crystal surface, using low energy electron diffraction (LEED) and
angle-resolved UV photoemission (ARUPS).  TTC is a model compound of poly(ethylene) which is one of the
fundamental polymers. In the case of TTC, the blurring of k is much smaller than that of shorter oligomer such as
6P [2] because of its large number of repeating units of 22. Thus this TTC / Metal system can be regarded as a
prototype of polymer/metal interface.

EXPERIMENTAL

The sample of TTC was purchased from Tokyo Chemical Industries Co.Ltd., and purified by
recrystallization from the benzene solution. Cu(100) surface was clcaned by several cycles of annealing and Ar*
ion sputtering.  TTC film was prepared by vacuum vapor deposition. The thickness was about 0.4nm in average
that corresponds to monolayer thickness in flat-lying orientation.  UPS measurement was performed at the
beamline 8B2 of the UVSOR synchrotron radiation facility at IMS. Photon energy for UPS was 40 ¢V. The
incidence angle of photon was 70° relative to surface normal.

RESULTS AND DISCUSSION

TTC/Cu(100) surface exhibited LEED patlern
as shown in Fig.l, indicating two-dimensional order of
the surface. The analysis of this pattern suggested that
there are two domains where TTC chain aligns to [110]
([1 TO] in the other domain) direction of the Cu(100)
surface. This was confirmed by UPS measurement.

Fig.2 shows UPS spectra of TTC/Cu(100). The
abscissa is binding energy relative to the Fermi level of
Cu. The polarization vector of photons and the wave
vector of emitted electrons were located in the mirror
plane which includes surface normal and [110] direction
of Cu(100) surface. The spectral features are ascribed
as follows: structure A is due to Cu 3d orbital and upper  Fig.1 LEED pattern of TTC on Cu(100). Four large
edge of C2p-derivd orbital of TTC. Structures B and C spots are [1,0] spots from the Cu substrate.




are due 0 C2p and C2s-derived orbitals,
respectively. Their lineshape exhibited
drastic variation by changing the take-oft angle

8 due to intramolecular band dispersion of

TTC. The band structure derived from the
spectra observed for a wide range of @ well
corresponded to that reported for thick TTC
film [2], suggesting that the formation of the
interface does not change the translational
nature of TTC. This can be explained by
weak chemical interaction between TTC and
Cu surface.

The simulated spectra for the C2p
bands are also shown in Fig.2 as solid lines.
They were calculated with independent-atomic-
center (IAC) approximation combined with ab-
initio molecular orbital calculation [3]. The
photoemission intensity was calculated for two
domains in which TTC axis is parallel to [110]
direction with the molecular plane parallel to
the surface.  As seen in Fig.2, each simulated
spectrum is well consistent with the observed

one, clearly indicating the flat-on orientation of

TTC on Cu(100).

In  conclusion,  two-dimensionally
well-ordered  TTC  ultrathin film  was
successfully prepared on Cu(100) as a
protolype of polymer / metal interface. The
molecular orientation was determined by
LEED and ARUPS combined with the
theoretical analysis by 1AC approximation.
This type of experiment for well-defined
interface will be useful for obtaining deeper
insight for polymer/metal interfaces.
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Fig2. Observed ARUPS spectra (dot) and
the simulated spectra (solid line) of TTC on Cu(100).
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