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O-Fe(001) thin films grown on MgO(001) have attracted much interest within various areas of research.
It has been investigated for the magnetic tunneling junctions (Fe-MgO-Fe) where the interface is made up
of O-Fe bonds [1]. The oxygen adsorbed Fe(001) surface can work as a highly efficient spin filter, and has
been used in the Very-Low-Energy Electron Diffraction (VLEED) based spin ARPES machines [2]. From a
more fundamental point of view the correlated nature of the Fe 3d electrons is of interest.

In a previous study we found that O adsorption vastly reduces the scattering rate for photoelectrons,
allowing an unobstructed view on the electronic structure of surface [3] and bulk [4] states alike. Leading to
the extraction of self-energy information related to both electron-phonon and electron-electron(magnon)
many-body interactions. Here, we report a detailed comparison between high quality ARPES data and our
recent density functional theory calculations (DFT).

In Figure 1 a) we show an ARPES spectrum at a selected photon energy of 50 eV along the I'M -
direction measured in the p-polarization geometry (p-pol) at BL-1 of HiSOR [6]. This spectrum was chosen
from several photon energy, polarization and high-symmetry direction dependent measurements as it shows
most of the bands present in the system. We symmetrized the spectrum with respect to the momentum origin
as a guide-to-the-eye in Figure 1b), while the following discussion is based on a detailed analysis of the raw
intensity of Figure 1 a). At least four bands can be identified to cross the Fermi level. Two electron-like

bands around the T  -point (A and B) and two almost linear bands close to the M -point (C and D). At a
binding energy of ~250 meV, an additional hole-like band is situated at the I -point (E) and at 500 meV a

flat band is visible at the A -point (F). In the current geometry (M and p-pol) the following orbitals can
be detected in the ARPES spectrum: Fe 3d (3z2°-72, xy, [x+V]z) and O 2p (z and x+y). These basis functions
do not change their sign under the symmetry operation of x &2 y. The Fe 3d[s+). and O 2pp.) can be

obtained by a linear combination of the orthogonal complex basis vectors 3d.. and 3d,. and 2p. and 2p,
respectively. This linear combination is necessary in order to obtain an orthogonal basis set of pure even and

odd symmetries with regard to the T/ high symmetry measurement direction.

Having obtained such high quality data, we used DFT to calculate the electronic structure of a 41 ML
thick Fe(001) slab covered with a p(1x1) O layer. DFT calculations were performed using the openMX code
[7]. The slab was constructed from a fully relaxed bulk Fe lattice structure and the atomic positions in the
slab where sub sequentially relaxed with residual force being smaller than 10 Bohr/Hartree. By analyzing
the overlap matrix elements as well as the LCAO coefficients of the resulting Kohn Sham Hamiltonian, the
contribution of each orbital of each atom to the spectral weight can be estimated. This method allows to
determine the orbital hybridization as well as spin structure of the surface and more bulk-like regions deeper
inside the slab. In the current analysis however, we focus on the contribution from the surface region alone.

By combining orbitals with even symmetry with respect to the T high symmetry direction a simulation of
spectral weight can be obtained and compared to the high resolution ARPES measurements.
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FIGURE 1: a) Raw ARPES spectrum of O-Fe(001): p(1x1) surface obtained along the TM -direction in p-polarization

geometry. b) Same as a) but symmetrized around k=0. ¢) Calculated orbital weight along the TM -direction with p-polarization
geometry.

In Figure 1 c) the resulting orbital weight of the DFT calculation is plotted. The image plot is a summation
over all orbitals of even symmetry within the topmost 4 atoms including oxygen. Comparing the DFT band
structure with ARPES, it becomes clear that the electron pockets and hole pockets are well described
qualitatively, but not quantitatively in energy. While all bands (A-F) of the ARPES spectrum can be matched
to the DFT calculation, the theoretical binding energy of the electron- (A and B) and holepocket (E) around
the T -pointis too high by a factor of ~3. The energy of the electron pockets at the A/ -point is also increased
by a factor of 3, if one considers the crossing point of C and D as a reference (ARPES ~300 meV vs DFT
~900 meV). The binding energy of the flat band (F) around the M -point deviates by a factor of ~2.

This difference of calculated and experimental binding energies can be explained as a result of mass-
enhancement due to the correlated nature of Fe 3d orbitals. Indeed, in a previous study [8], the mass
enhancement in bulk Fe(110) was estimated to be m/mo ~ 3. However, mass enhancement usually does not
result in a change of the kr value of bands. There is however a discrepancy between bands A and C, whose
ke values predicted by the DFT are much closer than in the ARPES spectrum. An explanation for this
discrepancy could be the effects of the charge transfer between oxygen and the finite iron slab as well as
effects related to a DFT functional dependent over- or under-estimation of exchange splitting. Since
calculated magnetic moment at the surface (~3 pg at the topmost Fe compared to ~2.1 pg inside the slab) is
significantly enhanced at the surface, the latter possibility has to be considered.

Such effects might also be responsible for the presence of the occupied hole-like band at the A/ -point
with a binding energy of ~200 meV that is not found in the ARPES spectrum. The character of the band is
highly surface dependent and can be identified to be a surface state decoupled from a bulk state with a
binding energy of ~ 1 eV (which was matched to band F in the ARPES after mass renormalization). Such a
surface band might become unoccupied as a result of more realistic description of the charge compensation
between the different orbitals at the surface and their magnetic moments.

Based on such promising matching between theory and experiment, the next steps of analysis will be the
comparison of charge transfer effects between oxygen and iron. An analysis of orbital hybridization based
on the calculated band structure as well as a comparison with fully relaxed clean Fe(001) slabs is underway
and expected to shine further light on the experimental findings.
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Topological insulators (TIs) are the new class of materials and have been investigated intensivly these
days because of their abundant interesting and novel properties such as spin-momentum locking, spin-split
band, Dirac Fermion, and Majorana Fermion. In 3-dimensional Tls, the surface state is metallic whereas the
bulk is insulating and has a linear band dispersion of a Dirac cone. Such surface state is called the topological
surface state (TSS), and the band is split for each spin except for the Kramers degeneracy points (k = 0). The
TSS is protected by the time-reversal symmetry and induced by the band inversion due to the strong spin-
orbit interaction.

Topological crystalline insulators (TCIs) are the group of Tls, but the TSS of TCls is protected by the
crystal mirror symmetry instead of the time-reversal symmetry. As typical TCI materials, SnTe[1], SnSe[2],
Pb1-xSnxTe[1], Pb1-xSnxSe [3] have been proposed and confirmed. The band characteristics of the TSS in
SnTe were demonstrated experimentally by the angle-resolved photoemission spectroscopy (ARPES) with
bulk crystals of (001) and (111) orientation in 2012 and 2013, respectively[1,4]. On the other hand, the
electrical transport was measured in the thin films so far[5-8]. However, it has been difficult to obtain the
TSS of SnTe directly because SnTe tends to be heavily doped p-type. Especially, the detailed TSS of the
thin film PbySnxTe (111) is unclear so far because there is almost no systematic investigation with changing
the incident photon energy (PE).

We have found that the Fermi level tuning by Sb doping can be realized and investigated the 2-
dimentional transport characteristic in Sh-doped Pbi«SnyTe so far. In this research, we aim to observe the
surface band, particularly Dirac point, directly by ARPES. In TClIs, there is almost no work to check the
change of the Dirac cone by doping magnetic atoms. This is mainly because we can not see the surface band
around the Dirac point clearly due to heavily p-type nature. Thus, the mechanism of the gap opening in TCI
is still unknown experimentally. If we investigate the gap with respect to such as quantum anomalous Hall
effect (QAHE), the effective tuning of the Fermi level is essential.

The band inversion of the valence and conduction band at L point occurs in Pb1xSnyTe, and it is required
to realize the TSS. According to the previous reports, it occurs and the TSS persists with x >~ 0.25. We
confirmed that the carrier compensation occurs with doping Sb by electrical transport measurements. The
carrier density is changed with changing Sb concentration. Especially, PbosSno4Te:Sb can be tuned to both
p and n-type conduction. Thus, we tuned the Fermi level in the sample for ARPES to see the surface band
and to be topologically non-trivial by optimizing Pb content. Figures 1(a) and (c) show ARPES images of
I'-M dispersion observed at PE of 60 eV in PbTe:Sb and Pbo.7SngsTe:Sb thin films. Intriguingly, the valence
band shows Rashba-like splitting in the case of PbTe:Sb as shown in Fig. 1(a). Around this binding energy,
no similar bulk band is reproduced by calculations but some surface spin split bands exist. The precise band
coordination is sensitive for the termination and it has not been decided yet. Figure 1(b) and (d) represent
the enlarged and the contrast-tuned images to see the vicinity of the band gap well. The conduction band is
observed their band gaps are 0.25 and 0.3 eV in PbTe:Sh and Pbg 7SnosTe:Sh, respectively. Although the
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intensity of the surface band in Pbo7SnosTe:Sb is not so strong, but it is surely observed in PE of 105 eV as
shown as white dot lines in Fig.2. This band is unchanged with changing PE, which indicates the 2-
dimensional band nature. It is suggested that the reason why the surface band at PE = 60 eV is not seen
clearly is because the surface band of Tls is often easy to be seen at lower PE than 60 eV; the lower or higher
energy is better to see the surface band in this system.

(@) -04 (b) ..
; < O
o, ° il
> 05 > 01
g oz
w 4 03
2 2
5 5 -04
e £
o @ 0.5
0. ‘ 06
03 -02 -01 0. 01 02 03 04 02 0 02 04
(A k(A"
(A )
(c) :
PbojsnogTe.Sb
(d)
S
= )
g -
) g -
2 w
ui o
o c
g 5
©
& &
0.4
04 02 0 02 04
kd A)

04 02 0 02 o4
k(A")

FIGURE 1. ARPES images of I'-M dispersion observed at the incident photon energy of 60 eV in PbTe:Sh
(a,b) and Pho7SngsTe:Sh (c,d), respectively.
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FIGURE 2. ARPES images of I'-M dispersion observed at the incident photon energy of 105 eV in
Pbo.7Sno 3Te:Sb (¢,d). The white dot lines represent the surface band.
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EuPt,Si, with CaBe,Ge,-type structure exhibits an antiferromagnetic order at 15 K and keeps a nearly
divalent Eu state independent of temperature [1]. However, recent transport measurements have revealed that
temperature dependence of the electrical resistivity cannot be understood by single simple explanation based on
the Eu® ions [2,3]. Specifically, it is predicted that the competitive states among magnetic order, valence
fluctuation and Kondo effect are associated with unusual response of the electrical resistivity [2,3,4]. To
understand the behavior of the electronic properties in EuPt,Si,, it is essential to observe the electronic structure
near Fermi level (Ef) and unveil the detailed of Eu 4f'and conduction bands.

Angle-resolved photoemission spectroscopy (ARPES) is a direct probe to measure the band dispersions in
energy and momentum spaces. Here, we report on a study of the electronic band structure of EuPt,Si, obtained
by ARPES with synchrotron radiation. The experiments were performed at BL-1 of the Hiroshima Synchrotron
Radiation Center.

Figure 1(a) shows the photoemission spectra of EuPt,Si, over a wide energy region taken with zv =141 eV at
T =15 K. Intense peak at || ~ 100 eV originates from the Si 2p states. The spin-orbit split Pt 4f states are
observed at ~72 and ~76 eV. The well-defined peak is identified at ~1 eV near Er.

To understand the valence electronic structure, we performed ARPES measurements using Av = 70 eV
photons. Figure 1(b) shows ARPES spectra, I(k,w), taken along the T-M direction of the surface Brillouin zone.
Three flat bands are observed at || ~ 0.8, 1.0, and 1.3 eV. The bands at ~1.3 and ~1.0 eV are assigned to the
surface contribution from the topmost and subsurface region of Eu>" ions, respectively [5]. In contrast, the band
at ~0.8 eV is the bulk components of the Eu 4f states [6].
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Figure 1. (a) Photoemission spectra of EuPt,Si, over a wide energy region. The data were obtained by using Av = 141
eVat T=15K. (b) ARPES spectra I(k,w) near Ey taken with 4#v =70 eV along the I'-M direction of the surface Brillouin
zone, as marked at the right side of panel (c). (c) Angle-integrated spectra for the data in (b). The dashed lines represent

the peak positions.
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As shown by the angle-integrated spectra in Fig. 1(c), the photoemission intensity below |w| ~ 0.8 eV seems
to be an oscillating character. A similar staircase-like structure near Er was also observed in the photoemission
spectra of Eu thin film on W(110) and assigned to the 'F, multiplet derived from the electron configurations of
4/ final states [7]. Thus, we assume that the peak at ~0.8 eV is the "F; terms.

The previous ARPES studies on EuNi,P, with ThCr,Si,-type structure have revealed the hybridization effect
between the 'F, (J = 3-6) terms and Ni 3d states [8]. In current study, we have not detected the conduction
bands near Er and their hybridization with the Eu 4f'bands. More detailed experiments over wide momentum
and temperature ranges are required to understand the energy balance among the antiferromagnetic ordering, the
valence transformation and the Kondo effect in EuPt,Si,.
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In rare-earth compounds, the hybridization effect between conduction and localized-4f electrons (c-f
hybridization) leads to the formation of heavy electrons, and it is characterized by a renormalized band structure
near the Fermi level (Ef) [1]. According to the single-impurity Anderson model, a sharp resonance peak in the
electronic excitation spectrum appears at the energy scales of the Kondo temperature 7k, which is a measure of
the hybridization strength [2]. The intensity of the Kondo resonance exhibits a strong temperature dependence
that reflects magnitudes of the c-f hybridization. Hence, temperature dependence of the Kondo resonance peak
near Er will provide important insights for understanding the heavy fermion state.

YbCdCuy with C15b-type structure is known as a heavy fermion compound with the electronic specific heat
coefficient y ~ 175 mJ/K?mol [3,4]. The Kondo temperature is estimated to be T ~ 220 K from the magnetic
susceptibility measurements [5,6]. To understand the heavy fermion behavior of YbCdCuy, it is essential to
observe the electronic excitation spectrum and unveil the detailed of the Yb 4f and conduction bands. Angle-
resolved photoemission spectroscopy (ARPES) is a direct probe to measure the band dispersions in energy and
momentum spaces. Here, we report on a study of the hybridization effect in YbCdCu, based on ARPES data
near Er. The experiments were performed at BL-1 of the Hiroshima Synchrotron Radiation Center (HSRC) and
BL7U of the UVSOR facility.
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Figure 1. (a) ARPES spectra of YbCdCu, taken along the ['-K direction at 15 K. The data were obtained using #v = 50
eV photons at BL-1 of the HSRC. (b) Momentum distribution curves near Er. (c) Angle-integrated spectra at various
temperatures. The vertical bars indicate the peak positions. (d) Energy shift of the Yb*" 4f;, peak shown in panel (c),
together with the data obtained in the UVSOR facility. Dashed line represents the result of the linear fits.
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Figure 1(a) shows ARPES spectra of YbCdCuy taken along the I'-K direction of the surface Brillouin zone.
Two flat bands at |o| ~ 0.02 and 1.3 eV are assigned to the spin-orbit split Yb** 4f;, and 4fs, states, respectively.
A dispersive band was observed over an energy range of 0.1 < |w| < 1.2 eV. This conduction band intersects
with the 4f,, state and reaches Ef, as seen from the peaks of momentum distribution curves in Fig. 1(b). Thus,
Fermi surface of YbCdCu, at least consists of one hole band around the T point.

For quantification of the hybridization strength, we investigated the temperature dependence of the 4f7, state.
Figure 1(c) shows the temperature dependence of the 4f;, peak. We found an energy shift and an intensity
enhancement of the 417, peak with decreasing temperature. It is noteworthy that integrated spectral intensity of
the peak is not conserved, and this behavior is incompatible with the simple thermal broadening of the metallic
density of states. In contrast, the temperature evolution of the 4f7, peak is consistent with the prediction of the
single-impurity Anderson model [2]. The observed 4f7, peak near Er can therefore be assigned to the Kondo
resonance peak in YbCdCuy.

The sharpness of the 4f7, peak is sufficient even at 180 K and thus allows for precise determination of the
peak energy. Figure 2(b) shows the energy of the Kondo resonance peak as a function of temperature, together
with the data obtained in the UVSOR facility. The results coincide with each other within the error bars,
indicating the consistency of our experimental data. The peak energies decrease linearly with decreasing
temperature. The appearance of the Kondo resonance at kg7 in the limit of zero temperature represents the
formation of the singlet ground state [2]. Thus, we have estimated the energy scale of the Kondo temperature at
T =0 K. As shown by the dashed line in Fig. 2(b), the energy extrapolated to 7= 0 K is estimated as ~ 26.5
meV, which corresponds to 7Tx ~ 308 K. This value is approximately consistent with Tk obtained by the
magnetic susceptibility measurements [5,6]. This consistency demonstrates that the heavy fermion behavior of
YbCdCu, stems from the hybridization between the observed 4f7, and conduction bands. Further experiments
over wide momentum and temperature ranges are required to understand the mechanism of the heavy fermion
behavior of YbCdCus,.
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TiO; is one of the most important oxide materials used in applications such as photocatalysis [1].
Naturally grownTiO; exists in three different polymorphs rutile, anatase, and brookite, and it is well known
that anatase TiO2 (a-TiO;) shows a higher catalytic activity than rutile phase. Since such photocatalysis is
closely related to the semiconducting properties, the microscopic electronic structure has been actively
studied by means of various spectroscopies. By irradiating ultraviolet (UV) light, it is well known that
oxygen vacancies are easily generated on TiO, surfaces that are closely related to the photocatalysis [1].
Therefore, elucidating the microscopic behavior of the electrons doped by the oxygen vacancies near the
surface will be crucial to understand its photocatalytic properties. For a-TiO,, a metallic surface state, the
so-called two-dimensional electron gas/liquid (2DEG/L), was reported to be formed upon irradiating with
UV-light [2]. Such UV-light irradiation induces oxygen vacancies in the conduction pathway near the surface,
and so, the electronic behavior of the doped electrons is considered to be directly affected by the oxygen
vacancies. Recently, such a 2DEG/L was also observed by depositing potassium on the a-TiO; surface [3].
Since the potassium ions are deposited on the surface, the doped electrons are supposed to be affected only
by loose and indirect disturbances in the conduction pathway. As inferred from a previous study of cuprate
[4], the physical properties of oxides such as the semiconducting/conducting and catalytic properties are
considered to be sensitive to the conduction pathway. In order to understand the disturbance influence on the
conduction pathway for the electron carriers doped near the a-TiO» surface, the electronic states induced by
depositing potassium were studied by means of photoemission spectroscopy (PES). Based on a simple band
picture [5], the electrons doped into a-TiO, are supposed to conduct through a pathway of the antibonding
bands composed of the Ti 3dyy and oxygen 2p orbitals, which are located at the conduction band minimum.
The electrons doped by deposing potassium mainly occupy the metallic state just below the Fermi level (EF),
and are considered to be the carriers responsible for the conductivity. The remaining small number of
electrons are loosely trapped near the potassium ions at the surface, and form a (dispersion-less) localized
state with a finite spectral intensity at Er, which contributes in part to the surface conductivity. Elucidating
the disturbance influence on the conduction pathway for the doped electron carriers of a-TiO; is crucial for
understanding the catalytically and semiconducting properties such as the mobility and dopability of the
electron carriers.

Single crystals of a-TiO, grown naturally were used (SurfaceNet GmbH, Germany). Although the ideal
stoichiometric a-TiO; should be an insulator based on band calculations [5], the naturally grown a-TiO; used
in this study is a semiconductor, with a mobility of 1.3 cm?V-'s™! estimated from Hall measurement. Since
no impurity was detected from X-ray fluorescence spectroscopy and energy dispersive X-ray spectroscopy,
it is believed that the conduction properties are a result of the electron carriers derived from the oxygen
vacancies in the bulk. The orientation of the a-TiO; surface was set to be the naturally cleaving (101) plane.
The momentum direction shown in the angle-resolved photoemission spectroscopy (ARPES) images was
set to the [010] axis. To prevent the composition from deviating from the bulk value, clean surfaces were
obtained by fracturing the single crystal in situ below a pressure of 10® Pa. PES measurements were
performed using BL-1 of Hiroshima Synchrotron Radiation Center (HiSOR) [6]. In order to simultaneously
detect not only the valence bands including the gap states but also the shallow core levels such as O 2s, Ti
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3p, and K 3p, the photon energy was set as 100 eV. Linearly polarized synchrotron radiation (SR) in the
horizontal plane of incidence, i.e., that is, in p-polarization geometry, was used. The PES spectra were
normalized with the focusing mirror current. The valence bands and gap states were measured in the angular
mode, whereas the shallow core levels such as K 3p, O2s, and Ti3p were recorded in the transmission mode.
The energy distribution curves (EDCs) of the valence band and gap states were obtained by integrated the
ARPES spectra along the acceptance angle of the energy analyzers. The spectra were taken at 20 K. The
instrumental energy resolution due to the energy analyzer and the SR was about 70 meV.

(a) ARPES image of a-TiO,(101) surface (b) Gap states of a-TiO,
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FIGURE 1. PES spectra of a-TiO2 (101) surface after potassium deposition. (a) Example of an ARPES image after potassium
deposition, corresponding to K #3 in Figure (f). The ARPES image was recorded along the [010] direction. (b) Potassium
deposition dependence of the gap states. The gap states are deconvoluted into metallic states and IGSs, as shown by the dotted
lines. (c) and (d) Potassium deposition dependence of the metallic states and IGSs, respectively. (e) Potassium deposition
dependence of Ti 3p, O2s, and K 3p core levels, and the differential spectra between those observed after (K #1-#8) and before
(K #0) potassium deposition. (f) Potassium-deposition dependence of the spectral intensities of the gap states (black line),
IGSs (blue line), and metallic states (red line).

The spectral change in the gap states upon depositing potassium was investigated. Nine PES spectra in
the gap states upon depositing potassium of a-TiO,, which are numbered K #0 to K #8, were successively
taken. As shown in Figure 1(e), the spectral intensity of the Ti*" 3p core level monotonically reduces with
the deposition of potassium, whereas that of the Ti** 3p core level gradually increases. A successive reduction
in the spectral intensity of the O 2s core levels is also shown, but this is considerably smaller compared with
the spectral enhancement observed in the K 3p core levels. Since oxygen vacancies were hardly formed near
the surface by irradiating the SR, the observed slight reduction in the spectral intensity of the O2s core level
is considered to be caused by the deposition of potassium on the surface. On the contrary, the clear changes
in the Ti 3p core level (Figure 1(e)) and in the gap states (Figure 1 (b)) are considered to be attributable to
the potassium deposition. The gap states were deconvoluted into metallic states and in-gap states (IGSs).
Figures 1(c) and 1(d) show the spectral contributions of the metallic states and 1GSs, respectively. Since the
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spectra were taken at low temperatures, the clear dip structures of the metallic state, caused by electron-
phonon coupling, could be shown. The spectral width of the metallic states gradually increased with
increasing spectral intensity. The spectrum of the IGS just after cleaving (K #0) is almost symmetric around
the binding energy of -1.60 eV, but that after deposition (K #8), it shows an asymmetric shape, consisting of
a peak centered at about -1 eV and a tail structure on its high binding energy side. The changes in the
integrated spectral intensities of the gap states (black line), IGSs (blue line), and metallic states (red line) are
summarized in Figure 1(f). From this figure, it is seen that the integrated intensities monotonically increase
with the deposition of potassium.

As shown by the black line in Figure 1(c), the metallic state of the a-TiO, surface before potassium
deposition shows a clear dip structure at the binding energy of about 0.1 eV. From recent PES studies of a-
TiOs [2, 3], it is considered that the dip structure of the metallic state is derived from electron-phonon
coupling, as discussed considerably for cuprates [4]. The energy position of the dip structure is almost con-
sistent with the energy of a longitudinal optical (LO) Ey phonon mode in the ab-plane and/or of a LO Ay,
phonon mode along the ¢ axis. The dip structure of the metallic state gradually becomes obscure with
increasing amount of deposited potassium. The metallic state of pristine a-TiO; before potassium deposition
is formed by the original electron carriers in the bulk. After potassium deposition, on the other hand, the
metallic state is derived from the electron carriers doped near the surface, in addition to the original bulk
contribution. Recently, such electron-phonon coupling strengths for a-TiO, and SrTiOs surfaces were
reported to strongly depend on the carrier density [3]. In addition, it was shown that the surface phonon
energy of a-TiO> depends on the orientation, and is somewhat different from that of the bulk. Therefore, it
is considered that the observed successive changes in the spectral shape of the dip structure in the metallic
state were caused by the increase in the electron carriers at the surface by depositing potassium, and/or by
the change in the surface phonon energy. For pristine a-TiO,, just after cleaving, the finite spectral intensity
in the vicinity of Er in the IGSs is shown by the black line in Figure 1(d). Observing it in detail, the spectral
intensity gradually increases from Er, and the shape is somewhat different from a stepped-like feature
characteristic of a Fermi-Dirac function. This spectral intensity near Er appears almost uniformly across the
entire measured momentum space. For rutile TiO,, on the other hand, almost no spectral intensity was
observed near Er. These results suggest that the finite spectral intensity of the IGSs near Er shown for pristine
a-TiO; is closely related with the metallic state, i.e., it is a result of the secondary photoelectrons derived
from the inelastic scattering of the metallic states. Now, we shall discuss the change in the spectral intensity
of the IGSs near Er caused by the deposition of potassium, shown in Figure 1(d). As the spectral intensity
of the IGSs near Ef increases with the deposition of potassium, the background intensity around the binding
energy of -3 eV also increases, but not so much compared with that of the IGSs. When potassium is heavily
deposited (K #8), especially, it is important to note that the background intensity becomes smaller than that
of the IGS near Er. This suggests that the net increase in the spectral intensity of IGS near Er due to
potassium deposition is mainly caused by a phenomenon that is different from the inelastic scattering of the
metallic state. As will be discussed later in detail, a dispersion-less state at - 0.83 eV is induced by potassium
deposition. The state at -0.83 eV is close to Er compared to the IGS derived from the oxygen vacancies in
the bulk of the pristine a-TiO, before potassium deposition (-1.60 eV), and so, there is a finite spectral
intensity near Er. From another point of view, this suggests that the metallic state formed by potassium
deposition is less subject to the inelastic scattering, and does not contribute much to the background. It is
considered that the electrons produced upon the depositing potassium are doped near the surface, and that
the state at -0.83 eV is confined to the vicinity of the surface [3]. Those surface contribution induced by
potassium deposition should be hard to be accompanied by the background produced by the inelastic
scattering.

Subsequently, we will discuss the origin of the IGS at -1.60 eV and the state at -0.83 eV shown for the
potassium-deposited surface, which are extracted by subtracting the metallic contribution from the gap state.
It is seen from Figure 2 (c) that the IGS of the pristine surface just after cleaving consists of a dispersive-
less state located at the binding energy of -1.60 eV and the background. On the basis of the spectral width,
the IGS has no spectral intensity near Er, suggesting no contribution to electrical conduction. Previous soft-
x-ray PES spectra of electron-doped SrTiOs also showed the dispersion-less state located near the midpoint
of the band gap and discussed its origin in detail. In our previous PES studies on electron-doped SrTiOs, it
was shown that the spectral intensity of the gap state is closely related with the number of doped electrons,
suggesting that the gap state is not derived from the oxygen vacancies at the surface caused by the cleaving
process or the short SR irradiation before the first measurement. A similar IGS in the a-TiO, was observed
in the vicinity of the center of the band gap from resonant inelastic X-ray scattering measurement, and was
concluded to be attributed to the oxygen vacancies in the bulk. Therefore, it seems reasonable to consider
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that the IGS located at -1.60 eV in our PES spectra also represents an intrinsic electronic structure derived
from the oxygen vacancies in the bulk and is unique to naturally grown a-TiO. The IGS at -1.60 eV is
considered to be a localized state, in which a fraction of the doped electrons are tightly trapped in the vicinity
of the oxygen vacancies. Therefore, the IGS at -1.60 eV is hereafter referred to as a deep-trap state (DTS).
Theoretical calculations also predicted such a DTS for the a-TiO, with oxygen vacancies in the bulk. Since
the DTS has almost no spectral intensity around Ef, it is considered that the conductivity in the bulk is
derived from the metallic state, while the DTS is closely related with the (electron) carrier generation
efficiency, or the dopability of the doped electrons.

(a) Diffrence spectra of IGSs (STSs) (b) BE and Intensity of the STSs
0.0
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FIGURE 2. (a) Difference spectra for a-TiO2 before and after potassium deposition. (b) Peak position and integrated intensity
of the difference spectra. (c) IGS spectra before potassium deposition (blue solid circles). The Shirley background derived
from the metallic state is denoted by the green line. An empirical DTS (blue open circles) was estimated by subtracting the
background (BG) from the IGS. The DTS was fitted using the Voigt function with the Shirley background (DTSVoigt, blue
thin line). The peak position of the DTS was estimated at -1.60 eV. (d) An example of the IGS spectra after potassium
deposition. The empirical shallow-trap state (STS; red open circles) was estimated by subtracting the BG and DTS Voigt from
the IGS. The STS could be well fitted with the Voigt function multiplied with a Fermi-Dirac function (red line). The peak
position was estimated at -0.83 eV.

As shown in Figure 1 (d), the DTSs at -1.60 eV can still be observed as a shoulder structure even after
potassium deposition. This suggests that the electrons generated upon potassium deposition are doped only
close to the surface [3], and the bulk contribution observed in the PES spectra just after cleaving can also be
observed after potassium deposition. In order to extract the essential contribution of potassium deposition,
we subtracted the DTS before potassium deposition from the 1GSs after potassium deposition. From the
difference spectra in Figure 3(a), it is clearly seen that another state gradually appears at -0.83 eV, which is
almost constant regardless of the amount of deposited potassium. The state at -0.83 eV appears over a wide
momentum area and shows no clear dispersion. Similar to the case of the DTS, a fraction of the electrons
doped due to potassium deposition are trapped in the vicinity of the potassium ions, which produces another
localized state near the surface. The peak position of the localized state (-0.83 eV) induced by potassium
deposition is about half that of the DTS (-1.60 eV) induced by the oxygen vacancies. The difference in the
peak position of the localized state is considered to be caused by that in the valence between the oxygen
vacancies in the bulk (formally divalent) and the potassium ions at the surface (monovalent). The traps of
the doped electrons in the vicinity of the monovalent potassium ions seem to be loose and incomplete, and
s0, the localized state at -0.83 eV induced by potassium deposition has a finite spectral intensity at Er. This
suggests that the surface conduction observed after potassium deposition is mainly caused by the metallic
state, but is also partially attributed to the localized state at -0.83 eV. Hereafter, we refer to the localized state
at -0.83 eV as a shallow-trap state (STS). In Figure 2 (d), an example of the IGS spectra after potassium
deposition (black solid circles), together with the DTS (blue open circles) and STS (red open circles)
contributions, is shown. The DTS could be easily fitted by the Voigt function (blue line) with the background
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(black line). Similarly, the STS could be well reproduced by the Voigt function multiplied with a Fermi-
Dirac function (red line). Interestingly, the spectral shape of the STS is almost the same as that of the DTS,
as shown in Figure 2 (e), except for the finite spectral intensity of the STS.

K deposition of a-TiO,

L]
}’)p/ $
s i ’
O’& K*-depo. layer %-
. " o STS(K"
= 0 \c:ﬂ e i -,R}Ss s i (K*)
g F— (@
2 QDTS(Vé'mmky)
] e EDC
—— MS(bulk}+MS(K )
- BGMS[WIM
K — IGS (=DTS+STS)
\ e —— DTS(V(puii)
A\ Vowuiky —— STS(K')

Intensity (arb. units)

FIGURE 3. Schematic view of the gap state of a-TiO2 due to the electrons doped by potassium deposition.

Figure 3 presents a schematic view of the gap state due to the electrons doped near the surface by
potassium deposition. Elucidating the microscopic relationship between the metallic surface state and the
IGS on the surface will be crucial in understanding the macroscopic semiconducting properties such as the
(electron) carrier generation efficiency and mobility. The enhancement in the metallic state as a result of
potassium deposition can be interpreted as being simply caused by the doping of the electrons into the surface
state called 2DEG/L. In addition to the metallic surface state, a fraction of the doped electrons are loosely
trapped around the monovalent potassium ions (-0.83 ¢V), and are shown as a STS having a finite spectral
intensity at Er, which is considered to contribute partially to the surface conductivity. Since the oxygen
vacancies in the bulk are formally divalent, on the other hand, it is supposed that the electrons around these
vacancies are more tightly trapped (-1.60 eV). As a result, the DTS reveals no spectral intensity at Ef,
suggesting no contribution to the bulk conductivity. The oxygen vacancies in the bulk cause a direct disorder
in the conduction pathway, and so, the intensity of the metallic state relative to the DTS, or the (electron)
carrier generation efficiency, is considered to decrease with increasing oxygen vacancies. On the other hand,
the potassium ions on the surface do not directly disturb the (electron) carrier motion in the conduction
pathway, the ratio of the spectral intensities of the metallic state and the STS is hardly affected by the amount
of deposited potassium. It seems that the (electron) carriers at the surface are effectively generated by
potassium deposition and the efficiency is hardly sensitive to the amount of deposited potassium.

In conclusion, we doped electrons near a-TiO» surface by potassium deposition. Electrons are supplied
by the potassium ions outside the conduction pathway. Since there are formally no oxygen and tin vacancies
in the conduction pathway, the motion of the doped electrons is supposed to be only weakly and indirectly
influenced by the potassium ions. The electrons doped by potassium deposition mainly function as the
carriers responsible for the surface conductivity, and the few remaining are trapped around the deposited
potassium ions. Since the trap is loose and incomplete, the STS induced by the trapped electrons around the
monovalent potassium ions has a finite DOS at Er. That is, there are two kinds of (electron) carrier sources:
the metallic state and the STS induced by potassium deposition. Minohara et al. showed that electrons can
be doped onto a-TiO2 by a heterointerface between a-TiO; and the LaO-terminated polar surface of LaAlO;3
(001). [7] On the basis of the reported sheet carrier density, most of the electrons generated at the interface
are considered to behave as electron carriers. In addition, the mobility observed empirically is high (25 cm?V-
Is! at room temperature), compared with that of the impurity/vacancy-doped a-TiO, reported previously.
Although such semiconducting properties are thought to be originated from electron carriers doped into ideal
conduction pathway without the disturbance, it is hard to explain the temperature dependence of the
resistivity merely based on the metallic state. Like the potassium-deposited a-TiO, surface shown here, a
fraction of the electrons doped onto the interface are considered to be weakly and indirectly trapped/scattered
by the lanthanum/oxygen ions outside the conduction pathway. As a result, it is expected that weakly and
indirectly trapped/scattered electrons also partially contribute to the interface conductivity, along with the
coherent electrons.
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Ternary intermetallic compounds of CeM2Al1 (M = Ru, Os, Fe) have attracted many interests because
of their unusual physical properties [1,2]. An anomaly in CeT,Alip was observed due to its anisotropic
magnetic order. Paramagnetic susceptibility exhibits large anisotropy in CeM2Ali, xa > xc > yp at T > To,
where y; is the susceptibility along i-axis and To being the transition temperature to the antiferromagnetic
(AFM) state. However, at T < To the AFM order occurs along the c-axis, not along the easy a-axis. Kondo
et al. suggested that a larger c— f hybridization along the a-axis could flip the magnetization easy axis towards
the c-axis [3]. Thus, the anomalies in CeT.Alip may correlate to an anisotropy of the hybridization strength.
In CeM2Alq a detailed study of the complex electronic structure, especially direct evidence of the anisotropy
of the hybridization strength, has not been performed yet. By substituting Ru with Rh in Ce(RuixRhy)2Al10
(x~0.03-0.05) the axis of magnetization is flipped from c-axis to a-axis and the magnetic moment increases
to 0.8ug/Ce. This makes the Rh substitution an ideal method to study the c— f hybridization anisotropy.

We performed XRD study for Ce(Rui.xRhx)2Al1, indicating no structural change. We measure x-ray
absorption spectra at Ce Ls edge with partial fluorescence mode (PFY-XAS), corresponding to the high-
resolution absorption spectra [4]. The c-f hybridization effect appears as increase of f © intensity and decrease
of 1 intensity in the PFY-XAS spectra, resulting increase of the Ce valence with the Rh substitution to Ru
site. This may suggest a possible Lifshitz transition. We reported previously that the ARPES at the 4d-4f
resonance showed the anisotropy of the hybridization strength directly and the anisotropy changed drastically
with a small amount of Rh-doping to the Ru site in CeRuzAlyo. Here, we newly report the ARPES result for
CeFezAls. Figure 1(a) shows the ARPES results of CeFeoAlyg at hv = 115 eV. The angle-integrated spectra
are shown in Fig. 1(b) for CeRu,Al1 and Fig. 1(c) for CeFe,Alio. Note that the intensity ratio of 4f* near the
Fermi level to 4f° around 2.5 eV is a measure of the c-f hybridization strength. In CeRu,Ali strong
anisotropy of  the
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are shown in Fig. 2. FIGURE 1. (a) ARPES results of CeFez2Al10 at hv = 115 eV. (b) Angle-integrated spectra of
Electron doping the unit- CeRu2Al10. (¢) Angle-integrated spectra of CeFe2Al1o.
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cell leads to (in first-order) a rigid-type band shift. This has significant influence on the Fermi Surface (see
Fig. 2), but more importantly on the c-f hybridization at the Fermi level. For the undoped case the c-f
hybridization is strongest along GY followed by GX. Upon electron doping the c-f band along GY
becomes fully occupied and the GX direction dominates the c-f hybridization at the Fermi level (see Fig. 3).

lowest crossing band highest crossing band total FS

binding energy (V)

binding energy (V)

FIGURE 2. The results of the DFT calculations with the Fermi surfaces of XZ plane (right figures) for Ce(Rui-xRhx)2Al10.
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FIGURE 3. The results of the DFT calculations: Rh-doping dependence of the c-f hybridization for Ce(Rui-xRhx)2Al10.
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Perovskite-type cobaltites RECoOs3 (RE: rare earths or Y) typically show a broad and strange
magnetic/electronic transition(s) with temperature [1-4], which has long been a major research interest on
the properties of REC0Os. So far, it has been established that the phenomenon essentially originates from
unusual spin-state evolution in the Co 3d electrons although it has not been completely understood. By
contrast, it has long been considered that the RE site acts merely as a charge reservoir and plays no important
role in the magnetism and the electronic structure of RECoQs, even in the case of Ce, Pr, Nd, etc., which
have magnetic 4f electrons. Considering the localized nature of the 4f electrons, it is reasonable to assume
that they are independent of the Co 3d electrons.

Recently, however, Kobayashi et al. found that the magnetism of Pr1YxCoOs can’t be explained by such
a simple picture; PriYxCoOs shows temperature dependent Van Vleck paramagnetism for the smaller Y
content (x<0.4) while it shows a Curie-Weiss-like behavior for the lager content (0.5<x<0.9) [5]. Because
the effective moment deduced from the Curie-Weiss term was able to be explained by the 4f' electron
configuration, they speculated that the Pr 4f electron of Pr3* (4f 2) was partly transferred to the Co 3d state
due to the hybridization between Pr 4f and Co 3d via O 2p states in the diluted Pr (namely, large x) range.

In this work, we performed Pr 4d-4f resonant photoemission spectroscopy (RPES) measurements on Pri-
xYxC00s (x=0.5 and 0.8) in order to examine the validity of this “Pr 4f—0 2p—Co 3d hybridization model”.

Polycrystalline samples of Pri.xYxCoOj3 (x=0.5 and 0.8) were prepared by the sol-gel method [5]. RPES
experiments were performed at the beamline BL-1 of the Hiroshima Synchrotron Radiation Center (HiSOR)
using a Scienta R4000 electron analyzer. The total energy resolution was 90-200 meV at 110-150 eV photon
energy range. Clean and fresh surface was prepared by fracturing the samples in situ right before the
measurements.

Figure 1(a) shows RPES spectra of Pro5Yo5C00s3 in the Pr 4d-4f resonance region (hv=110eV-150eV).
The on- (123 eV) and off- (120 eV) resonance energies, highlighted by thick lines, were determined from
the constant-initial-state (CIS) spectra deduced from the RPES intensity shown in Panel (a) (not shown for
x=0.8). The valence band continues from ~0.5 eV to about 8 eV and one can see the leading peak at 1 eV
characteristic of the Co®* oxides with the low-spin state [6,9].

Figure 1(b) shows the on-off difference spectra of Pr1xYxCo0Os (x=0.5, 0.8) together with the on- and off-
resonant spectra. The difference spectra experimentally represent the Pr 4f partial density of states (PDQOS).
It is noted that the experimental Pr 4f PDOS of this system (including PrCoOs (x=0) [9]) has a double-peak
(ow and B) structure whereas that of PrMOs (M = Mn or Ni) shows a single peak [7,8]. This fact indicates that
the combination of Pr3* and Co®* is rather exceptional but it is similar to Yo .2ProgBa,CusOy7.y [10]. In order
to understand the double-peak structure, Saitoh et al. proposed a Pr 4f—O 2p hybridization model based on
the Fehrenbacher-Rice model for PBCO [9,11]. They also inferred that this exceptional situation would
originate from a large Pr 4f—0 2p—Co 3d effective hybridization due to the large Co 3d DOS at the binding
energy of ~1eV [9]. According to their interpretation, o. and B are mainly due to [4f°L) and |4f!) final state,
and hence roughly correspond to 4f! and 4f 2 initial state electron configuration, respectively. (Here, L
denotes a ligand state.) In Panel (b), one can observe that the intensity ratio and relative location of o and 3
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change with x. In fact, o grows compared to B with increasing x, which is consistent with the evolution of
the magnetic property with x. Hence this change is possibly interpreted as an increase in the strength of the
Pr 4f—0O 2p—Co 3d effective hybridization with x, although a further study should be needed.

Finally, we point out similarities between the electronic structure of PrixYxCoO3 and a copper delafossite
CuCrO;. Yokobori et al. have proposed a Cu 3d—0 2p—Cr 3d charge transfer model in order to explain the
Cu?* signal in the photoemission spectra of Cu*CrO; [12], which is similar to the present case, the Pr#*
signature in the magnetic measurements in Pr*CoQg3. Here Cu 3d and Cr 3d corresponds to Pr 4f and Co 3d.
The two completely different systems thus realize each unusual valence state due to an unexpected but
similar effective hybridization mechanism.

This work was supported by KAKENHI from JSPS (Grants N0.26400321 and No. 17K05502).
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FIGURE 1. Resonant photoemission spectra of ProsY0sC003 and Pro.2Y0.8C00s3 taken at 300K. (a) resonant photoemission
spectra of ProsYos5C00s. The on- and off- resonant spectra are shown by thick lines; (b) difference spectra of ProsYos5C003
and Pro.2Y0.8C00z deduced from the on- and off-resonant spectra.
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Single walled carbon nanotubes (SWCNTs) are a remarkable material that can be metallic or
semiconducting depending upon the arrangement of carbon atoms in the cylinder, defined by chirality. [1] It
is now possible to prepare samples with defined chirality via multi-step purification of an initially mixed
ensemble. [1] The density of states (DOS) of the SWCNTSs depend on their chirality and can range from
metallic to semiconducting. The DOS determine how the SWCNTs can be used in electronic devices like
solar cells.

The purpose of the visit at the beamline B1 in December 2017 was measuring the density of states of
single wall carbon nanotubes. The measurements require low excitation energies in the range of a few 10 eV
with high intensity. These conditions are provided at BL-1 at HiSOR.

Semiconducting SWCNTs with a large range of chiralities have been measured at BL-1. In Figure 1, a
spectrum of P2 SWCNTs are shown measured at an excitation energy of 30 eV and a pass energy of the
analyser of 20 eV. A range of further samples have been measured. We are currently drafting a manuscript
for publication.

intensity [arb. u.]

1.5 1 0.5 0 -0.5

binding energy [eV]
FIGURE 1Valence electron spectrum of P2 SWCNTs measured at an excitation energy of 30 eV.
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The discovery of a BiS;-based superconductor by Mizuguchi et al. [1] has been followed by extensive
experimental and theoretical studies on the BiS;-based superconductors including RE(O,F)BiS; systems
(RE=rare earth element) [2-7]. In a typical RE(O,F)BiS, system, the F substitution for O in the RE(O,F) layer
introduces electrons to the electronically active BiS; layer. The theoretical calculations indicate that the Fermi
surfaces are constructed from the Bi 6px and Bi 6py orbitals [2]. The orbital character of the Fermi surfaces has
been investigated by means of angle-resolved photoemission spectroscopy (ARPES) in Ce(O,F)BiS;, and the
ARPES results are consistent with the theoretical predictions [8]. In Ce(O,F)BiS;, the Ce3*/Ce** valence
fluctuation is suppressed by the F doping and the decrease of the Pr valence tends to reduce the number of
electrons in the BiS, layer. In order to understand the effect of the rare earth site in the BiS,-based
superconductors, we have performed angle-resolved photoemission spectroscopy on Pr(O,F)BiS; at BL-1,
HiSOR. We cleaved the single crystalline samples in situ under ultrahigh vacuum in order to obtain clean (001)
surface. The total energy resolution including both monochromator and electron energy analyzer was set to 21
meV. All the measurements were taken at 30 K.

Figure 1 shows the ARPES data across the electron pocket around the X point for x=0.3 and x=0.5 of PrO;.
xFxBiS2. Here, Ky is the wave number along the I'X direction. In going from x=0.3 to 0.5, the bottom of the
electron band is shifted towards the Fermi level, inconsistent with electron doping by the F substitution for O.
Although the F doping is expected to introduce electrons in the BiS; layer, the Pr valence may decrease by the F
doping just like Ce(O,F)BiS; and the doped electron can be compensated. Indeed, the Pr3*/Pr** valence
fluctuation is seen in core level spectra and the Pr** component is reduced with the F doping.

As for the Fermi surfaces, rectangular Fermi pockets around X point are clearly observed at x=0.5 and their
area is much smaller than the value expected from the F doping level. The missing electrons can be
accommodated by the Bi 6p, orbitals with strong mixture of Pr 4f. In this scenario, the change of orbital
anisotropy of Bi 6p (from 6px/6py to 6p;) is coupled with the Pr valence change (from Pr#* to Pr3*). Interestingly,
some straight portions of the Fermi pockets disappear at x=0.3 although the area of the Fermi pockets would be
consistent with the F doping level. The partial deletion of the Fermi surfaces suggests that charge-orbital
fluctuations are stronger in the low doping level. In addition, the spectral shape near the Fermi level indicates
strong electron-lattice coupling.

The present ARPES results show that Pr(O,F)BiS; exhibits interesting interplay between the Bi 6p orbital
degeneracy and the Pr valence fluctuation. The strong electron-lattice coupling associated with the Bi 6p orbital
degeneracy may play important roles in the emergence of the superconductivity.
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FIGURE 1. Band dispersion along the I'X direction taken at 30 K for x=0.3 (left panel) and x=0.5 (right
panel).
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Two-dimensional (2D) van der Waals crystals, such as graphene, transition-metal dichalcogenide (TMD),
and black phosphorus (BP), have been widely studied not only for their novel quantum phenomena, but also
for their potential for application in nanoelectronics [1, 2]. Among them, BP is a narrow-gap semiconductor
that shows a high charge carrier mobility together with high on-off current modulation ratio. Owing to this
promising device characteristics, there is renewed interest in the study of few-layer BP and its applications
[3]. BP is also attractive in that it has rather simple lattice and band structures for the study of fundamental
quantum phenomena and manybody interactions. Recently, it was reported that BP decorated with alkali
metal atoms exhibits an unexpected superconductivity with the critical temperature of 3.8 K [4]. This
motivates us to study the possible strong electron-phonon interactions in alkali-metal doped black
phosphorus.

Angle-resolved photoemission spectroscopy (ARPES) is a powerful technique, which can not only
measure the band dispersion of quasiparticles, but also provide information on electron-phonon interactions.
The latter is the effect of band renormalization that typically appears as an abrupt kink in the band dispersion
at the energy of the involved phonons. By systematically analyzing the measured ARPES spectra, one can
extract the electron-phonon self-energy that contains the strength of electron-phonon coupling. Consequently,
electron-phonon coupling constant of surface-doped BP can possibly be quantified [5].
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FIGURE 1. ARPES spectra taken from pristine BP along the armchair direction: (a) Data taken with the
synchrotron radiation at the Advanced Light Source (kv = 104 eV). (b) Data taken with the laser at HiSOR (kv = 6.3 eV),

which is also directly compared with that taken with the synchrotron radiation in (a). (c) Data taken after the deposition of K
atoms on the surface of BP.
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FIGURE 2. Series of constant-energy maps taken for the valence band of pristine BP at the energy shown at the bottom.

To address this issue, we employ high-resolution ARPES apparatus equipped with the Ti:sapphire laser
at HiSOR. The ARPES spectral taken from pristine BP with laser-ARPES is shown in Fig. 1(b) and directly
compared with that taken at the Advanced Light Source (ALS) with the synchrotron radiation [Fig. 1(a)].
The ARPES data taken with the laser show a much narrower spectral width than that with the synchrotron
radiation, which indicates the improved energy and momentum resolutions owing to the low excitation
energy of the LASER and its small spot size. After doping, however, the spectral feature gets broadened,
diminishing the merit of high energy and momentum resolutions. This makes the expected kink feature not
apparent in our data as shown in Fig. 1(c). Furthermore, ARPES spectra in Fig. 1(c) is strongly asymmetric
with respect to the Gamma point, which is not expected at all for surface-doped BP. This could be due to a
slight misalignment of the sample or the effect of light polarization. Indeed, the symmetry of constant-energy
maps taken for the valence states of pristine BP is slightly tilted with respect to vertical and horizontal axes,
as shown in Fig. 2. We expect that the possible use of a fully motorized 6-axis manipulator might improve
this experimental situation for future studies.
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Silicene, analogous to graphene, is a one-atom-thick two-dimensional crystal of silicon, which is expected
to share many of the remarkable properties of graphene [1-4]. For example, it harbors the characteristic low-
energy Dirac cone states [5-9]. On the other hand, the buckled honeycomb structure of silicene, along with
enhanced spin-orbit coupling, endows silicene with considerable advantages over graphene in that the spin-
split states in silicene are tunable with external fields [10-14]. The unique advantages of silicene and its
compatibility with the traditional silicon industry make it an attractive materials platform for next generation
nanoelectronics applications.

Moreover, the theoretical calculations show that silicene will be magnetic after adsorption of hydrogen
atoms and the Curie temperature can reach 300K [15]. Once combined with advanced nanotechnology based
on silicon, the magnetic silicene possibly becomes a very promising nanotechnology application on
spintronics. The long-range ferromagnetic ordering may simulate its application potential in spintronics.

Increasing H coverage

FIGURE 1. STM images with increasing Hydrogen atoms coverage.
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FIGURE 2. Brillouin zone of silicene/Ag(111) and constant energy contours of pure silicene/Ag(111).
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Last year we grew hydrogenated 3x3 silicene/Ag(111) on STM system and grew it again and did
measurement on BL-1 in HiSOR. Figure 1 shows the STM images of hydrogenated silicene with different
amount of hydrogenation. Although the hydrogenation is successful, more hydrogen atoms make less
silicene on Ag(111).
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FIGURE 3. The constant energy contours of hydrogenated silicene. FIGURE 4. Compare of Dirac cone

before and after hydrogenation.

According to the growth condition on STM system, we grew 3x3 silicene/Ag(111) and hydrogenated it
in the prep-chamber and measured it by ARPES in situ. We got similar results as before[16] which showed
twelve Dirac cone on the edge of Brillouin Zone of Ag(111). Figure 2.b shows the constant energy contours
of pure silicene. There are twelve Dirac points on the Fermi surface, areas of which enlarge with higher
binding energies. Figure 3 shows the constant energy contours of hydrogenated silicene. Figure 4 shows
band structures along the momentum line acrossing the Dirac points before and after hydrogenation. The
Dirac points are indeed corrsponding to linear dispersions. However, no matter from Fig.2 or Fig.3, we can
not see obvious difference between the pure and the hydrogenated silicene but only weekness of the Dirac
bands of silicene after hydrogenation. This result is consistant with the phenomena observed by STM that
more hydrogen atoms makes less silicene. Maybe we hydrogenated the silicene too much that it became
more than half hydrogenation. Some hydrogen atoms insert between the silicene and Ag(111), which makes
some silicene seperated from Ag(111). Next time, we should control the amount of hydrogen atoms more
carefully to avoid more hydrogenation.
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In recent years, magnetically-doped topological insulators (TIs) have attracted enhanced interest due to
possibility of effective realization Quantum Anomalous Hall effect (QAHE) [1,2]. For the effective
realization of the QAHE in magnetically-doped Tls the Dirac gap should be located at the Fermi level (FL)
[1,2] and the developed surface ferromagnetism (FM) should survive in the insulating regime, i.e. should
be independent on bulk carriers.

The key challenge to realizing the QAHE is to achieve simultaneously a low bulk carrier density
together with an appropriate ferromagnetic ordering. Unfortunately, the incorporated transition metal (TM)
atoms act as not only magnetic dopants. The doping by magnetic TM impurities leading to opening the
Dirac gap is also followed by the charge carrier doping effects simultaneously. TMs are usually divalent
and, therefore, substitution of Bi*® with TM*? creates hole dopants into the system. On the other hand, if
the doping elements are rare-earth metals such as Gd, which are trivalent, no charge carriers are doped and
only magnetic moments can be induced [3]. Gd has an equal number of bonding electrons to Bi, therefore,
the isoelectric substitution with Gd into Bi,Tes takes place. Under Gd-doping the lattice parameters of the
host TI are not changed due to the Gd substitution.

The current work is devoted to study of the features of electronic structure and magnetic properties of
Gd-doped Tls with stoichiometry Bi,-xGdo.0sShxTes, for X is between 0.75 and 0.95, when the Dirac gap is
located in the region of the FL and analysis of the gap open at the Dirac point (DP) at different positions of
the DP relative to the FL.

Fig. 1.a shows the ARPES dispersion map measured for Gd-doped topological insulators with
stoichiometry Bi1.10Gdo.0sSho.7s Tes at temperature 15K at photon energy of 28 eV under photoexcitation by
linear p-polarized synchrotron radiation SR. In Fig. 1.b the ARPES dispersion maps in the form d?N/dE?
are also presented for better visualization of the electronic structure in the region of the DP and possible
splitting of the Dirac cone states at the DP developed due to influence of the magnetic doping. One can
distinguish formation of the dip at the DP testifying to splitting of the Dirac cone states at the DP. Fig. 1.c
shows the EDC-profile cut directly at the DP (at ky=0). The fitting of the EDC demonstrates
decomposition on two spectral components related to the Dirac cone states at the DP (red lines) separated
by the energy of about 30 meV and the spectral component corresponding to the valence band states (black
line). We relate this splitting (30 meV) to the splitting between the upper and lower Dirac cone states due
to spontaneous out-of-plane magnetic moment developed for Bi1.19Gdo.06Sho.7s Tes at temperature of 15 K.
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Fig.1. The ARPES dispersion maps for the DC states measured for Bi1.19Gdo.0sSho.7sTes at temperature 15K and photon
energy of 28 eV in the form of N(E) — (a) and d2N/dE2 — (b) presentations. (c) - the corresponding EDC-profile measured
directly at the I'-point (kI1=0) with fitting on the spectral components related to the DC states (red lines) and the upper edge
VB state contribution (grey line)

It means that the Gd-doping open the Dirac gap at the DP for Bi1.19Gdo.0sSho.75Tes at temperature of 15 K
up to 30 meV. In future experiment we will study how the Dirac gap will depend on the Gd-concentration
and the position of the DP relative to the FL for different stoichiomentry of Gd-doped TI.
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During recent decades active research into fundamentally new structures — topological insulators (TIs) —
is one of the priority areas in the physics of nanosystems. An intriguing electronic structure configuration
of TI defines the researchers' special expectations for their application in spintronics, optoelectronics,
guantum computations and other technologically important fields. Recently, it has been demonstrated that
at very low temperatures (~ 1 K) the topological insulators with time-reversal symmetry broken due to the
magnetic doping (Cr, V) exhibit the possibility of the quantum anomalous Hall effect (QAHE) realization
[1,2]. Such effect becomes possible due to the local magnetic gap opening at the Dirac point caused by
lifting Kramers degeneracy between up and down spins.

Significantly larger Dirac point gap has been observed in Mn-doped topological insulator, and the
hedgehog out-of-plane spin structure, linked to the magnetic interaction has been confirmed [3]. However,
recent detailed investigations of the electronic structure of Mn-doped TIs reveal the survival of the Dirac
point gap up to the room temperature, and moreover, similar gap values had been observed for
non-magnetic doping of Tls [4]. Resonant photoemission on the Mn-edge confirms the presence of Mn d
states near the Dirac point, that can induce the apparent gap to the ARPES spectrum via the hybridization
with topological surface states.

Nevertheless, more recent studies demonstrate the possibility of transformation of the TI’s surface
layers under the Mn doping with formation of the novel magnetic compounds [5]. Such a structure is
characterized by the large magnetic Dirac point gap that is caused by surface magnetic ordering. Thus, the
main aim of the present work is the investigation of the electronic structure of highly Mn-doped
topological insulators, including the resonant photoemission analysis in order to distinguish the Mn
impurity states at the Dirac point and reveal the surface magnetic ordering.

The experimental ARPES images of Mn-doped Bi2Te3 taken at the photon energies of 48 and 50 eV
are shown in Fig. 1a,b. These photon energies correspond to off- and on- Mn-edge resonance, relatively.
One can clearly see the dispersion relations of the valence band of topological insulator in the region of
0.5-5 eV of binding energy. In the region of BE of 0-0.5 eV the Dirac cone states are located takes plce
while having the very low intensity at these photon energies. Fig. 1 ¢ shows the normalized difference
between the ARPES dispersion maps measured off- and on- Mn-edge resonance (a and b), where one can
distinguish the well pronounced Mn resonant state at ~3.8 eV. It is well visible in Fig. 1.d. Additionally,
Mn impurity states are visible at the BE of 1 eV. Most import that there is no any enhancement of the
intensity visible in the region of the Dirac cone, i.e. 0-0.5 eV. It means that the gap open at the Dirac point
for highly Mn-doped topological insulator is not related to the hybridization effect. It is rather related to the
induced magnetic moment influence.
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Fig.1 ARPES images of Mn-doped Bi2Te3 taken at 48 (a) and 50 eV (b). (c) - Normalized difference between images a
and b.. (d) - EDC spectra at the Gamma-point at photon energy of 48 (red) and 50 eV (blue). Normalized difference between
the spectra is presented by black curve.

Thus, our results show the large resonant signal from the Mn impurity states of highly Mn-doped
topological insulator Bi2Te3 located in the region of the bulk valence band of TI at the binding energy of
3.8 eV. The absence of the resonant features in the region of the Dirac point allows to ascribe the gap open
at the Dirac point to influence of magnetic ordering. Detailed investigation of the Dirac cone structure will
be carried in the future experiments.
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Recently topological insulators and semimetals have attracted considerable research interest. Interplay
between nontrivial band topology and strong electron correlation could induce exotic electronic phase,
including weyl-kondo semimetal [1]. Here, we focus on CeBi, a kind of topological insulator with partial
gap, to find evidence of correlated topological states via angle resolved photoemission spectroscopy
(ARPES). Rare earth mono-bismuthides have a simple rocky-salt structure, and the electronic structure at
high temperature has been well studied by several groups [2-4] and in our former paper [5], which features
two holes pockets at T point, one electron pocket at X point in momentum space with non-trivial band
topology. CeBi has exotic magnetic properties where a PM to type-1 AFM transition takes place at 25 K and
type-1 AFM to type-1l1 AFM transition occurs at 11 K [6]. Meanwhile with decreasing temperature, f-electron
could hybridize with conduction electrons and become partially itinerant, as proposed by previous theoretical
calculations. Actually, transport experiments have revealed the kondo-like features, so our main purpose is
to find the evidence of the (weak) hybridizations between f and conduction electrons.

The cross-section of f orbital is generally small in low photon energy range. So we did the resonant
photoemission experiments which occur at ~122 eV (4d to 4f transition), at BL-1 in HiISOR. Because of the
large enhancement of f-orbital features, resonant photoemission experiment can be used to identify the f
electron spectral feature. Fig. 1 shows the results from on and off resonance ARPES experiments, where we
use 115 eV as off resonance photon energy and 122 eV as on resonance photon energy. Fig.1(a) shows the
energy-momentum dispersion on 115 eV and 122 eV, respectively. Compared with off resonance data, 4f
electron peaks at binding energy 2.82eV and 0.3eV show up under resonance condition, which corresponds
to 40 and 4f* final state, respectively. We also integrate the energy distribution curve (EDC) as Fig.1 (b),
one can see the obvious enhancement of the 4f peaks, i.e., on-resonant intensity (122eV) is more than 10
times larger than off-resonant intensity (115eV). Azoom-in view near the Fermi level (the right-bottom panel)
reveals the fine structure such as the spin-orbit coupling satellite of Kondo resonance state at 0.3 eV [7],
although the Kondo resonance peak right below the fermi level is rather weak due to the low carrier density
(corresponding to a low single-impurity Kondo temperature).

We also performed temperature dependent measurements, from 39 K (PM phase) to 14.2 K (AFM phase).
The left and middle panels in fig. 2 show on resonance spectrum taken above and below magnetic transitions,
respectively. Small yet obvious intensity weight changes can be found in EDC, where the local 4f° state’s
intensity decreases upon cooling down towards AFM phase, while more itinerant 4f* state intensity grows
up. More importantly, if one integrates each EDC, one could find the overall spectral weight to be conserved,
indicating that the increase of 4f* spectral weight originates from the decreasing intensity from 4f°. In other
words, more f electrons of CeBi become itinerant when temperature goes down from PM to AFM. However,
no direct signature of f-c hybridization could be observed in the momentum-energy dispersion relations,
likely due to the rather weak Kondo interaction in such a low carrier density system. Nevertheless, the subtle
spectral weight shift indicates (at least) weak Kondo hybridization at low temperature, whose origin remains
to be revealed.

,44,



(a)

CeBioff-resonant. .. ..
115eV 38K

CeBi on-resonant
122eV 38K

J
>
2
[
c
w
I I I
0 1 2 0 1 2
(b) K. (2mla)
fo
/
8000 )/ + =+ = 115eV*10 off resonance
’ ——122eV on resonance
+ 115eV*10 off resonance 1560 -
m —— 122eV on resonance ,
"é ’
3 6000 /
2 ’
s
> ’ 1000 —
= ’
2 ’
@ ’
£ 4000 K
’
I' 500 —
’
’
’
20004 N aa-oo-
0 —
. . .= T T T
------ _--" 0.6 -0.4 -0.2 0.0
(o] -~ Energy (eV)

T T T T T T
-25 -20 -1.5 -1.0 -0.5 0.0
Energy (eV)
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In recent years magnetic three-dimensional topological insulators (MTIs) based on Bi,Te; and BixSes
have been interesting subject due to their fundamental interesting phenomena viz. quantum anomalous Hall
effect, three-dimensional Weyl fermion etc. The strong spin-orbit coupling (SOC) leads nontrivial band
topology in these material, in which spin of an electron is locked perpendicular to its momentum in chiral
spin structure, whereas electrons with the opposite momenta have opposite spin that makes topological
insulator potentially very promising material that could be used in spintronics and for quantum computing
applications. [1-4]

The transport studies of topological surface state (TSS) have revealed such as Aharonov-Bhom
oscillation in Bi»Ses nano-ribbon [5] weak antilocalization in Bi>Se; and Bi,Tes film and two dimensional
(2D) Shubnikov-de Hass (SdH) oscillations are powerful means to distinguish between bulk and surface
charge carrier via angle-dependent. [6] Recently, magnetotransport measurement on Bi>Ses epitaxial layers
in the magnetic field shows negative magnetoresistance (NMR) when the magnetic field applied parallel to
I (I || B.). [7] However, the recent explosion of interest in 3D massless Dirac fermions in 3D Dirac Weyl
semimetals shows an extremely large positive magnetoresistance under perpendicular magnetic field and
more specially, the negative longitudinal magneto-resistance (NLMR) predicated to appear in Weyl
semimetals when the magnetic and electric field coaligned to axial anomaly. [8] Consequently, NLMR is
not a unique property of Weyl semimetal. We have observed first-time NLMR in Gdg s(Bi2Ses)o.05 sample
which persist until 2.5 tesla under perpendicular magnetic field parallel to c-axis up to room temperature.
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FIGURE 1: Fig (a) shows the longitudinal resistance vs temperature of Gdo.s(Bi2Se3)o.9s sample. Fig. (b) displays the band
structure near Fermi surface of Gdo.s(Bi2Ses)o.95 by angle-resolved photoemission spectroscopy (ARPES) at 18 K.

The band dispersion measured by Laser-ARPES along high symmetry direction (K-I'-K) shows that
Gdo.s(Bi2Ses)o.0s sample is n-type, which is consistent with Hall-resistivity data. The binding energy of Dirac
point relative to the Fermi level — 0.302 eV, it is due to e doping in the sample, in this case, e is generated
by Gd-intercalation.
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In summary, we have synthesized and study the bulk and surface state electronic properties of
Gdo.s(Bi2Ses)o.9s using Laser-ARPES. We have also studied the magnetotransport properties of Gd-
intercalated Bi>Ses; TI material and observed NMR exist when we have applied magnetic field perpendicular
to the electric field.
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The topological quantum materials, representing a new state of condensed matter, have attracted
remarkable interest in recent years. Many of them have been predicted in theory and realized in experiment,
including three-dimensional or two-dimensional topological insulators [1-3], three- dimensional Dirac
semimetals [4-6], three-dimensional Weyl semimetals [7-9], and nodal line semimetals [10,11]. The latest
development is the theoretical prediction and experimental verification on the “new Fermion” topological
semimetal with quite interesting physical properties [12-15], which are characterized by three-, six- or
eight-fold degenerate band crossing points. Many candidate materials hosting such “new Fermions” have
been proposed through ab-initio calculation. Among such materials, only the MoP and WC have been
preliminarily confirmed by recent ARPES measurements to own a triply degenerate point in the band
structure [16, 17]. ZrTe, one of the WC-structure family of materials, was reported as an intriguing
material that hosts both the “three-fold degenerate new Fermion” state and Weyl Fermion state near Fermi
energy [14,18]. It calls for a systematic research on the electronic structure to study the topological nature
on the new fermion in ZrTe.

Transition metal dichalcogenides (TMDCs) are currently hot-spot materials for their rich physical and
optical properties. Among various MX,, MoTe, comes into notice for its structural phase transition from
2H to 1T’ by an electrostatic-doping in monolayer[19]. However, there’s almost no band structure study on
2D MoTe, with 2H-type lattice [20], which calls for a systematic ARPES study on them.

The approved beam time in HiSOR were used to do Angle Resolved photoemission Spectroscopy
(ARPES) measurements on new fermion semimetal ZrTe and monolayer MoTe2.

First, we measured ZrTe. We changed the photon energy from 30eV to 100eV, and found the band
structure is clear at 52eV. Then we fixed the photon energy at 52eV and got good mapping. In Fig.1 (c), we
can see that the projected brillouin zone on (001) surface is six-fold symmetrical. And in Fig.1 (d) to (g),
we got a six fold symmetrical electronic structure. This indicates that the cleaved surface is (001) plane. As
the sample size is too small, and the photon beam size is much bigger than sample, the signal is weak and
the background is high. But we can still recognize hole pockets around I" and K poins.

In Fig.2, we show band structures on the high symmetry cuts along I' M and I K direction. In Fig.2(b)
we can only resolve one hole-like band at I" point. While Fig.2(c) along Cut2 shows more hole like bands
at K point but not being clearly resolved. They look very similar to the calculated band structures in
Fig.2(d). Fig.2(e) and (f) show the detailed band structure crossing I" point measured with 7eV laser, we
can see clear band splitting of the hole like band and a very flat band bottom of an electron pocket lying at
Fermi level.

In summary, we got good band mapping along high symmetry cuts in ZrTe at (001) surface. The band
structure in the whole Brillouin zone can roughly fit the band calculation. But we miss some critical details
due to sample size and instrument resolution issue, even 7eV laser data can be a supplement. To pin down
the topological nature of ZrTe, we need to measure other cleaved surfaces and do photon energy
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FIGURE 1. The electronic structure of ZrTe. (a) The crystal structure of WC-type ZrTe and (b) the top view [14]. (¢) The
bulk Brillouin Zone and its projection onto the (100) and (001) surface. The high symmetrical crystal momenta are indicated
with letters[14]. (d)-(g) The Fermi surface and constant energy contours of ZrTe on (001) surface measured with photon
energy at 52eV.
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Figure 2. (a) Fermi surface of ZrTe with guideline of cuts. Band dispersion on Cut 1 along I' M direction(b) and on Cut 2
along I' K direction (c). (d) Calculated band structure along high symmetry direction [14]. (¢) The measured band along a cut
at I" point measured with 7eV laser in our home lab and (f) The EDC second derivative image for (e).

For monolayer MoTe, sample, we first annealed the sample in the preparation chamber, and then
transferred to analysis chamber. In Fig.3, it gives the crystal structure and energy contour of MoTe; film.
Fig.3(a) and (b) show the crystal structure [21] and Brillouin zone (BZ). We got energy contour by ARPES
in Fig.3(c). Because MoTe; is a typical semiconductor, there’s no electron density of states between Fermi
energy and -0.7 eV binding energy. At -1.1eV binding energy, the energy contour clearly show a splitting
triangle at K point, which is corresponding with the SOC splitting at K.

Fig.4 shows the electronic structure along high symmetry direction. We can see the classical SOC
splitting at K. Compared with the reported data, our ARPES result is consistent with band calculation of
bi-layer MoTe,. By Lorentz fitting of EDC, we get a band splitting of ~ 200meV at K point.
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FIGURE 3. Crystal structure and energy contour of MoTe2. (a) The crystal structure of 2H-MoTe, [21]. Red and blue balls

stand for Mo and Te atoms, respectively. (b) The hexagonal Brillouin zone (BZ) of MoTe,. Green line and Red line

constitute MoTe, BZ. Blue lines are momentum position in Fig.2. (c) Energy contour of bi-layer MoTe, film.
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FIGURE 4. Band structure of MoTe, film along high symmetry directions.(a) The Brillouin zone of MoTe, and cuts in
measurements. (b) Electronic band structures along high symmetry direction. The corresponding momentum positions are
shown in (a) by blue lines. (c) The calculated band structure for double layer MoTe, [22].

In conclusion, we get some good experimental results about ZrTe and bilayer MoTe, which have not
been reported in literature. The band structures are basically in accord with band calculations. To publish
the obtained results, more experiments need to be done on other cleaved surfaces of ZrTe and mono layer
MoTe,.
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X-ray photoemission spectroscopy (XPS) study of the boron-doped diamond films covered by V,Os thin
films is performed. It is reported that in H-terminated diamond (100) films covered by V,0s the efficient surface
transfer doping of H-diamond by V,Os takes place due to the nature of negative electron affinity in H-diamond
(100) surface [1, 2]. It would be interesting to see whether the boron-doped diamond(100) superconducting
films are available instead of the diamond(100) films. In this work, we investigate the valence state of carbon
and vanadium in boron-doped diamond films without and with the cover of V,Os films to clarify the possibility
of surface transfer doping of the boron-doped diamond by V,0s films.

Boron-doped diamond(100) films are prepared by a hot-filament chemical vapor deposition method on
diamond(100) substrates [3]. The thickness of the boron-doped films is about 0.5 micrometer. V,Os thin films
are fabricated on the boron-doped diamond(100) films by a pulsed laser deposition (PLD) technique. The
thickness of V,0Os films is approximately 10 nm. XPS measurements were carried out on the beamline BL-5, at
the Hiroshima Synchrotron Radiation Center in Hiroshima University. Photon energy was set at 350 and 660 eV.
Fermi level position was determined by measuring the molybdenum spectra. All measurements are carried out at
room temperature.

Figure 1 shows the C 1s core-level spectra of the boron-doped diamond(100) films without and with the
cover of V,0Os thin films. The C 1s signal is clearly observed for both films. The peak position for the films
without the cover of V,0s5 is 284.0 eV which is the same as that for the films with V,05 cover, while the peak
width of the former films is narrower compared to the latter. In the presentation, the results of vanadium 2p
core-level spectra will be shown.

—e— BDD4
—A— BDD4 + V,0; 10 nm

Intensity (arb. unit)

288 286 284 282 280
Binding energy (eV)

FIGURE 1. C1s core-level spectra for boron-doped diamond(100) films without and with the cover
of V,0Os thin films. Photon energy of 350 eV was used.
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Fullerene cages often encapsulate metal (s). The acapsulatd aton(s) donate electrons ffullerene
cageswhich induces the change their electronic structur Ultraviolet photoelectron spectroscopy i
direct method to determine the electronic structRecently,Lutetium atom: encapsulated g, fullerenes
have been isolatein this articl¢, ultraviolet photoeleron spectra (UPS) cLu,@Cg, arepresented witl
hv = 30~ 200eV incident photo energyand are discussed on the electronic struc

The UPS of the endohedral fullerenes \ measurecat thebeam line5 of HISOR of Hiroshima
University. Specimens for themeasureme of the photoelectron spectra were prepared by vac
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referenced againsFermi leve (Ef) of gold and wer plotted as a function of binding eneray relativesg.

The valence band UFof Lu,@Cs, obtainedwith hv = 30— e T N
206 eVincident photo energy are shown in Fice 1. The peak :
intensity in theuppe than 9 eVtegiors monotonousl detrease
in accordance with the increase of the incidentt@ha@ergy.
This depends on the decrease in excitation cragmsex C2p
(2s). Their eectronic structures in the UPS of fullers and
endohedral fullereneappearedn the deeper than 5 e\egion
are strongl due too—electrons that constitts the G, skeletal
C—C bond: and those betweer—5 eV are due tc x —eledrons. 190 eV
Remarkable differece among these UPS is obserat 96 and 156 gV
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atoms by 2.1eV. Because of this donation entrappmetal P N P E

o . . Py 15 10 5 0
atoms become ectron deficit, which bringsthe ionkation Binding Energy (eV)
energy of entrappeq ates large. Theseresults suggest tritwo FIGURE 1. The UPS of L,@Gs, at
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We present an overview of our resent research and educational activities on beamline 5 (BL5) in the fiscal year
2017. Our beamline has two experimental stations in a tandem way. The first station is equipped with an angle-
resolved photoemission spectrometer (ARPES), a low energy electron diffraction (LEED) apparatus and an X-
ray source. The hemispherical analyzer of ARPES spectrometer (HA54, VSW) has a mean radius of 50 mm and
is mounted on a twin axis goniometer in ultra-high vacuum chamber. Using this goniometer, one can perform
ARPES and photoelectron diffraction (PED) measurements. It is also possible to perform resonant
photoemission spectroscopy (RPES) measurements by using photon energy tunability of synchrotron radiation
with X-ray absorption spectroscopy (XAS) measurement. With the X-ray source (XR2E2, FISONS), we can
perform an X-ray photoelectron spectroscopy (XPS) measurement for the chemical state analysis and the PED.
At the second station, we have installed a photoelectron emission microscope (PEEM, ‘PEEM III’, Elmitec).
PEEM provides a magnified image of lateral intensity distribution of photo-emitted electrons from a sample
surface. The spatial resolutions are several ten nanometers with Hg lamp and a few micrometers with
synchrotron radiation. The sample is transferred between the ARPES and the PEEM chamber in-situ, and one
can perform measurements at both stations for the same sample.

In the recent researches on BL-5, we have studied the electronic structure of potassium doped aromatic
molecule (K, picene) [1], iron-based superconductor (FeSe,Te,.,) [2], transition metal di-oxide films such as
VO, thin films which exhibits a first-order metal-to-insulator transition at 340 K [3], CrO; thin films which are
known as a half-metallic material [4], and TaO, film which is stabilized with a new technique developed in our
group [5]. We have also studied the electronic structures of a high quality boron doped diamond film which
shows a signature of the highest superconducting transition temperature of 25 K [6] and a high quality single
crystal of YbFe,O4 which is one of multiferroic materials [7], by utilizing RPES at B-K and Fe-M,; edges,
respectively. In this fiscal year, we are studying the electronic states of the boron-doped diamond films covered
by the V,0s thin films by the core-level photoemission spectroscopy, and the charge states of Lu atoms in
Lu,@Cg, by the photon-energy dependence of the valence band photoemission spectra, as presented in this
symposium.

We have used the BL-5 for education activity as well, for example, practical education for undergraduate
students of Okayama University. The students have an opportunity to study the synchrotron radiation
mechanism and to experience XPS measurement which is very useful for the surface science research. We
accepted more than 100 students from 2006 to 2012. From 2014, we have started to join the practical lecture for
experiments using the beamline end stations in HiSOR for both graduate school students of Hiroshima and
Okayama Universities.
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A tungsten(V1) oxide (WQs) is the most typical photochromic metal oxide semiconductors. It is known
that a color change (colorless — blue) corresponding to the reduction of W®* into W>* states in WOs3
nanoparticles occurs under UV illumination. It is also known that the photochromism is enhanced when
some molecules are adsorbed on the WO3 nanoparticles. For example, when phenylalanine molecules are
adsorbed on the WOs3 nanoparticles, a color of the WO3 aqueous solution shows darker blue under UV
illumination. Phenylalanine is an a-amino acid and has D/L enantiomer. An adsorption ratio of phenylalanine
to the WOs particles is same for D/L phenylalanine in a solution of phenylalanine and WOs. However, when
a cyclodextrin(CD) is added in the solution, L-phenylalanine/CD/WOs3 solution shows darker blue, that is,
the adsorption ratio becomes higher in the L-phenylalanine/CD/WOs solution. It is proposed that a
cyclodextrin inclusion complex with L-phenylalanine is selectively formed and the complex has a high
affinity for the WOj; particle. R e TR

We have performed soft X-ray absorption spectroscopy : ~ oo
of L-phenylalanine/CD/WO; powder made by solvent =
drying of the aqueous solution under helium environment.
We have confirmed that phenylalanine has a n* peak at
532.6 eV and WO3 shows a strong resonant peak at 530.8
eV. Figure 1 shows absorption spectra of D (upper) and L-
phenylalanine/CD/WOs3 (bottom). Graph legends are the
component molar fraction of D/L-phenylalanine/CD/WOs.
Resonant peak shows characteristic changes for D and L-
phenylalanine mixture. When the fraction is 1:1:1, a
component fraction of phenylalanine is the highest among
all samples and absorption spectra of this sample shows
strong resonant peak at 532.6 eV. The spectral shape of
1:1:1 sample is same for D and L-phenylalanine contained
powder. A resonance peak at 530.8 eV of upper graph is
enhanced when the fraction of phenylalanine decreases
(0.1:0.1:1 and 0.1:0.01:1) because a molar fraction of WO3
increases. However, the enhancement of the peak is weak

L-Phenylalanine/f—cyclodextrin/WO, i

Intensity (arb. unit)

in the bottom graph. We consider it as a result of increase 5 S0 s s s s S0 sz s s i 50 552
of the adsorption fraction of L-phenylalanine on the WO3 Photon energy (eV)

particles; WOs is less irradiated when the particles are  FIGURE 1. O K-edge X-ray absorption spectra
covered with phenylalanine. of Phenvlalanine/B-cvclodextrin/WOs.
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1. Introduction

Soft X-ray absorption experiments are normally performed in a vacuum environment to avoid
attenuation by air. It was generally considered that measurements of liquids by soft X-ray is difficult due to
the attenuation. Recently, thin films with a thickness around 100 nm made of silicon nitride (SisNa4) or
silicon carbide (SiC), which can be used as a window for soft X-ray transmission, are commercially
available [1-2]. For example, we have developed an experimental apparatus in which a vacuum chamber
and a liquid sample under atmospheric pressure were separated by the thin film window [1]. However,
since thin films of window is fragile, there is a danger that the liquid samples flow into the vacuum
chamber when the membrane window breaks. It is difficult to install liquid flow cells using thin film
window in a normal soft X-ray beam line without cares for window break accidents. Therefore, we have
developed a new apparatus for soft X-ray absorption experiments for liquids and solid with helium
environment. In the helium gas environment, it is possible to arrange the sample away from the window
surface since the attenuation length of the soft X-ray is longer by about 10 to 100 times than in the air [3].
Even if the window material breaks, only environment gas could flow into the vacuum chamber, and
samples are stay on sample plate. Therefore newly designed apparatus requires much less cares for
connecting it to the beamline.

2. Development of an apparatus

Fig. 1 is a schematic illustration of a apparatus for soft X-ray absorption experiments of solid and liquid
samples under atmospheric helium gas environment. The left panel shows the apparatus for solid samples,
and the right shows the apparatus for liquid samples. In this apparatus, we have used 100nm thick
membrane window with 0.5mmx0.5mm opening made of silicon nitride on @3mm silicon frame (NT050C,
Norcade, Canada). In order to shorten the distance between the sample and window for reducing
attenuation of soft X-rays, the membrane window was glued directly on the tip of a 3 mm diameter tube
which was connected to the chamber of the end-station. For solids, the sample was mounted on the copper
plate slope by a double sided adhesive carbon tape. For liquid samples, the sample was dropped on a pit of
a copper plate and kept by surface tension. A photodiode sensitive in the soft X-ray region was also placed
near sample to detect soft X-ray emission (fluorescence) caused by soft X-ray irradiation. Then finally, the
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whole apparatus including a sample and the detector was covered with a vacuum piping so as to replace

the sample environment by helium gas with atmospheric pressure.
XY stage. || _

BeIIOW l | ” ' Photodjo_de Bpgl’ltisg_e Photodiode A
1 | |

— 1l

HH“”HH — %
j‘ ' (il Weembrane window \Nv

— UM“' " Sample plate
. Beamling Cu Plate
Fig. 1 Schematic illustration of sample apparatus including a membrane window, XY stage to adjust optical axis , a
photodiode to detect fluorescence yield and a sample plate. The left panel is apparatus for solid samples and the right is
apparatus for liquid samples.

Sample plate

Membran
indow

Cu Plate

—Beamline

3. Experiments

The developed apparatus was installed in the end station of the at HISOR BL6 [4]. Soft X-ray absorption
experiments were performed in oxygen K-edge of L-phenylalanine (powder) and H,O under He gas
environment. For the evaluation of this apparatus, we compared the spectra obtained at HISOR BL6 with
the spectra of same sample measured at BL17SU in SPring-8. We have also compare previously reported
spectrum of oxygen and carbon dioxide gas to confirm whether the sample environment is sufficiently
replaced with helium or not.

4. Results
Fig. 2 shows obtained spectra of L-phenylalanine (left panel) and H2O (right panel) in O K-edge.

s | -Phenylalanine [TISOR BL& TTePath |

— HiSOR BL6

—— L -Phcnylalonine_SPring-% BLI7SU vacuun)

— SPring-8 BL175U

Intensity (arb. units)

Intensity (arb. units)

0, gas Hitcheook database

P

H,0

T T T T T T T T T T T T T T
628 B30 532 534 536 6538 540 542 544 546 548 55O

528 530 532 534 536 538 540 542 544 546
Photon energy (eV) Photon energy (eV)

Fig. 2 The left panel shows absorption spectra of L-phenylalanine in O K-edge taken at HISOR BL6 and SPring-8 B17SU.
In lower part of the left panel, reference spectra of gas phase oxygen [5] and carbon dioxid [6] in O K-edge were plotted.
The right panel shows absorption spectra of H20 in O K-edge at HiISOR BL6 (top) and at SPring-8 B17SU (bottom).

Spectral shapes of the absorption spectra obtained at HISOR BL6 are consistent with that obtained at
SPring-8 BL17SU as shown in left panel of Fig. 2. In addition, there is no peaks assignable to peaks of
oxygen and carbon dioxide in spectra of L-phenylalanine (top). Therefore, we conclude that the sample
environment was successfully replaced with helium gas. The absorption spectra of liquid H2O obtained at
HiSOR BL6 is also consistent with the spectrum of SPring-8 BL17SU. According to these results, we
conclude that the developed apparatus works fine for x-ray absorption measurements under He gas with
atmospheric pressure.
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Cls Cis

Hybrid organic-inorganic perovskite is a candidate for a
material for dye-sensitized solar panels [1]. However, these s _
materials show degradation when exposed to humid Ve A
atmospheres. Therefore, it is important to know electronic . ol
structure at realistic condition rather than under vacuum [2]. o2 '

We have recently been developing helium path apparatus }‘"“"
where air is replaced by He gas to improve transmission of soft
x-rays. Because of strong K-edge absorption of nitrogen and
oxygen, 5 mm of light path in air is enough to decay less than

Fy
Saraple currant {4

v . ' . 1 ' . ' . 0
280 280 300 z80 280 300
Enargy (8V)

FIGURE 1. FY intensity and sample

Energy (8V)

1% in intensity for soft x-rays from N s absorption (around
400eV) above O 1s absorption (around 530eV). Owing to He
path, transmission is expected to recover over 90%. This

current (EY) plot vs incident energy for
Cls edge of (CH3NH3)PbIs (red lines)
and Pbl; (solid lines).

technique is well known and frequently used in experiments in

hard x-ray region. However, applications using helium environments for soft x-ray region (around 100-
1000eV) are still small in number. In our new apparatus, a commercially available silicon nitride membrane
(Norcada Inc., Canada) made from Si wafer, which is around 100nm in thickness and have high transmission
for soft x-rays, was used as a window to separate vacuum and He gas at atmospheric pressure.

Figure 1 shows fluorescence intensity and sample current plot vs incident energy for Cls edge under
atmospheric He gas. One can observe small differences between (CH3NH3)Pbl; and Pbls;, however the
difference is not enough to clarify electronic structure. It is required to improve signal to noise ratio.
According to obtained energy profile of incident beam intensity, mirrors and gratings of the beamline might
be contaminated by carbon. Hence cleaning of the optics is required for further experiments using C1s edge.
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In the recent fifteen years, novel Mg-based alloys with microstructures forming a long-period stacking
ordered (LPSO) structure, the so-called KUMADAI Magnesium [1], have achieved much attention due to
the potential for widespread applications as structural materials because these alloys are light-weighted
rather than Al. By adding a small amount of Zn and rare-earth (Y or Gd) impurities, the soft and flammable
Mg metal turns to much strong and non-flammable with high thermal stability. Because of such excellent
properties together with the ease of recycling, these Mg alloys are expected as next-generation structural
materials for, e.g., bodies of subways or even aircrafts.

According to an atomic-resolution angle annular dark field scanning transmission electron microscope
observations by Abe et al. [2], it was found that the Zn and Y impurities are enriched around the stacking
faults, and thus, this curious structure is referred to as the synchronized LPSO phase. The existence of
L1,-type clusters formed by the impurities in the Mg-Zn-Y alloys was proposed by Egusa and Abe [3],
which were composed of ZnsYs and embedded in the stacking faults.

From the structural point of view, the overall features of the L1 clusters are well described as cited in
Ref. [3]. However, the electronic structures should be clarified for the understandings of the electronic
properties and the chemical natures of the Zn/Y impurities, which may be highly influenced for the
stability of the L1, clusters in the Mg LPSO alloys. We have recently investigated the valence- and
conduction-band electronic structures of Mge7Zn1Y2, MgssZnsYs, and MgzsZnioY1s polycrystalline alloys
together with pure a-Mg by measuring photoemission and inverse-photoemission spectroscopies (PES and
IPES), respectively. Here, the Mge7Zn1Y> and MgssZneYy alloys have 18R type LPSO structures and the
MgrsZnioY1s alloy has a 10H type after the Ramsdell notation with the volume fractions of the LPSO
phase up to ~24%, ~100%, and ~100%, respectively. The core levels of the constituent elements were also
studied using core-level PES to examine the chemical natures of the elements. From these results, we
found clear heterogeneous indications concerning the L1, clusters.

The cast ingots of the samples were prepared using high frequency induction melting of pure Mg (99.99
wt.%), Zn (99.9 wt.%), and Y (99.9 wt.%) metals in a cylindrical carbon crucible in a pure Ar atmosphere.
The ingots were cut to be a rectangle plate with a size of 3 x 3 x 1 mm?. The PES spectra were measured
using a spectrometer installed at BL-7 of HSRC. The IPES spectra were obtained using the RIPES
spectrometer at HSRC. All of the measurements were performed at room temperature.

Figure 1 shows the PES and IPES spectra of (a) pure Mg, (b) Mge7Zn1Y2, (¢) MgssZneYs, and (d)
Mg7sZn10Y15. The magnitudes of the PES spectra are normalized to the maximum values at about -6 eV,
and the IPES spectra were normalized so that the intensities show 0.5 at 5 eV. With increasing the impurity
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fraction, the Zn 3d core-level peaks appear, and show high incident photon energy, hv, dependence. The
impurity fraction dependence in the magnitude of the Zn 3d peak is unusual, indicating that this signal may
originate from the Zn atoms in the Mg host, and not in the ZngY g clusters or their fragments. Small spectral
changes are observed in the PES spectra, a small shoulder at about -7.8 eV and a large peak at about -12.0
eV. The IPES spectra show large impurity effects in the slope at about 3 eV and the tail beyond 5 eV.
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FIGURE 1. The valence-band PES and conduction-band IPES spectra of (a) pure a-Mg, (b) Mge7Zn1Y2, (c) MgssZneYs, and
(d) MgrsZnioY1s polycrystals indicated by the solid and dashed curves, respectively.

The thick solid curves in Fig. 2 show the Y 3d core-level PES spectra of the Mge7Zn1Y2, MgssZneYg, and
Mg7sZn10Y1s alloys from top to bottom measured at hv = 230 eV with the energy resolution of 0.23 eV.
The intensities are reduced by the Y 3ds, peak height with respect to the background at the shallower
energy of -153 eV. For the MgssZnsYs, and MgrsZnioYis alloys, mostly one doublet is observed, which
may originate from the Y atoms in the ZngYg clusters. On the other hand, the spectrum of Mge7Zn1Y> has
at least three doublets, suggesting that the Y atoms in this alloy exhibit different chemical natures. The
spectrum was fitted using three doublets, and the results are given by the dashed, dotted, and chain curves.
The largest one is located at the same energy of others, confirming that mostly a half of the Y atoms may
belong to the ZneY's clusters, and other two may indicate that the Y atoms are located alone in the host Mg
or in fragments of the L1, clusters. Detailed analysis is how in progress.

FIGURE 2. Y 3d core-level PES spectra measured at v = 230 eV. The spectra are fitted with at most three pairs of the Y
3ds/2 and 3dar2 core electrons (the dashed, dotted, and chain curves) and the background (the two-dot chain curve).
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In the recent fifteen years, novel Mg-based alloys with microstructures forming a long-period stacking
ordered (LPSO) structure, the so-called KUMADAI Magnesium [1], have achieved much attention due to
the potential for widespread applications as structural materials because these alloys are light-weighted
rather than Al. By adding a small amount of Zn and rare-earth (Y or Gd) impurities, the soft and flammable
Mg metal turns to much strong and non-flammable with high thermal stability. Because of such excellent
properties together with the ease of recycling, these Mg alloys are expected as next-generation structural
materials for, e.g., bodies of subways or even aircrafts.

According to an atomic-resolution angle annular dark field scanning transmission electron microscope
observations by Abe et al. [2], it was found that the Zn and Y impurities are enriched around the stacking
faults, and thus, this curious structure is referred to as the synchronized LPSO phase. The existence of
L1,-type clusters formed by the impurities in the Mg-Zn-Y alloys was proposed by Egusa and Abe [3],
which were composed of ZngYg and embedded in the stacking faults.

Recently, Okuda et al. [4] investigated the transformation process of amorphous-to-crystal in
MgssZnsYs LPSO alloy using small angle x-ray scattering. They found a novel hierarchical phase
transformation that the clustering of the impurity atoms occurs first, and the spatial rearrangement of the
clusters induces a secondary transformation leading to two-dimensional ordering of the clusters. From their
results, we expect that the seeds of impurity clusters are already implanted even in the amorphous phase.

The electronic structures will give valuable hints for the understandings of the electronic properties and
chemical natures of the Zn/Y impurities in the amorphous and crystalline Mg LPSO alloys, which may be
highly influenced for the stability of the L1, clusters. We have recently investigated the valence- and
conduction-band electronic structures of amorphous and crystalline MgssZnsYs alloys by measuring
photoemission and inverse-photoemission spectroscopies (PES and IPES), respectively. The core-levels
were also studied using core-level PES to examine the chemical natures of the constituent elements. From
these results, we found clear heterogeneous indications concerning the ZnsYg L1, clusters.

An amorphous sample was manufactured at Magnesium Research Center, Kumamoto University by a
normal melt-spinning technique. The amorphous phase of the obtained ribbons was examined by x-ray
diffraction and transmission electron microscopy. The composition of the sample was confirmed to be
nominal value within 1 at.% by an electron-probe micro-analysis equipment. The PES spectra were
measured using a spectrometer installed at BL-7 of HSRC. The IPES spectra were obtained using the
RIPES spectrometer at HSRC. All of the measurements were performed at room temperature.

Figure 1 shows the PES and IPES spectra of (a) crystalline and (b) amorphous MgssZneYg alloys. The
magnitudes of the PES spectra are normalized to the maximum values at about -6 eV, and the IPES spectra
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were normalized so that the intensities show 0.5 at 5 eV. The spectral features of the both phases look very
similar to each other.

PES c-MggsZngYg a-MgssZngYy

Normalized intensity (Arb. units)

Normalized intensity (Arb. units)

Energy (eV) Energy (eV)

FIGURE 1. The valence-band PES and conduction-band IPES spectra of (a) crystalline and (b) amorphous MgssZnsYo
indicated by the solid and dashed curves, respectively.

The thick solid curves in Fig. 2 show the Y 3d core-level PES spectra of amorphous (upper) and
crystalline (lower) MgssZneY alloys measured at the incident photon energy hv = 230 eV with the energy
resolution of 0.23 eV. The intensities are reduced by the Y 3ds, peak height with respect to the background
at the shallower energy of -153 eV. For the crystalline phase, mostly one doublet is observed, which may
originate from the Y atoms in the ZnsYs clusters. On the other hand, the spectrum of the amorphous phase
has at least three doublets, suggesting that the Y atoms in this amorphous alloy exhibit different chemical
natures.

FIGURE 2. Y 3d core-level PES spectra measured at v = 230 eV. The spectra are fitted with at most three pairs of the Y
3ds2 and 3ds2 core electrons (the dashed, dotted, and chain curves) and the background (the two-dot chain curve).

The spectrum was fitted using three doublets, and the results are given by dashed, dotted, and chain
curves. The largest contribution is located at the same energy of that of the crystalline phase, confirming
that mostly a half of the Y atoms may belong to the ZngY's clusters, and other two indicate that the Y atoms
are located alone in the host Mg or in fragments of the L1, clusters. Detailed analysis is now in progress.
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After the pioneer work by Dr. Matsuno[1], there had been no report on the systematic study of
electronic structure of layered Perovskite compounds of 3d transition metal oxides. While the former
study is on thin films, recently high quality bulk samples are available [2,3]. In this study, we performed
photoemission measurements of bulk Sr,MO, with M = V(3dl), Cr(3d2), Mn(3d3) and Sry+1Cr,O3,4; With
n=1, 2,3 at BL-07 in HiSOR.

Figure 1 shows valence band photoemission spectra of Sr,MO,4 (M =V, Cr, Mn) obtained by hv = 60 eV.
Those spectra contains mainly two components ; (A) huge peak around -5 eV mostly due to O 2p (B)
relatively small but finite humps below -3 eV probably due to 3d (and lower Hubbard) bands. With
increasing the 3d electron number, the intensity (B) increases.

Sr,VO,
- SFQCFO4
- SrQMnO4

Intensity (arb. units)

-8 -6 -4
Energy (eV)

FIGURE 1. Valence band photoemission spectra of Sr,MO,4 (M =V, Cr, Mn) obtained by hv = 60 eV.
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FIGURE 2. Valence band photoemission spectra of Sty Cr,Os,+; (n= 1~3) obtained by hv = 60 eV.

Figure 2 shows valence band spectra of Srp,Cr,Os41 (n= 1~3) obtained by hv = 60 eV. With
increasing the n (the number of the CrO, layer), the humps around -1.2 eV are broadened and the intensity
at Fermi level is increased. The increase of the n corresponds to the increase of the dimensionality (from
2 dimensional to 3 dimensional). In the limit of n -> o0, Sry4;Cr,O3,+1 becomes SrVO;, which is known
as a correlated metal.  This trend is consistent with our results

A first principle calculation [4] predicts that Sr,CrO4 shows negative charge transfer (A < 0). Now we
are trying to evaluate physical parameters such as U and A within cluster model.
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Monolayer sheets of group IV materials such as Si and Ge were also predicted to have Dirac cone
analogous to graphene. They are composed of buckled honeycomb structure which is predicted to introduce
very curious physical properties, such as quantum-spin Hall effect and tunable band gap by external electric
field [1,2]. These properties are more likely to be able to observe in germanene as compared with silicene
owing to its relatively large spin-orbit coupling [2]. Currently, formation of germanene has been reported
mainly on metal substrates such as Au(111), Pt(111), Al(111), and so forth. [3-5]. However, it is still
controversial whether the reported germanenes have Dirac cone. We have recently reported that germanene
is formed on Al(111) surface with a periodicity of Al(111)N7x\7 [6], which is different from the
previously reported 3x3 phase [4]. However, the electronic band structures of both \7x7 and 3x3 phases
have not yet been reported. Thus, we have studied on the electronic band structure of the germanene with
\7x\/7 phase measured using angle-resolved photo emission spectroscopy.

bare Al(111) Ge/Al(111)

| 1
N =

Energy (eV)
W

00 05 1.0
k (A

FIGURE 1. Band dispersions for clean Al(111) along I'-K direction of Al(111) brillouin zone obtained by ARPES.

Figure 1(a) shows the band dispersion for a clean Al(111) obtained along I"-K direction of Al(111)
brillouin zone. The band dispersion after germanene formation is show in Fig. 1(b), in which two linear
bands crossing at I point are seen. We then calculated the band dispersions along the same direction as
the spectra shown in Fig. 1 by using DFT. The atomic structure of germanene reported in ref. 6 is
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adopted in the calculation. From the DFT calculation, it is suggested that the newly formed bands are
caused by subsurface Al layers rather than by top germanene layer.
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Tungsten (W) is a refractory metal ranging in applications such as armor material in magnetic
fusion devices or as replacement of copper metallic interconnects in microelectronics. In such
applications, the bce cubic crystal structure a-W is used. An alternative Al5 structure, B-W, is
meta-stable and is considered for use in spintronic devices. Spintronic devices utilize both the charge
and the spin of electrons and have the potential to overcome issues facing conventional semiconductor
electronics. The transfer efficiency of the charge-to-spin current is defined by the spin-Hall angle
which is ~0.3 for B-W in comparison to <0.07 for a-W at 300 K. Many studies have examined the
magnitude of the spin Hall angle as a function of W structure, but to date, hardly any experimental
measurements of the electronic states of B-W have been reported.

The reason for the large magnitude of the spin Hall angle in B-W is presently not known. The spin
Hall effect can arise: (1) extrinsically, such as asymmetric scattering for spin-up and spin-down
electrons from impurities, or (2) intrinsically, where spin imbalance occur as a result of the band
structure even in the absence of scattering. Recently, first principle calculations have shown that the
spin Hall angle of the transition metals like W depends on the electron filling of the d-orbitals (i.e.
band structure related) suggesting spin Hall effect arises from intrinsic properties [1]. Clarifying
whether the spin Hall effect arises from extrinsic or intrinsic properties is the first step in
understanding and thus controlling the spin Hall effect in B-W. The experimental goal was thus to
characterize the electron density of states of deposited B-W films by measuring high-resolution
valence band spectra near the Fermi level and making comparison to reference a-W.

Thin (~50 nm) a-W and B-W films on silicon substrates were produced using physical vapor
deposition technique. The mechanical and structural properties were characterized using a
combination of X-ray diffraction and picosecond ultrasonic measurements [2]. The elastic constants
of pure a-W and -W were 5—-10% lower than the reported bulk values for a-W. The calculated elastic
constants using density functional theory agreed within 10% of the experimental values.

Figure 1(a) shows the photoelectron spectroscopy (PES) results of a-W film as function of
in-vacuo Ar sputtering time. The tungsten oxide layer formed due to air transport is sputtered away
following approximately 25 minutes of Ar sputtering (1 keV). Figure 1(b) compares the photoelectron
spectrum between a-W and B-W samples. Fine difference in the structure between -2 and -4 eV is
observed. Specifically, a-W clearly shows a double peak structure, which is less prominent in -W.
Figure 2 shows preliminary results of calculated valence bands for a-W and -W, respectively. The
calculations are qualitatively similar to the experimental results with the o-W exhibiting a sharp
two-peak structure between -2 and -4 eV, which is less prominent in B-W. However, such
comparisons in peak magnitudes are complicated by the fact that there is an additional broad peak
observed between -4 and -6 eV in experiments. This signal continuously decreases with increasing
sputtering time as illustrated in both Figures 1(a) and (b) - suggesting partial contribution from
oxygen contamination. While calculations also show a peak between -4 and -6 eV, it is not possible at
this stage to associate such structure entirely to W due to the possible oxygen contamination. Future
work performed on bulk high purity W samples are planned to clarify this effect. These experiments
lay the groundwork in performing PES on thin magnetic multilayered B-W films (e.g. W-Mn) and
further analysis of the data should provide insight into the spin orbit interaction difference in o-W and
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B-W which is responsible for the spin hall and inverse spin hall effect.
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FIGURE 1. Photoemission spectra for (a) a-W as function of Ar sputtering time, and (b) comparison of a-W and p-W
samples showing the difference in peak structure between -2 and -4 eV.
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FIGURE 2. Calculated valence band spectra of a-W and B-W samples, respectively.
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INTRODUCTION

Various narrow gap semiconductors and semimetals possessing band structure with non-trivial
topological number have been attracting great interest due to their spin textured surfaces states which can
be applied for the future spintronics devices [1-8]. In addition, the coexistence of electron and hole carriers
can provide dramatic transport properties such as non-saturating magnetoresistance [9-16]. Among the
semimetals with non-saturating magnetoresistance, electronic structure of WTe; has been studied in detail
by means of angle-resolved photoemission spectroscopy (ARPES) [17-19]. A pair of electron pockets and
hole pockets were reported in refs. 17 and 18 whereas five hole pockets and four electron pockets were
identified in ref. 19. It is difficult to reconcile the three different ARPES results by chemical potential shift
alone. The authors of ref. 19 pointed out that the number of Fermi surfaces is very sensitive to atomic
position and the observed nine Fermi surfaces would be explained by calculation with some atomic
arrangement. However, the band dispersions near the Fermi level reported in the three ARPES works
largely deviate from band structure calculations which cannot be explained by adjusting atomic position. In
this content, it is interesting and important to examine the band dispersion considering their orbital
character and to reconsider the assignment of Fermi surfaces.

EXPERIMENTAL

ARPES measurements were performed at beamline 9A of Hiroshima Synchrotron Radiation
Center(HiSOR). The base pressure of the spectrometer of HISOR BL-9A was in the 10 Pa range. The
crystals were cleaved at 300 K under the ultrahigh vacuum and then cooled to 20 K for the ARPES
measurements. The ARPES data were obtained within 12 hours after the cleavage. The total energy
resolution was set to about 15 meV for excitation energies of 22.9-33.9 eV in order to observe the valence
band top near the zone cernter (I or Z point). Binding energies were calibrated using the Fermi edge of
gold reference samples.

RESULTS & DISCUSSION

Figure 1 shows band maps near the zone center constructed from second derivatives of energy
distribution curves. The observed band dispersions are compared with the band-structure calculation
indicated in the right panel of Fig. 1. At photon energy of 22.9 eV, one hole pocket at the zone center and
two electron pockets around k ~ -0.3 and 0.3 A are observed as predicted by the calculation. Their
observed positions are much closer to the zone center than the calculated positions. In addition, the hole
band at the zone center is very flat compared to the calculation. The photon energy dependence of the hole
band excludes possibility of surface states. Therefore, the poor agreement between the experiment and
theory can be assigned to correlation effect between W 5d holes and electrons near the Fermi level. The
present results suggest that electron-hole correlation effect or excitonic correlation should be taken into
account for understanding of transport properties of WTe,.
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FIGURE 1. Band maps near the zone center of WTe: taken at photon energies of 22.9 eV (left) and 25.9 eV (middle).
The right panel shows band structure calculation around T pioint.

CONCLUSION

In conclusion, we have studied the electronic structure of WTe, by means of angle-resolved
photoemission spectroscopy and band structure calculation. The valence band top reaches the Fermi level
and forms a complicated hole pocket around the zone center. In addition, two electron pockets are
observed besides the hole pocket which are modified from the prediction of band calculation. The
disagreement between the experiment and theory indicates importance of electron-hole correlation in
WTes.
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INTRODUCTION

The recent discovery of ultrahigh thermoelectric performance in hole-doped SnSe has shown that band
engineered SnSe is one of the key materials for the future thermoelectric devices [1]. The performace is
determined by the dimensionless figure of merit ZT:

S?o
ZT = TT

where S, o, k and T are the Seebeck coefficient, the electrical conductivity, the thermal conductivity
and the temperature. SnSe has a layered structure constructed with strong bonds along the b-c plane and
weak bonds along the a-axis as shown in Figure 1(a) [2]. SnSe commonly exhibit high thermoelectric
performance with the large Seebeck coefficient due to the multiple valence band maxima [4]. The Seebeck
effect of SnSe is enhanced by the smaller energy separation between the multiple valence band maxima [5].
Although band structure calculations on SnSe are consistent with the transport properties [6-9], it is rather
difficult to estimate the effect of Na doping from the theoretical calculation. The Na doping is expected to
introduce atomic and electronic disorder to the system in a complicated manner which should be studied
using spectroscopic experiments.

EXPERIMENTE

Single crystals of SnSe and SnogssNapo1sSe were grown as reported in the literature [1]. ARPES
measurements were done at beamline 9A of HiSOR. The crystals were cleaved at 300 K under the
ultrahigh vacuum of 10 Pa range and then gradually cooled to 20 K for the ARPES measurements at
various temperatures. The ARPES data were obtained within 12 hours after the cleavage. The excitation
energy was set to 22.8 eV in order to observe the valence band top of the surface including T point.
Binding energies were calibrated using the Fermi edge of gold reference samples. The total energy
resolution was 22 meV.

RESULTS & DISCUSSION

In the ARPES measurement for Na-doped SnSe, multi hole pockets are observed around the Fermi
level as shown in Figure 1(b). The valence band maximum touches the Fermi level around the Z point
[Figure 1(c)]. The band structure of SnSe and Na-doped SnSe is basically consistent with the band
structure calculations as reported elsewhere [10]. There are recent ARPES works on SnSe by Wang et al.
[11] and Pletikosi¢ et al. [12]. In the present work, the energy position of the valence band maximum is ~
200 meV below the Fermi level. On the other hand, it is located at the Fermi level in the work by Wang et
al. [11] indicating that the SnSe crystals by Wang et al. are hole doped due to some defects. In the study by
Pletikosi¢ et al. [12], it is located ~ 120 meV below the Fermi level which is slightly smaller than the
present result. After confirming the band structure, we performed ARPES for SnSe and Na-doped SnSe
with changing temperature. From changing temperature, the chemical potential shift of SnSe and Na-doped
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SnSe are estimated. The large chemical potential shift of SnSe is consistent with that of undoped
semiconductors. On the other hand, the chemical potential shift of Na-doped SnSe is also large compared
to that expected for degenerate semiconductors. Although the observed band structure of Na-doped SnSe is
consistent with the electrical conductivity expected for a degenerate semiconductor, the large chemical
potential shift and the large Seebeck coefficient of Na-doped SnSe indicate that the carriers in Na-doped
SnSe have localized character.

(a) (b) (c)

Binding Energy (eV)

-0.4 0.0 0.4

-1 04 08
hor CA) kz (A7)

FIGURE 1. (a) Crystal structure of SnSe created by VESTA[3]. (b) Mapping of the ARPES intensity at the valence ban
maximum in the BZ of Na-doped SnSe. (c) Energy versus momentum maps along the T'-Z direction (k. cut) for Na-doped
SnSe.

CONCLUSION

In conclusion, the present ARPES study has revealed that the valence band top of SnSe reaches the
Fermi level by the Na doping, and that Na-doped SnSe can be viewed as a degenerate semiconductor. This
behavior is consistent with the canonical hole doping in semiconductors and with the electrical
conductivity of Na-doped SnSe. However, in Na-doped SnSe, the chemical potential shift with temperature
is unexpectedly large, inconsistent with the degenerate semiconductor picture. The large chemical potential
shift suggests that the holes in Na-doped SnSe cannot be described by a simple itinerant picture or by a
simple impurity level picture.
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On the surface of solids, space inversion symmetry breaking
combined with strong spin-orbit (SO) coupling lifts the spin-
degeneracy. In the past decade, such spin-polarized states have been
extensively investigated for Rashba surface states and topological
surfaces states. In the conventional model to describe these states,
the eigenstates split by the SO-interaction are treated as pure spin
states, which are fully helical spin-polarized, thus protected from
backscattering. However, this assumption is generally broken in real
materials because the SO coupling can mix different orbital states  Figure 1. Sketch of the spin-
with orthogonal spinors to generate an eigenstate of quasiparticles.  orbit coupling state in Dirac-
Therefore, it is essentially important to experimentally explore the ~ cone-like topological surface

. - . state  (in  plene orbital
SO coupling effect not only on the lifting of spin degeneracy but also componets) [1].
on the orbital wave-functions as eigenstates. Recently, some groups
have reported, by using angle-resolved photoemission spectroscopy
(ARPES) at 37-67 eV, evidence for this effect of SO coupling and its strong momentum dependence
in a topological insulator BiySe; [1]. In particular, the momentum dependence of the orbital
components was deduced from the obtained photoelectron intensity angular distributions (PIAD),
which was consistent with theoretical predictions (Fig. 1) [2].

In this study, we have performed ARPES with low-energy photons ranging over 6.4-21 eV at
BL-9A of HiSOR, and directly mapped PIAD in the two topological insulators, Bi>Se; and T1BiSe:.
We have obtained two important results: One is that the PIAD measured for the two materials at
higher photon energies share the similar fearture which shows a good agreement with the
previsouly reported orbital texture [1]. Second is that the PIAD, however, exhibits a significant
photon energy dependence when the low photon energies below 17 eV are used. This dramatic
photoen energy dependence suggests that complex matrix element effect contributes to the PIAD
pariculary for the measurements at low photon energies.

Figure 2 presents the PIAD patterns of the topological surface states in Bi,Ses (al)-(a3) and T1BiSe;
(b1)-(b3) obtained at various photon energies of s-polarized light. In Bi,Se;, we detect large
intensties of photoelectrons around (k, k,)=(+kg, 0) at 17 eV, while the intensity gets very weak
around (0, k) [see Fig. 2 (a3)]. This PIAD pattern is consistent with that in the previous works
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Figure 2. The PIAD patterns of the topogological surface states in (al)-(a3) Bi,Se; and (b1)-(b3) TIBiSe:.
These patterns were obtained by various photon energies and s-polaized light indicated by arrows.

[1], which attribute it to the momentum dependence of orbital component, so-called orbital-texture
[2]. We observe the similar PIAD pattern in TIBiSe, at 17 eV [see Fig. 2 (b3)], and also no photon
energy dependence at higer photon energies. On the basis of these resutls, we conculde that the SO
coupling in these two materials establishes the smilar orbital texture.

Interestingly, we find that the PIAD pattern drastically changes in both materials when lower
photon energies are used [Fig. 2(al)-(a2) and (b1)-(b2)]. For example, in Bi,Se;, we see the
different PIAD pattern at 11.5eV [see Fig. 2(a2)], in which the photoelectron itensityies get large
around (0, +k¢), but weaker around (g, 0) with a sharp contrast to the PIAD for 17 eV [Fig. 2(a3)].
At lower photon energies, the PIAD pattern is, however, found to show back to the same as that for
17 eV. Furtheremore, we find the similar photon energy dependence of the PIAD pattern in TIBiSe,,
[Fig. 2(b1)-(b2)]. Thease resutls indicate that the PIAD pattern can be changed by the photon
energy paricularly less than 17 eV, probablly due to the matrix element effect. To unravel the origin
of these PIAD patterns and their photon enery dependence, further systematic investigations
combined with one-step theorey are strongly required.
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While a huge effort has been made to elucidate the mechanism of high-transition-temperature
(high-T.) superconductivity in cuprates, the consensus on it has not reached yet. These materials
significantly change physical properties with carrier doping. In particular, one of the most
fascinating features in cuprates is pseudogap state, which appears in the underdoped regime. The
pseudogap develops around (m,0), and angle-resolved photoemission spectroscopy (ARPES)
observes arc-like intensities of photoelectrons around the gap node. The understanding of this
unique phenomenon is a hot topic in this field. There are manly two notions about the role of the
pseudgap state on the superconductivity: One is that it is a precursory phenomenon of
superconducting state, and the other is that it is rather competing against superconducting state. It
is crucial to fully understand the relationship between the psugogap and superconductivity to
elucidate the mechanism of high-7¢ superconductivity in cuprates.

In this study, we have performed ARPES measurements to investigate the temperature
dependence of energy gaps (superconducting gap and pseudogap) in Bi;Sr,CayCuzOi¢:5(Bi2223)
with triple layers of CuO, in unit cell. Previous report on the same compound measured the
antinodal spectra by using He la (21.218 eV) in the temperature range from 40K to 170K [1].
After this report, it was revealed that Bi2223 has actually two bands with different magnitudes of
superconducting gap by using low photon energies (7-11eV) [2]. This anomaly in the trilayer
system has been attributed to non-uniform distribution of doped carriers over the CuO, layers. It
is therefore significant to investigate the behavior of superconducting gap and pseudogap at
elevated temperatures for each band in Bi2223 to understand the nature of these gaps.

We have carried out ARPES measurements at BL-9A of Hiroshima Synchrotron Radiation
center. The samples of single crystals were cleaved in sifu to prepare a clean surface required to
obtain sharp spectra. The photon energy used was hv = 22 eV, which selectively observe the
band with smaller superconducting gap. Energy resolution was set to 14 meV in our
measurements.

The physical properties we focus on is the loss of spectral weight at the Fermi level (Er) due
to a gap opening [arrows in (c)]. Before extracting these values, the original spectra obtained are
symmetrized about the Fermi level to eliminate the effect of Fermi cut-off near Er. Moreover,
each curve is normalized to its area in order to investigate the intrinsic temperature variation of
the spectral weight. We found that the estimated values become constant at high temperatures,
signifying that there is no gap at these temperatures. Our important finding is that a decrease of
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the spectral weight at Er due to a gap opening starts round 250K upon cooling. This result is
consistent to the pseudogap temperature estimated from the resistivity behavior of Bi2223 [3].
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Fig. 1. (a) Schematic Fermi surfaces in Bi2223. Red and blue curves indicate two different bands.
(b) ARPES dispersions measured in the direction marked by an arrow in (a). (¢) Temperature
scan of EDCs at a kr pointed by an arrow in (b) over a wide range from 6K up to 300K. The
original spectra obtained are symmetrized about E. to eliminate the Fermi cut-off. (d)

Temperature variation of the spectral loss at the Fermi level [arrow in (c)].

In summary, we report ARPES studies on temperature dependence of Bi2223 around the antinode.
We have investigated the temperature evolution of pseudogap at hv = 22 eV, and obtained a
pseudogap temperature higher than that in the previous report mostly owing to a precise
estimation of it using detailed spectral weight. For the next step, we will investigate the other
band with a higher superconducting gap by tuning photon energies especially around low
energies (8-10 eV) to fully understand the nature of pseudogap state in Bi2223.
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While the energy scales of phonons appear in the superconducting gap function A(w) in conventional
BCS superconductors, the A(w) of the high-T. cuprate superconductors has not been investigated well by
experimental studies because of the complexity in the d-wave superconducting gap. In previous angle-
resolved photoemission (ARPES) studies, self-energy analyses have been done mostly in the nodal
direction where the superconducting gap closes. In order to approach the information of the Cooper paring,
the self-energy in the anti-nodal direction in the superconducting state is important. Several ARPES studies
have reported the self-energy for the spectra with superconducting gap [1,2] and pointed out that there is
bosonic structure in the self-energy. However, the origin of the bosonic mode has not been clarified yet.

Recently, the analysis of the two-dimensional Hubbard model calculated with the cellular dynamical
mean-field theory (CDMFT) have shown that the energy scale of the pole in the normal and anomalous
self-energies does not appear in the spectral function, while they have a pole at the same energy [3,4]. This
is because the pole in the both self-energy cancels out each other in the total self-energy. The origin of the
pole has been interpreted as composite fermions.

In the present study, we have performed ARPES study of the optimally doped Bi,Sr.CaCu0sg:s
(Bi2212) (T = 91 K) and have extracted the self-energy from the ARPES spectra. As shown in Fig. 1(a),
the ARPES spectra in the off-nodal direction are symmetrized by assuming electron-hole symmetry. By
applying the Kramers-Kronig transformation, we have obtained the total self-energy along the cut direction
as shown in Figs. 1(b)(c). Here, bare electron band dispersion & is assumed as indicated by red line in
panel (a). In addition to ~70 meV kink structure, clear dispersive structure appears near the Er.

Total self-energy Ziwi(k,®) in superconducting states is given by following formula

Ecmo(w)z
W+ & + Zpor(—w)*

it () = Zpor(w) +

where Znor(®) and Zano(w) are normal and anomalous self-energy, respectively. In Figs. 1(b) and 1(c), the
total self-energy shows a sharp and clear dispersive structure near the Er as indicated by light blue dotted
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lines. This structure is originated from the pole in the second term of the formula mentioned above and
indicates a renormalized “hole” band near the Er. Such a strong renormalization has been pointed out in
previous self-energy analysis in the superconducting states [5] and may be related to small kink in the
nodal direction [6]. While the renormalization near Er has been interpreted as the effect of impurity
scattering [5], the origin of the small kink in the nodal direction has been interpreted as phonon mode [6].
Such a low-energy mode appears in the superconducting states has important implications for the origin of
the high-T. superconductivity.

FIGURE 1. ARPES spectra of Bi2212 in the off-nodal direction taken at T = 10 K and total self-energy. (a) Symmetrized
ARPES spectra corresponding to spectral function A(k,®). (b) (c) Real and imaginary part of the total self-energy deduced
from A(k,®) by applying Kramers Kronig transformation.
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