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In the strongly correlated 4f-electron system, the hybridization of conduction and 4f electrons (c-f
hybridization) produces the various physical properties such as heavy-fermion behavior, magnetic transitions,
valence fluctuation and superconductivity. Recently, Ohara ef al. has discovered new Yb-based Kondo lattice
compounds YbNi;Xy (X=Al, Ga) [1]. YbNi;Aly is a heavy-fermion antiferromagnet with the Néel temperature
of Ty=3.4 K while YbNi;Gay a non-magnetic valence fluctuation compound [1]. We have investigated their
electronic structure by means of hard x-ray photoemission spectroscopy (PES) at hv = 6 keV and revealed that
the Yb valence is nearly 3 for YbNizAly, while around 2.5 for YbNi;Gay, indicating the strong c-f hybridization
[2]. In this study, we have carried out angle resolved PES (ARPES) on YbNi;Gay in order to clarify their band
structures due to the strong c-f hybridization near the Fermi level (Ef) and also on the reference compound
LuNi;Gag for comparison. The ARPES experiments were performed at undulator beamline BL-1 of Hiroshima
Synchrotron Radiation Center (HSRC). The ARPES spectra were collected at hv = 50 eV and 12 K along the
I'M and I'K direction of the surface Brillouin zone.

Figure 1 shows the ARPES intensity plots of LuNi;Gay along I'M and 'K directions taken with the p-
polarized configuration. A vertical axis represents binding energy relative to Er and a horizontal axis angle
along each direction. Bright area corresponds to the energy dispersions. We notice three or four bands crossing
Er and forming hole pockets around the I' point. An electron pocket observed around +10 deg. along I'M
disappears along I'K. The most intense band around 15 deg. along I'K, which is not detected along I'M, makes a
small pocket around K point. Although obtained ARPES intensity plot of YbNi3Gay is blurred, the c-f
hybridization gap is marginally detected.
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FIGURE 1. ARPES intensity plots of LuNizAlg along (a) I'M and (b) 'K directions measured at hv = 50 eV.
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Two-dimensional layered materials such as transition-metal dichalcogenides (TMDs) recently have
attracted research interests due to its novel physical properties [1-3]. First, the broken inversion
symmetry in the crystal structure leads to large contrast between the two sets of “valley” in band
structure and spin texture. Similar to spintronics, the concept of “valleytronics” is put forward for its
potential application [3]. Second, the electronic structure of TMDs shows strong quantum confinement
effect. By decreasing the sample thickness down to monolayer, various novel properties have been
predicted and verified experimentally. For example, an indirect-to-direct bandgap transition from bulk
to monolayer thin film has been reported for MoSe, [4]. However, so far research efforts on TMDs
have focused only on a few materials such as MoS,, MoSe,, WS, and WSe,. A large number of other
members in TMDs family with various thickness remain unexplored due to the difficulty of sample
growth. Here, we report a method for growing monolayer PtSe, -- a heretofore-unexplored member of
the single-layer TMDs family — by direct selenization on Pt substrate. The PtSe, is verified by LEED
and ARPES measurements. More importantly, ARPES measurements show monolayer PtSe, is a
semiconductor with a sizable gap, which is very different from the semiconducting bulk PtSe,. Such a

gap may have potential applications, e.g. in photocatalysis.
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FIGURE. 1 (a) LEED pattern of as-grown monolayer PtSe,. The spots indicated by blue, red and
white circles are from Pt substrate, PtSe, and 3x3 superlattice respectively. (b) XPS data obtained
during sample growth at 25 °C, 200 °C and 270 “C respectively. From Ref. [7].

The monolayer PtSe, thin film is grown by a simple method — annealing Pt(111) substrate after
depositing Se on the surface. The annealing temperature was slowly increased up to about 270 °C.
Figure 1(a) shows the LEED pattern after growth. By calculation, we identify that the spots indicated
by red arrow are from PtSe,. There are three orientations observed in LEED pattern, however only the
one parallel to Pt(111) is dominant. The other spots indicated by white arrow in LEED pattern are from
a 3x3 reconstruction due to mismatch between the lattice constants of PtSe, and Pt(111). The XPS
measurement are used to monitor the growth process and shown in Fig 1(b). At room temperature, the
Se 3d core level splits into two peaks. After annealing to 270 °C, the two peaks evolve into the other
two peaks at lower binding energy corresponding to Se” state. This result further confirms the

formation of PtSe,.

The electronic band structure of PtSe; thin film is investigated using angle-resolved photoemission
spectroscopy. Figure 2 shows the ARPES data along the high symmetry direction. Figure 2(c) are the
raw data and Figure 2(d) is the second derivative spectrum of the raw data to enhance visibility of the
bands. Comparing with DFT calculation (Fig 3(c)), we find our data has best agreement to the band
structure of monolayer PtSe,, confirming that our sample has thickness of monolayer. In further
calculation, the energy band of monolayer and bulk PtSe, have different structure: the monolayer one is
semiconducting with a gap of 1.2 eV and the bulk one is semimetallic [5]. Such a transition in
electronic structure [6] provides potential applications, for example, in the area of optoelectronics and

photocatalysis.
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FIGURE. 2 (a) the overview of ARPES result. (b) measured ARPES data along K- I'-M-K high
symmetry direction. (c) the calculated band structure of monolayer PtSe, by DFT, showing an energy
gap of 1.2 eV. (d) the second derivative spectrum of (b), which is superposed by the calculation result

(green dashed lines) from (c).

In summary, we have successfully grown monolayer PtSe, thin film by direct annealing Pt substrate
to 270 “C after depositing Se on it. LEED and XPS measurements confirm the formation of PtSe, with
high crystalline quality. ARPES measurements reveal the band structure of monolayer PtSe, for the
first time, showing its semiconducting behavior and suggesting the potential applications. This work

has been published in Nano Lett. [7].

REFERENCE

[1] Q.H. Wang et al., Electronics and optoelectronics of two-dimensional transition metal dichalcogenides. Nat.
Nano. 7, 699-712 (2012)

[2] M. Chhowalla et al., The chemistry of two-dimensional layered transition metal dichalcogenide nanosheets,
Nat. Chem. 5, 263 (2013).

[3] X.D. Xu et al. Spin and pseudospins in layered transition metal dichalcogenides.Nat. Phys. 10, 343-350 (2014)

[4] Y.Zhang et al., Direct observation of the transition from indirect to direct bandgap in atomically thin epitaxial
MoSe2, Nat. Nano. 9, 111-115 (2014)

[5] D. Dai et al., Trends in the structure and bonding in the layered platinum dioxide and dichalcogenides PtQ2
(Q=0, S, Se, Te), J. Solid State Chem. 173, 114 (2003).

[6] H.L. Zhuang and R.G. Hennig, compuetational search for single-layer transition-metal dichalcogenide

photocatalysis, J. Phys. Chem. 117, 20440 (2013).



[7] Yeliang Wang', Linfei Li', Wei Yao', Shiru Song’, J.T. Sun, Jinbo Pan, Xiao Ren, Chen Li, Eiji Okunishi,
Yu-Qi Wang, Eryin Wang, Yan Shao, Y.Y. Zhang, Hai-tao Yang, Eike F. Schwier, Hideaki Iwasawa, Kenya
Shimada, Masaki Taniguchi, Zhaohua Cheng, Shuyun Zhou*, Shixuan Du*, Stephen J. Pennycook, Sokrates
T. Pantelides and Hong-Jun Gao*, “Monolayer PtSe,, a new semiconducting transition-metal-dichalcogenide,
epitaxially grown by direct selenization of Pt”, Nano Lett., in press (DOI: 10.1021/acs.nanolett.5b00964)
(2015) http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b00964




14-A-18 BL-1

Angle-Resolved Photoemission Study of
Heavy Fermion Compound EuNi,P,

H. Anzai®, K. Ichiki®, A. Hariki®, R. Takeshita®, H. Iwasawa’, Eike F. Schwier”,
K. Shimada®, H. Namatame®, M. Taniguchi’, A. Mitsuda’, H. Wada®, and K. Mimura™°

* Graduate School of Engineering, Osaka Prefecture University, Sakai 599-8531, Japan
b Hiroshima Synchrotron Radiation Center (HSRC), Hiroshima University, Higashi-Hiroshima 739-0046, Japan
¢ Graduate School of Science, Hiroshima University, Higashi-Hiroshima 739-8526, Japan
4 Graduate School of Science, Kyushu University, Fukuoka 812-8581, Japan

Keywords: f-clectron, Electronic structure, angle-resolved photoemission spectroscopy.

Europium compounds are known to show a variety of magnetic and thermal properties due to existence of two
components of Eu”" and Eu’" states [1]. In particular, EuNi,P, has received much attention because it shows
both mixed-valence and heavy-fermion behaviors. Indeed, the Mdssbauer isomer-shift measurements show that
EuNi,P, is a mixed-valence compound, which varies its Eu mean valence between 2.25 at 300 K and 2.50 at
zero temperature [2], and the coefficient of electronic specific heat is a large value of y ~ 100 mJ/ (K*-mol) [3].
It has been recently found that the single crystalline EuNi,P, shows an anomalous thermal expansion and its
scaling relation to the Eu mean valence [4]. The 4f electronic contribution to the thermal volume expansion,
(AV /V)4, decreases rapidly below 100 K and scales very well to temperature dependence of the Eu mean
valence. This anomalous shrinkage of the (AV /V), reflects the evolution of the heavy fermion state in EuNi,P,
with decreasing temperature and may be related to the hybridization between the Eu 4f states and conduction
bands [4]. Hence, the electronic structure near the Fermi energy (Er) provides important information for
understanding of the mechanisms of the heavy fermion state in EuNi,P,.

Here, we report the angle-resolved photoemission spectroscopy (ARPES) measurements of the electronic
structure of EuNi,P,, revealing that Ni 3d,, and/or d,. states are relevant to heavy-fermion behavior. The
ARPES measurements were performed at BL-1 of Hiroshima Synchrotron Radiation Center, where two
different polarization geometries of horizontal (p polarization) and vertical (s polarization) are achieved, as
schematically shown in Fig. 1(b). All the data were taken with 70 eV photons in the s polarization geometry.
The samples were cleaved in situ and kept under ultrahigh vacuum better than 5 x 10" Torr. Total energy
resolution was set to 25 meV.

The electronic structure of EuNi,P, taken with s-polarized photons is shown in Fig. 1. The band structures as
indicated by the dashed curves in Fig. 1(c) are guides to the eyes. Three bands, o, 3 and y, have been clearly
identified, indicating their odd nature with respect to the mirror plane. Therefore, these bands are attributed to
3d,, and/or d,. orbitals. The o band crosses Er and forms a hole pocket around X point, as shown in Fig. 1(a).
We note that some certain bands may be missing in the measurements due to the matrix element effects and the
energy resolution [5]. Further investigations for data taken with the p-polarized photon are in future work.

The temperature dependence of energy distribution curves (EDCs) is shown in Figs. 1(d) and 1(e). At the X
point, two peaks corresponding to the f§ and y bands are observed around |w| ~ 1.7 and 0.7 eV, respectively.
Whereas the rising peak of the y band is due to the thermal sharpening effect, the peak of the § band suddenly
rises below 180 K. At the I point, a broad shoulder around |w| ~ 1.2 eV evolves into a sharp peak structure with
decreasing temperatures. In order to reveal the relation between this anomalous evolution and heavy fermion
state, we have quantified the intensity change of the 3 band from the temperature-dependent EDCs. The change
between maximum and minimum intensities is normalized 100% after subtracting the linear background. As
shown in Fig. 1(f), the change of the intensity both at I" and X points starts around 150 K and tends to have no
saturation at low temperatures. This temperature dependence is consistent with the overall feature of the 4f
electronic contribution to the thermal volume expansion (AV /V)4r[4].
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Figure 1. Electronic structure of EuNi,P, taken with s polarized photons. (a) Photoemission intensity map as functions of
k, and k, integrated over 0 < |o| < 0.2 eV. The dashed curves are guides to the eyes obtained by tracking the Fermi
crossings. (b) Experimental setup for polarization-dependent ARPES, and the odd symmetry of the 3d-orbitals with respect
to the mirror plane. (c¢) Photoemission intensity /(k, w) measured at 15 K along the cut #1 in the I'-X direction. [(d) and (e)]
The temperature dependence of EDCs at (d) X point and (e) " point. (f) The intensity change of the § band as a function of
temperature. The peak intensity is obtained by integrating the spectral weight of the EDCs over a window of 1.0 < || < 2.9
eV after subtracting a phenomenological linear background. Then, the peak intensity is normalized by the value of
maximum and minimum intensity. Temperature dependence of the 4f-electron contribution to the volume thermal expansion
(AV /V)4yis also shown as red open circles on the right axis [4].

Previous photoemission spectroscopy measurements for Yb compounds have revealed that the Kondo
resonance peak near Er abruptly rises below the temperature of valence transition [6]. This intensity variation
has been attributed to the hybridization between the conduction and Yb 4f electrons [6,7]. Although the peak
energy of the § band is far below that of the Kondo resonance peak in Yb compounds, the result presented in
this study may be derived from the strong hybridization between Ni 3d and Eu 4f states. Such hybridization
leads to a reduction of the 4f electrons, and result in the heavy fermion and the valence fluctuating state
approaching the trivalent Eu configuration at low temperatures [2,3,4].

In summary, we have studied electronic structure of EuNi,P,. ARPES data taken with the s-polarized photons
reveal one hole-like Fermi surface around the X point. The spectral weight of Ni 3d,, and/or d,. band rapidly
grows with decreasing temperatures, and its behavior is consistent with the intensive shrinkage of the (AV /V)4/
at low temperature. Our results suggest that the strong hybridization effect plays an essential role for the heavy
fermion state in EuNi,P,.
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In the last decade, the spontaneous magnetization appearing in nanosized metals which are nonmagnetic in
the bulk shape has been reported. From the stand point of Stoner’s criterion, this phenomenon is explained that
the increase in the density of states near Fermi energy occurs by nanoscaling in metals. Recently, we
investigated the magnetism of Pd(100) thin films by magnetic measurements and X-ray magnetic circular
dichroism [1], motivated to the findings that the large spontaneous magnetization appeared from the topmost 2 -
5 layers on (100) facets of the Pd nanoparticles [2]. We found the ferromagnetism appearing in Pd(100) ultra
thin films with 3 - 5 nm thickness where the magnetization periodically changed dependent on the film thickness.
From the comparison with the theoretical calculations, this oscillating behavior is explained by the confinement
of Pd’s 4 d electrons in the film, i.e., the quantum-well states [3].

Angle-resolved photoemission spectroscopy (ARPES) is a powerful means to reveal the band dispersions of
materials and thus discuss quantum-well states directly [4]. In this study, we performed in-situ ARPES
measurement of the Pd(100) ultra thin film in order to clarify the origin of the ferromagnetism in Pd(100) based
on the observation of discretization in the electric states of Pd due to the quantum-well states in the band
dispersions.

Pd were deposited on SrTiO; (STO) substrate by 3 steps growth method [1] in HiSOR beamline BL-1
preparation chamber lower than 1 x 10” Torr of base pressure, and we measured in-situ ARPES. The film
quality was checked using Auger electric spectroscopy, reflection high energy electron diffraction (RHEED),
and low energy electron diffraction (LEED). After ARPES measurement, we checked the thickness of the films
using ex-situ X-ray refraction measurement. Figs. 1(a) and 1(b) show the RHEED and LEED images of Pd(100)
ultra thin film with the thickness of 3.8 nm. Based on the sharp streak lines in RHEED image and the clear four-
hold spots in LEED image, we determined that the sample was fully (100) oriented.

FIGURE 1. RHEED and LEED images of the Pd(100) ultra thin film with the thickness of 3.8 nm. (a) The RHEED image
under the electron energy of 15 keV. The sharp streak lines originating from the flatness surface. (b) The LEED image under
the electron energy of 60 eV. The (10) spots show that the sample is (100) oriented Pd film.



Figure 2 (a) shows the result of ARPES measurement around the I' K direction of the Pd(100) ultra thin film
taken at hv = 54 eV with the p-polarization geometry at the temperature of 270 K. Because the charge up
occurred at low temperatures, we could measure ARPES only around the room temperature, and thus, the band
dispersions in ARPES was broad. The wide band dispersions in ARPES made difficult to precisely discuss the
electric states, thus we cannot discuss deeply in this data.

Both in Fig. 2(a) and the energy distribution curve at the I' point [Fig. 2(b)], we observe the two band
dispersions. The dispersion around -1.5 eV originates from X, band from the comparison with the ARPES
measurement of bulk Pd [5]. On the other hand, the dispersion around -0.5 eV is not observed in bulk Pd. Thus,
this band dispersion is attributed to electronic state peculiar to the nanoscaling of Pd, i.e. quantum-well states or
surface states, and so on. Measuring the thickness dependent ARPES is required to reveal the origin of this
dispersion.

In this beam time, we performed the in-situ ARPES measurements of Pd(100) ultra thin films and observed
the peculiar band dispersion . Hence, we have plan to perform ARPES measurement of Pd films on the Nb
doped STO(100) substrate or Cu(100) single crystal substrate [6] to suppress the charge up, and discuss the data
in detail to clarify the origin of ferromagnetism in Pd(100) ultra thin films.
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FIGURE 2. ARPES measurement results of the Pd(100) ultra thin film taken at Av =54 eV at 270 K. (a) The image plots
are shown around I K direction with the p-polarization geometry. (b) The energy distribution curve at the I' point. The
peculiar band dispersion of the Pd(100) ultra thin film was observed.
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The m-band of the graphene makes the Dirac cone where the energy is linearly dispersed as a function of the
electron momentum. The wavefunction of the n-band is described by a simple formula including the term of
exp(i ﬁq ), where 6, is the angle around the K point in the reciprocal lattice space.[1] Therefore, graphene is one

of the simplest and most suitable systems for studying a problem concerning the phase in the condensed matter
physics, e.g., the Berry’s phase. From this point of view, a number of the angle-resolved photoelectron
spectroscopy (ARPES) studies were carried out to investigate the photoelectron intensity distribution depending
on the linear and circular polarization of the incident photons.[1] However, in the studies so far, the polarization
was only changed in two extreme cases; e.g., s-polarization and p-polarization in the case of the linear
polarization. Here we examined the photoelectron intensity distribution from the Dirac cone as a function of the
variable polarization angle ¢, and found this factor strongly depends on the photon energy.

The experiments were carried out at the BL-1 of HiSOR, where the polarization angle can be varied at any
value from the s-pol to p-pol by rotating the analyzer chamber equipped with the electron analyzer. The single-
layered epitaxial graphene on SiC substrate was used and temperature during the measurement was 100K. Fig.
1(a) shows the experimental geometry and photoelectrons emitted along the xz-plane were taken in the ARPES
spectra and it corresponds to dispersion measurement in the thick line in the Brillouin zone of the graphene
shown in Fig. 1(b). The left panels of Figs. 2(a) and 2(b) show a series of the ARPES color maps when the
polarization angle was changed from 0 (p-pol) to 90 (s-pol) degrees taken at the photon energy (2v) of 50 eV
and 32eV, respectively. There are two nearly-linear branches due to the Dirac cone are shown, and only one of
them is observed when the incident light is purely p-pol or s-pol light similarly to the previous work.[1]
Hereafter the former and the latter are referred to as p- and s- branches,
respectively. In angles between them, meanwhile, both are sometimes
observed and the ratios in intensity of them depend on the polarization angle
@. It is obvious that this polarization-dependences are completely different
for two different photon energies. In order to examine the polarization-
dependence of the photoelectron intensity distribution in more detail, I
introduce the asymmetry » which is defined as 1, =1, | where 1, and I

I »t 1,
denote the photoelectron intensities of p- and s- branches in the MDC
(momentum distribution curve) spectra at the Fermi level, and shown as
dots in the right panels of Fig.2. By a simple analysis considering the
magnitude of the electromagnetic field at the sample surface as a function of
the photon incident angle y and the polarization angle ¢, the asymmetry can

(a)

be described by a simple formula as  _1-« tan’¢ . Here, «
1+ tan ¢
is M, (v) , and M. is the x-component of the
M _(hv)sin®y +M (hv)cos’
Fig.1 : Experimental transition dipole moments which is determined by the magnitude of the
geometry with a measured excitation matrix element such as <‘I’ . ‘x‘ Y, > , where the bra and ket are

line in ARPES.



the final and initial states, respectively, of the photoexcitaion with the moment k. Similar relations hold for y and
z. The final state is changed with changing the photon energy /v, thus M may be changed with 4 v. The lines in
right panels in Figs. 2 (a) and (b) is the fitted curves using the above formula where « is only the adjustable
parameter, and obtained a was 0.025 and 0.7 at #1v=50 and 32 eV, respectively. The experimental results
evidently show « and thus the ratio of the matrix elements among x, y and z axes depend on the photon energy.
For studying the photon energy dependence in more detail, the asymmetry at a fixed ¢ was measured as a
function of the photon energy. Figure 3 (a) shows the asymmetry y measured at ¢=45° for the photon energy
region from 25 ¢V to 45 eV and that measured at ¢=80° from 42 eV to 68 e¢V. Since the analyzer was fixed with
respect to the photon beam and had a limited angle range for the incoming electron, the angle of the incidence
has to be changed when the photon energy is widely changed as shown in Fig. 3(b). Fig. 3(c) plots o obtained
from the asymmetry y. Note that value of « depends on the photon incident angle y/

The obtained result is rather surprising. The magnitude of & changed in two orders with changing the photon
energy from 25 to 60eV. Moreover, a sharp and strong dip is observed at hv=45.9¢V. This strongly suggests that
the assumption of the free-electron-like final state, which is usually used in the ARPES studies so far, is not in
fact appropriate when the photoelectron intensity is taken into account. Rather, the empty states (bands)
determined by the potential of the graphene has to be considered. The comparison with the theoretical
calculation will lead a fruitful result.
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Fig. 2 : ARPES results (left) and the asymmetry of the
photoelectron intensity at the Fermi level (right) taken at
hv=50eV (a) and 32eV (b).
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The oxygen adsorbed iron surface, Fe(100)-p(1x1)-O (O-Fe), is stable and used as a target material for the
high-efficiency spin detector [1-3]. While the scattering properties of the surface have been examined [4,5], the
Fermi surfaces and electronic band dispersions have not been revealed in detail so far. The physical properties
of O-Fe is closely related to the p-d hybridization at surface [5-7]. It is important, therefore, to reveal the
surface-derived states on Fe(100). The surface resonance states on pure Fe(100) and O-Fe have been examined
by spin-resolved or spin-integrated angle-resolved photoemission spectroscopy (ARPES) [7-11]. However,
information on the Fermi surfaces and band dispersions in thorough surface Brillouin zone (SBZ) with higher
energy and momentum resolutions are still missing.

In this study, we have successfully performed high-resolution ARPES experiments of both pure Fe and
oxygen adsorbed O-Fe thin films grown on MgO(100). All experiments were done at HISOR BL-1. Single
crystalline Fe(100) films were prepared on cleaned MgO(100) substrates using electron beam evaporator under
ultrahigh vacuum conditions. Fig. 1(a) shows the LEED image of pure Fe(100) on MgO(100). The oxygen
adsorbed O-Fe surfaces were prepared in a similar way as the VLEED targets, about 100 L O, was exposed on
the Fe(100) film at room temperature, and then by flash heating at 900 K the O-Fe surface was obtained [1]. Fig.
1(b) shows the sharp 1x1 LEED pattern of O-Fe.

(a) ©
: 2k,
* 2
@
- ‘ é I
P
L EDC
(b) \ _
S o1
,. 6-02
0.3 i 1
06 04 02 G 02 04 06 : I‘ntenslity .

FIGURE 1. LEED patterns of: (a) pure Fe(100) before oxygen adsorption and (b) oxygen adsorbed Fe(100)-p(1x1)-O.
Band dispersions close to Fermi edge (Er) along I'-X direction at hv = 55 eV: (c) pure Fe(100) film before oxygen

adsorption and (d) oxygen adsorbed Fe(100)-p(1x1)-O surface. (e) The schematic band dispersion evaluation close to Er
before (red) and after oxygen adsorption (blue).

Figs. 1(c) and 1(d) show the ARPES image plot around the T -point near Er of pure Fe(100) and O-Fe,
respectively. One can see that the linewidth of O-Fe is narrower than that of pure Fe. This suggests that the
scattering rate of electrons is reduced for O-Fe surface. Based on the sharper LEED pattern for O-Fe, we assume
that the surface quality becomes better after the oxygen absorption. Furthermore, we can consider the reduction
of the electron-electron interaction.



Fig. 1(e) shows the evaluated band dispersions close to Er before (red) and after oxygen adsorption (blue).
The MDC width at Er is narrower after oxygen deposition, while 2kr increases. We have evaluated 2kr = 0.466
A for pure Fe, and 2k = 0.588 A for O-Fe; the Lorentzian width of pure Fe and O-Fe are 0.058 A and 0.008 A,
respectively. Broader MDC linewidth at Er indicates larger electron-defect scattering. The EDCs at T -point
clearly show the linewidth becomes narrower after oxygen adsorption. The EDC peak pure Fe is at -0.210 eV
with the peak width of 0.162 eV. The peak position of O-Fe is -0.205 eV with the width of 0.052 eV.

Figs. 2(a)-(d) show the measured Fermi surface mapping around T point of pure Fe and O-Fe with the p-
and s-polarization geometries taken at hv=55 eV. While the Fermi surfaces become sharper and clearer after
oxygen adsorption, there exist similarities between pure Fe and O-Fe. In Figs. 2(b) and 2(d), there are several
square-like Fermi surfaces around the T point of the SBZ for O-Fe. Corresponding features can be found in
Figs. 2(a) and 2(c) for pure Fe.

We found that major spectral features around the T" and M points did not change depending on the incident
photon energies for Fe and O-Fe, suggesting that these bands are surface-derived.

We examined the band dispersion around M point with improved energy resolution, and found that two
kinks exist at -75 meV and -20 meV in the energy band dispersion.

®
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FIGURE 2. Fermi surface mapping of around T point at hv=55 eV of: (a), (b) pure Fe and O-Fe taken with p-polarization
geometry, respectively, and (c), (d) with s-polarization geometry, respectively. There existed square-like Fermi surfaces

around I" point.
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In the rare earth metals, the interaction between highly localized 4f-electrons and itinerant conduction
electrons (c-f hybridization) plays an important role for various physical properties such as the Kondo effect,
RKKY interaction, heavy fermion [1]. In order to understand unusual physical properties of the rare earth metals,
it is important to experimentally elucidate the quasiparticle properties in the c-f hybridized bands near the Fermi
level (EF).

As a typical example of the heavy fermion system, here we study the electronic band structure and Fermi
surface of a single crystalline Cerium (Ce) thin film by means of high-resolution angle-resolved photoemission
spectroscopy (ARPES). The electronic structure of Ce is relatively simple because nominally one 4f electron
exists in the valence band. It has been reported that an epitaxial growth of Ce film is possible on W(110) [2][3
[4]1(5].

High-resolution ARPES measurements were carried out on the linear undulator beamline BL-1 of HiSOR. A
clean surface of W(110) substrate was prepared by repeated cycles of heating in an oxygen atmosphere (5 x 107°
Torr) at 1200 K and a subsequent flash to 2000 K. Ce thin film was deposited on the W(110) substrate using the
electron-beam evaporator. We characterized cleanness and thickness of the Ce thin films by Auger electron
spectroscopy (AES). The level of impurities at surface was below the detection limit of AES, and the thickness
of the film was evaluated to be 5.1 monolayers [6]. We observed sharp 1x1 low energy electron diffraction
spots exhibiting high quality of the prepared sample surface [2]. The sample was mounted on the 6 axes He
cryostat and the temperature was set at 11 K during ARPES measurements.
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Figure 1. ARPES image plot of Ce/W(110) taken at hv = 42 eV at temperature of 11 K. Black portions represent
higher spectral intensity. (a) Band dispersion of T'M direction. (b) spectral features near Er.

Figure 1 (a) is the ARPES image plot with an incident photon energy of hv = 42 eV. One can see dispersive
parabolic bands with energy bottom at the T point (-1.8 eV) and the M point (-1.3 eV). Based on the
photoionization cross-section, and results from the resonant photoemission spectroscopy, we assume that these
dispersive bands are derived from the Ce 5d state. We can also observe flat bands near Ef, -0.25 eV and -1.9 eV.



Based on the 4d-4f resonance photoemission spectroscopy, we can conclude that these structures are derived
from the Ce 4f state. In Fig. 1(b), one can clearly see a flat band at Er at |kj| ~ 0.5 A'. The hole-like band
located just below Er at the T point has a large effective mass. The distance between Ce atoms is estimated to
3.67 A from measured |k | It is larger than 3.43 A for the bulk a-Ce, and close to 3.65 A for the bulk y-Ce.

Figure 2 (a) shows the temperature dependent ARPES image plot of Ce/W(110) near Er taken at hv =42 eV.
At low temperature (11 K and 50 K), one can see flat bands located near Erat |k;| ~ 0.5 Al. Figure 2(b) shows
EDC intensity at ky = 0.6 A"! (arrows in Fig. 2(a)) divided by the Fermi-Dirac function for each temperature. We
found that the spectral intensity at Er is enhanced between 50 K and 100 K, indicating the existence of the
characteristic temperature between 50 K and 100 K.
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Figure 2. (a) Temperature-dependent ARPES image plot of Ce/W(110) taken at hv = 42 eV. (b) Temperature-
dependence of the normalized EDC at k;, = 0.6 A™! (arrows in 2(a)).
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Graphene has served as a prototypical model system for study of various low-dimensional physics [1]. It has
rather simple lattice and electronic structures, and the energy scale of phonons, collective excitations of periodic
atoms, is relatively large (~200 meV), making it ideal to investigate the electron-phonon interaction in low
dimensions [2]. Angle-resolved photoemission spectroscopy (ARPES) is a powerful technique, which can not
only directly visualize energy versus momentum dispersion of electrons, but also identify a signature of
electron-boson interaction, an abrupt slope change in dispersion (kink) [2,3]. It has been reported that ARPES
spectra of @ bands in graphene indeed show such kinked dispersion in the energy scale of 150~180 meV from
the Fermi level, which is typical of optical phonons in graphene [4,5].

Recently, it was newly observed that the ¢ bands of graphene, having a binding energy higher than 4 eV,
exhibit a similar kinked dispersion [6]. This is rather surprising, given that the electron-boson kinks typically
occur at low energies from the Fermi level, and has not been observed in such high binding energy [3]. The
observed kink structure was attributed to a signature of electron-phonon interaction [6], but its microscopic
origin remains unclear. Another point of interest is the energy value of this kink structure, determined by the
energy scale of involved boson modes). The © bands kink typically shows ~150 meV, consistent with the optical
phonon mode at the zone boundary [4,5], while the kink of sigma-bands has about 200 meV, which corresponds
to the optical phonon mode at the zone center [6]. This implies a unique electron-phonon correlation in graphene
that the photoholes in @ bands favor the intervalley scattering, while those in sigma bands favor the intravalley
scattering.

To clarify this issue, we have performed a systematic ARPES investigation in HISOR BL1. The sample was
quasi-freestanding graphene grown on the surface of hydrogen-terminated silicon carbides. Our angle-resolved
photoemission (ARPES) spectra of graphene ¢ bands with the photon energy of 30~40 eV show anomalous
kinks at high energies as shown in Figure 1 below. The spectral features are overall consistent with the
previously reported data [6]. However, we additionally found inner and outer ¢ bands show a strong out-
of-phase spectral modulation with vanishing intensity near their vertex [7]. Such characteristic intensity
patterns are thought to be due to quantum interference of electronic wavefunctions coming from two symmetric
sublattices of graphene. We have attempted spectral simulations based on sublattice interference, which
reproduce apparent kink features without involving any coupling of bosonic excitations [7]. This result identify
the mechanism leading to kink features in ¢ bands of grphaene, which can also explain the origin of high-energy
kinks observed in other correlated materials systems.
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The ground state of iron-pnictides evolves from an antiferromagnetic (AF) phase to a
superconducting (SC) phase in a way similar to that of cuprates. This suggests that electronic
correlation in the iron-pnictides is strong enough to support the high critical temperature of
superconductivity. On the other hand, a significant difference between iron-pnictides and cuprates
is in the orbital degree of freedom. While the low-energy electronic structure of cuprates is
described only by the d.2.,2 orbital, that of iron-pnictides involves all of the 3d orbitals. As a result,
multiple branches of band dispersion are present near the Fermi level, and they form several sheets
of Fermi surface with various orbital characters. The orbital degree of freedom has been considered
as the key to understanding the electronic correlation in the iron-pnictides.

Polarization-dependent angle-resolved photoemission spectroscopy (ARPES) is a powerful tool
for studying the multi-orbital band structure in iron-pnictides. Owing to the dipole-selection rule for
the photoemission process, the photoemission intensity is vitally dependent on the spatial symmetry
of the electronic wave function in solids and the polarization of the incident light. Specifically,
when the polarization of the incident light is perpendicular (parallel) to the detection plane, which is
defined as the plane including the surface-normal and photoelectron-emission directions, the
electronic states of odd (even) reflection parity about the detection plane are selectively observed.

In this study, we performed a polarization-dependent ARPES of Ba(Fe;..Co,)2As: (x = 0.02,
0.04) using the linearly-polarized light. High-quality single crystals of Ba(Fe;..Co,),As, were
grown by a self-flux method. The ARPES experiments were performed at BL-1 of HiSOR in
Hiroshima Synchrotron Radiation Center. Whole of the measurement chamber is continuously
rotatable around the photon-beam axis of BL-1. From a viewpoint of the sample, the polarization
vector of incident photon is rotatable without changing the incident beam axis. The incident photon
energy was set at 47v = 55 eV. All the measurements were performed at a low temperature of ~10 K
and in vacuum better than 9x10™"" Torr.

Figure 1(a) shows the momentum distribution of the ARPES intensity around X point in the AF
phase of Ba(Fe96C00.04)2As:. The angle of the polarization vector is 36° with respect to the I'-X
high-symmetry line. Because of the reflection symmetry about the I'-X line in the AF phase of
Ba(Fe;..Co,)2As,, the band dispersion should be symmetric about the I'-X line. This reflection
symmetry is preserved in the geometry of our ARPES experiments, and indeed it has been
established that the ARPES intensity distributions obtained with the p- and s-polarized light have
reflection symmetry about the I'-X line [1]. As shown in Fig. 1(a), however, the ARPES intensity
distribution obtained with the mixture of p- and s-polarized light is asymmetric about the I'-X line.
For instance, the intensity around (k, k) = (1.1, -0.5) A’! is lower than that around (k,, k) = (1.1,
0.5) A" This implies that the relative phase between p- and s-polarized light plays a certain role in



the ARPES intensity distribution. Figures 1(b) and 1(c) show the energy-momentum (£-k) plots
extracted along the k. = 0.9 A™ and k, = 1.47 A lines, respectively. In the former cut, the intensity
in k, < 0 is higher than that in &, > 0. In the latter cut, by contrast, the intensity in &, < 0 is lower
than that in &, > 0. This contrast can also be seen from momentum distribution curves at E-Er = -
100, -125 and -150 meV, as shown in Fig. 1(d). The inversion of the asymmetry between the first
and second Brillouin zones is consistent with the fact that the C, rotational symmetry is preserved
in the collinear AF phase of Ba(Fe;..Coy,),As;.

In summary, we observed the ARPES spectra of Ba(Fe;..Co,)2As, with some polarizations
intermediate between the p- and s-polarizations. Although the momentum distribution of ARPES
intensity drastically changes with the polarization angle, it remains consistent with the rotational
symmetry preserved in the AF phase of the Ba(Fe;,Co,),As,. As for the present experiment, the
excitation photons are limited to a couple of energies and some selected polarization angles.
Therefore, further investigation is necessary for revealing the orbital texture in the iron-pnictides.
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FIGURE 1 (a) Momentum distribution of ARPES intensity at £ — Eg = -115
meV for the AF phase of Ba(Fe96C00.04)2A8,, taken with Av =55 eV at T'=
10 K. The black area denotes high spectral intensity. The angle of
polarization vector (white arrow) is 36° with respect to the I'-X symmetry
line. The intensity was integrated over an energy window of 20 meV. (b)(c)
E-k plots extracted along the k, = 0.9 A™ and k, = 1.47 A™' lines, respectively.
(d) Momentum distribution curves at energies of £ — Er = -100, -125 and -
150 meV. Filled and open circles denote the cut taken along the k, = 0.9 A™'
and k, = 1.47 A”' lines.
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Since the discovery of superconductivity in the BiS, system by Mizuguchi et al. [1], the electronic structures
of the BiS,-based superconductors have been attracting great interest. Among the various BiS,-based
compounds, CeO,_F,BiS, is very unique in that the superconductivity in the BiS, plane and the ferromagnetism
in the CeO,_F, plane coexist for x > 0.5 [2]. Angle-resolved photoemission spectroscopy (ARPES) studies on
superconducting NdO,_.F,BiS, and LaO,_F,BiSe, have revealed that the Fermi pockets around X point of the
Brillouin zone are constructed from the Bi 6p,/6p, orbitals and should be responsible for the superconductivity
[3-5]. On the other hand, an x-ray absorption study on CeO,.F,BiS, has indicated that the Ce valence is
intermediate (valence fluctuation) and the Ce 4f states may contribute to the Fermi surfaces [6]. In order to
identify the contribution of the Ce 4fstates, we have performed Ce 4d-4f resonant angle-resolved photoemission
spectroscopy on CeO;_F,BiS, at BL-1, HiISOR.

The middle and right panels of Fig. 1 show the ARPES data taken at 120.7eV (on-resonance) and 115.4 eV
(off-resonance), respectively, for CeO sFysBiS,. The momentum £, is running along the I'-X direction of the
Brillouin zone. The Bi 6p Fermi pocket around X point is observed in the off-resonance data. The valence band
below -1 eV can be assigned to Bi 65, S 3p, and Ce 4/ bands. When the photon energy is tuned to the Ce 4d-4f
absorption energy (120.7 eV), the flat band located at -1.5 eV is considerably enhanced indicating that the Ce 4f
electrons are basically localized and do not contribute to the Fermi pockets around X. The energy distribution
curve for the on-resonance photon energy exhibits an intense Ce 4f peak at -1.5 eV. The resonant ARPES results
show that the Ce 4fband is located between the Bi 6p conduction band and the Bi 6s/S 3p valence band, and that
there is no appreciable Ce 4f spectral weight at the Fermi level. Namely, CeO, sF, sBiS, belongs to the Kondo
regime and the Ce valance should be 3+. This is consistent with the bulk sensitive Ce L-edge x-ray absorption
results where CeOBiS, falls in the valence fluctuation regime and gradually changes to the Kondo regime with
the F substitution for O [6]. The superexchange or RKKY interaction between the localized Ce 4f moments is
derived from the Ce 4f— Bi 6p hybridization.

On the other hand, we found that the Ce 4flineshape of CeOBIS; is very similar to that of CeO, sF sBiS, and
is different from that expected for valence fluctuating systems. In typical valence fluctuating systems such as
CeRu,, the Ce 4f'band is strongly hybridized with the conduction band such as Ru 4d and is well reproduced by
local density approximation (LDA) band calculations. The observed Ce 4f band of CeOBiS, has very flat
dispersion and does not agree with the LDA band calculation [7]. This is inconsistent with the bulk sensitive Ce
L-edge x-ray absorption results on CeOBiS, [6]. In addition, it is well established that Ce 4d-4f resonant
photoemission is more surface sensitive than Ce 3d-4f resonant photoemission, and that the Ce 3d-4f resonance
is more suitable to study the bulk valence fluctuating state of CeRu, [8]. The discrepancy in CeOBiS, can be
assigned to the surface effect in which the Ce 47-Bi 6p hybridization is reduced at the surface layer and the Ce 4f
electrons are localized at the surface whereas the bulk Ce 4f electrons are rather itinerant. However, the
Anderson impurity model (AIM) analysis of the Ce 4f core-level x-ray photoemission spectrum, which is also
surface sensitive, is consistent with the AIM analysis of the bulk sensitive Ce L-edge spectrum, suggesting that



the surface Ce 4f state would be similar to the bulk one. In order to resolve this problem, the Ce 4d-4f resonant
ARPES and the Ce L-edge x-ray absorption should be measured on the same pieces of CeO,,F,BiS, single
crystal and should be analyzed using AIM or more realistic model calculations.
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FIGURE 1. Right panel: ARPES spectra of CeO,sFsBiS, along the I'-X direction taken at 115.4 eV (off-
resonance). Middle panel: ARPES spectra of CeO, sF,sBiS, along the I'-X direction taken at 120.7 eV (on-
resonance). Left panel: Energy distribution curves for the on- and off-resonance.
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The ternary intermetallic compounds R7,Al;,, where R is a rare
earth and 7 one of the transition metals Ru, Os, or Fe, were discovered
by Thiede et al. in 1998 [1]. In CeT,Al;, antiferromagnetic (AFM)
order occurs for 77 = Ru and Os at unusually high ordering
temperatures (7o = 27.3 K and 28.7 K) and with fairly small ordered
moments of w~ 0.40 ug/Ce and 0.29 up/Ce for 7 = Ru and Os,
respectively [2]. CeFe,Alyy shows semiconducting behavior at low
temperatures and does not exhibit magnetic order. Its temperature
dependence rather suggests intermediate valent behavior due to
hybridization of 4f and conduction electrons (c-f). The reason why 7
is so anomalously large remains an unresolved problem. Usually the
Kondo effect, i. e. the presence of c-f hybridization, suppresses the
magnetic order. We therefore study systematically what impact the
Kondo effect has on the transition temperature 7. A measure for the
c-f hybridization is the cerium valence which can be obtained from
deviations of the lattice distances from Vegard's law, or more directly,
from the electronic occupation of the 4f shell. However, our recent
resonant x-ray emission spectroscopy (RXES) study showed a poor
correlation between the suppression of the magnetic order and the
valence fluctuation.’ In CeRu,Aly the ground state changes from local
to valence fluctuate systems with pressure and also sudden
disappearance of 7, has been observed. Our RXES study of the
pressure dependence for CeRu,Aly also seemed to show a poor
correlation between the 7, and the hybridization [3]. These results
motivated us to study the electronic structure by another way with
angle-resolved photoelectron spectroscopy (ARPES), which can give
us complementary information with the RXES.

Here we report preliminary results of our investigation of the band
structure of Ce7,Al; by means of DFT and ARPES. Figure 1 shows
band dispersion of Ce f states, Al p states, and Ru d states of
CeRu,Al,, which are the main orbital contributions to the electronic
structure close to the Fermi energy.

The spin unpolarized calculations find the electronic structure of the
valence band to be dominated by Ru d and some Al p states, while the
conduction band shows strong Ce f character. Between the valence
band and the conduction band our DFT calculations further predict a
small energy range of less than 1 eV below the Fermi energy where a
small number of ¢-f hybridized bands exist. The orbital weighted band

binding energy (eV)

binding energy (eV)

binding energy (eV)

FIGURE 1. Band dispersion of Ce f°
states, Ru d and Al p states of
CeRuw,Alyy as calculated by DFT
along selected high symmetry paths in
the Brillouin zone.



structure further shows the strong k-dependence of the Ru contribution of the bands crossing the Fermi energy.
The latter should be important for the electronic properties of this compound and its sister compounds CeT>Al;,.
Further investigation of the spin polarized band structure as well as a comparison with 7' = Fe, Os will be
conducted.
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FIGURE 2. Valence band spectra of CeFe,Al,, at
5.9, 10.5, and 18.3 K with the laser light of hv =
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FIGURE 3. Second derivative of the ARPES spectra of
CeRu,Al,jat hv =122 eV.

Figure 2 shows the high-resolution valence band spectra at 5.9, 10.5, and 18.3 K measured by laser light of
hv= 63582 eV. The spectra show a characteristic feature near the Fermi edge as shown in dotted line;
suppression of the DOS starts around 30 meV. Recently detailed temperature dependence of the high-resolution
spectra has been measured for CeT>Alyy (T = Ru, Os, and Fe) [4]. Our results reproduce well their results
measured by Xe lamp light.

In Fig. 3 we show an example of the ARPES results of CeRu,Al;y measured at Ce 4d-4f resonant energy of
hv = 122 eV. We successfully measured angle-resolved spectra. We are still performing the measurements to
obtain reliable data and to compare the DFT results.
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Electric conductivity is a key point, when we obtain a chemical state by some spectroscopic
measurements. If the electric conductivity of materials is low or zero, such as semiconductors or
insulators, the information related with the chemical state is not easily detected by the charge-up
effect phenomenon. Especially, a spectrum measured by X-ray photoelectron spectroscopy (XPS)
cannot be obtained or is distorted. Moreover, the charge-up effect by X-ray absorption fine structure
(XAFS) with using soft X-rays under vacuum condition also cannot neglect. During XAFS
measurements, some excited photoelectrons from the inner-shell are emitted to the vacuum level.
When the photoelectrons return to the excited atoms or sample surface, the charge-up effect can be
avoided. Therefore, one of the solutions is to fulfill the atmosphere of the sample to prevent the
charge-up by inactive gas, such as He gas. From the above point of view, if we use soft-X-ray for the
incident X-rays and detect the fluorescence X-rays under the inactive gas atmosphere, we can obtain
XAFS spectrum of any kinds specimen. M. Nomura et al. [1, 2] and T. Akai [3] have reported the
effectiveness of XAFS measurement system with He-path. In HiSOR facility at Hiroshima university,
the He-path system is installed in the end station on BL-3[4]. This system is equipped Be-window
with 20 pm thickness. The Be window can divide atmospheric pressure and ultra-high vacuum
environment.

Usually, we use the fluorescence proportional counter (FPC) to detect the X-ray in BL-3.
But the FPC has not good S/B ratio and energy resolution. In Aichi and Ritsumeikan synchrotron
radiation centers (AichiSR and Ritsumeikan university SR), on the other hand, though both the
operating electron energies are not large (1.2 GeV and 575 MeV), XAFS spectra are obtained with
nice performance using the silicon drift detector (SDD). In this report, we will the recent years of
He-path system for the XAFS measurement in BL-3 and performance.

FIGUREs la and 1b show photographic views of the end stations in BL-3 (HiSOR) and BL6N1
(AichiSR). Each system has the same Be window material.

FIGURE la(left) and 1b(right): He-path systems in BL-3 and BL6NI.
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FIGURE 2a(left), 2b(right-up) and 2c(right-down): (2a) S K-edge NEXAFS spectrum for vulcanization reaction
of squalene. (2b) bubble wrap cell for liquid sample. (2¢) liquid sample made of poly-ethylene film and PTFE in
AichiSR.

FIGUREs 2a, 2b and 2c¢ show S K-edge NEXAFS spectrum and photographic views of
liquid cells. The NEXAFS spectrum has been reported by Y. Menjo ef al. in last HISOR symposium
[4]. The bubble wrap is made from poly-ethylene film with <20 pm thickness. Unfortunately, this
bubble wrap includes a little amount of sulfur oxide as contamination. Thus, this liquid cell is
unsuitableness for the S K-edge NEXAFS measurement of dilute sulfur materials. However, a
hand-made liquid cell is using at BLONT1 in AichiSR [5]. This liquid cell is made of poly-ethylene film
and poly-tetrafluoroethylene(PTFE) sheet and includes a very little amount of sulfur contamination in
comparison with the bubble wrap.

FIGUREs 3a and 3b are MCA spectra at pre-edge (hv=2465 eV) and post-edge (hv=2490 eV),
respectively. Those spectra have been measured in BLONI at AichiSR with SDD detector. The
measured sample is compound composed of silicon, phosphorus and sulfur. Judging from these
spectra, each fluorescence X-ray from silicon, phosphorus and sulfur elements is separated. If BL-3
has equipped the SDD, we think more performance of He-path XAFS system will be better.

FIGURE 3. MCA spectra at (3a) pre-edge and (3b) post-edge, respectively.
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Gold nanoparticles (Au NPs) are taken notice of the uses of the hyperthermia for cancer cell [1] and the drug
delivery system [2] in medical field. The Au NPs colloidal solution is generally fabricated by chemical
reduction method. The fabrication method uses several reducing and dispersant agents. These agents have a
possibility of low biocompatibility [3]. H. Takahashi et al. have reported that if the agents around Au NPs are
replaced with phosphatidylcholine (PC) molecules, the biocompatibility of Au NPs becomes higher. To prepare
the Au NPs with further higher biocompatibility, we focus on the solution plasma method reported by H.
Nameki [4]. The solution plasma method uses three materials only, which are gold rods, electrolyte and distilled
water. Thus, we decide to fabricate the Au NPs colloidal solution by using the solution plasma method and to
cap the Au NPs surface by PC molecules. The PC molecule is constructed with the hydrophilic and the
hydrophobic groups, as shown in FIGURE 1. In our previous study, we have proposed that the PC molecules
adsorb on the Au sheet surface at the methyl group of N-CH3; and the oxygen atoms of O-P, O=P, C-O and O=C
bonds by carrying out nitrogen, oxygen and phosphorus K-edges near-edge X-ray absorption fine structure
(NEXAFS) measurements [5]. Considering this result, we speculate that the PC molecules adsorb on the Au
NPs surface at mainly the hydrophilic group. However, the behavior of the PC capped Au NPs is unknown. As
one of purposes in this study, we investigate the behavior of the PC capped Au NPs by transmission electron
microscopy (TEM) and infrared spectroscopy (IR) measurements. Subsequently, we assume that the PC capped
Au NPs are injected in our body. Our body includes much amino acid molecules. L-cysteine is one of the amino
acid molecules and has a thiol group (-SH). The thiol group reacts with easily metal surface compared to other
functional groups. We have revealed the adsorption reaction under water/dry environments between the L-
cysteine and the Au NPs fabricated by the solution plasma method by means of sulfur(S) K-edge NEXAFS
measurement with He-path system [6]. The “dry environment” means the precipitate sample dried after
adsorption reaction under water environment. The L-cysteine has adsorbed on rapidly the Au NPs surface at the
thiol group, and dissociated into cysteine thiolate and atomic S. If the Au NPs are capped by PC molecules with
high density, the L-cysteine has a possibility of not adsorbing on the PC capped Au NPs. As another of purpose
in this study, we elucidate the adsorption reaction between the L-cysteine and the PC capped Au NPs under
water/dry environments by means of S K-edge NEXAFS with He-path system.

The Au NPs colloidal solution was fabricated by the solution plasma method [4,6]. The potassium chloride
powder was selected as electrolyte. The Au NPs colloidal solution in micro tube was cooled at 4°C.
Subsequently, the PC powder (Egg, >99%) dissolved in milli-Q water at 4°C. The PC molecules aggregate
easily in water environment. To remove the PC aggregations, the PC suspension was separated into the
aggregations and the supernatant solution by performing centrifugation. The supernatant solution was added into
the Au NPs colloidal solution cooled at 4°C, and the mixing solution was vortexed and kept at 4°C. The black
colored precipitate, which was PC capped Au NPs, occurred after several hours. The precipitate was picked up
to other micro tube and rinsed several times with the milli-Q water. The TEM sample of the precipitate was
prepared by the negative staining method and was observed under the electron accelerating voltage of 100 kV
by using H-7600 (Hitachi). IR sample was prepared by drying the precipitate or the PC suspension on Si wafer.



IR measurement was carried out at the SR center BL-15 in Ritsumeikan University. Subsequently, the L-
cysteine powder was added into the precipitate under water environment. After promoting the adsorption
reaction, the precipitate was rinsed several times with the milli-Q water. S K-edge NEXAFS measurement for
the precipitate was carried out at HISOR BL-3 and AichiSR BL6N1, respectively.

Taking account of the results of TEM observation and IR measurement, not shown here, we suppose that the
PC caps around the Au NPs surface with high density by occurring the intermolecular force between the
hydrocarbon chains of hydrophobic groups of PC molecules on Au NPs. FIGURE 2 shows S K-edge NEXAFS
spectra for the PC capped Au NPs after reaction with the L-cysteine (a) under water environment and (b) under
dry environment. The spectrum of L-cysteine aqueous solution is also shown as a standard. The spectra for (a)
and (b) are normalized at approximately 2476 eV. The spectrum for the L-cysteine aqueous solution has a peak
at 2472.6 eV assigned to 6*(S-C). The spectrum (a) “under water environment” has two peaks at 2473.1 eV and
2480.8 eV. We think that the peak at 2473.1 eV assigns 6*(S-C). The peak shift from 2472.6 eV to 2473.1 eV
may indicate that the L-cysteine adsorbs on the Au NPs surface at thiol group and the S-H bond of L-cysteine
dissociates [7]. The peak at 2480.8 eV shows the existence of SOx (x=2,3). We speculate that the SOx is formed
by the coordination bond between H,O and atomic S [6]. The atomic S may occur by dissociating of S-H and S-
C bonds of the L-cysteine on Au NPs surface. On the other hand, the spectrum (b) “under dry environment”
does not have the peak at 2480.8 eV. The shoulder at 2470 eV of the spectrum (b) appears dominantly compared
to that of spectrum (a). The coordinated H>O seems to desorb from atomic S on the Au NPs surface when the
precipitate dries. We reveal that the PC capped Au NPs has the molecular adsorption site and the L-cysteine
adsorbs on the Au NPs surface.
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FIGURE 2. S K-edge NEXAFS spectra for the PC capped
Au NPs after reaction with the L-cysteine (a) under water
environment and (b) under dry environment. The spectrum of
L-cysteine aqueous solution is also shown as a standard.
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YbFe,0, is a member of RFe,0, (R: rare earths) family that is known as the mixed valence ferrites [1]. The
ferroelectricity is considered to be driven by electron polarization between ordered Fe®" and Fe®*, different from
the conventional ionic displactive-type ferroelectricity [2]. YbFe,O4 consists of alternating stack of Yb-O
layers and double Fe-O layers in which Fe atoms form a triangular lattice. The average nominal valence state of
Fe atoms is +2.5 in YbFe,O,, and an equal number of Fe*" and Fe’* coexist. Due to the frustration of the charge
and spin originated from the triangle lattice, it exhibits sequential charge and spin order transitions as a function
of temperature. To understand the physical properties, it is important to know the electronic structure directly
involved in the transitions. However, there is no direct observation of the Fe 3d electronic states relevant to the
transitions and hence electronic polarization.

In this study, we investigate the Fe 3d-derived states of YDbFe,O, using the resonant photoemission
spectroscopy(RPES) across the Fe3p —3d photoabsorption threshold. The sample is high quality single crystal,
as evidenced from the clear (1/3, 1/3, ) spots in single crystal XRD at room temperature, where / is integer and
half-integer. The fresh surfaces were obtained with cleaving the samples under ultrahigh vacuum. In Figure 1,
we show valence band spectra measured at photon energies of 53.2, 54.8, and 58.0 eV, normalized to the
intensity at 4.5 eV binding energy. The photon energy
of 53.2 eV is just below the Fe3p—3d photoabsorption
threshold, that is, the spectrum is OFF resonance
spectrum. The photon energies of 54.8 eV and 58.0 eV
correspond to the structures of Fe?" and Fe’" in the XAS
spectrum [3]. Therefore, the Fe*" and Fe’* derived states
are expected to be enhanced with these photon energies
(ON resonance spectrum). We found that, while
intensity of the structure around 1.3 eV is enhanced with
54.8 eV photons, that around 3.5 eV is enhanced with
58.0 eV photons. These results indicate that Fe** and
Fe*" derived states are located at 1.3 eV and 3.5 eV, :
respectively. We will discuss the character of those T 6II4‘-I‘26‘|
states by comparing the resonance profile measured with g
constant initial state spectra of YbFe,O, with those of Binding energy (V)
other iron oxides [4].

Intensity (arb. units)

Figure 1. Resonant photoemission spectra of YbFe,O,
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Diamond is famous jewel. Pure diamond is the hardest material, and has the highest thermal conductivity
around room temperature. Electrically, diamond is a good insulator with a band gap of ~ 5.5 eV. In lightly
boron-doped diamond, the physical properties are explained by impurity levels. In 2004, it was discovered that
heavily boron-doped diamond exhibits superconductivity [1]. As two extreme cases, the metallic properties can
be described by carriers in the impurity band formed by the impurity level [2], or in the host diamond band [3].
In the previous ARPES studies, we demonstrated that holes are introduced into the top of the diamond-like
valence band in heavily boron-doped diamond [4]. On the other hand, role of the impurity band for the physical
properties has been proposed theoretically [5], which should be clarified experimentally. In this study, we
investigate the character of the states near the Fermi level with resonant photoemission spectroscopy (RPES), by
which we can find what chemical role boron plays in the metallic state.

A heavily boron-doped single crystal (111) diamond
film was homoepitaxially grown by microwave plasma
assisted chemical vapor deposition (MPCVD) methods
[6]. The transition temperature 7, was 10.2 K. As in
Fig. 1, B K-edge X-ray absorption spectroscopy (XAS)
spectrum for boron-doped diamond (111) film was
obtained. Four features are observed, and marked with
a, b, c, and d, consistent with previous XAS studies
[7,8]. The features ¢ and d are observed in the diamond
conduction band [7]. The features a and b are
identified to be in-gap states [8]. Comparison with B A
Ls core level PES allows us to assign that the feature a 185 190 195 200
is related to metallic state [9]. Preliminary RPES Photon Energy (eV)
results showed that resonance enhancement does not
occur at narrow energy region near the Fermi level but  grourg 1. B K-edge X-ray absorption spectrum of boron
occur over the whole valence band. We will discuss  _doped diamond. The four peaks are marked a, b, ¢, and d.
the implication of the results.

BK d
B-doped diamond
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In 2010, it was found that the potassium(K)-doped picene solid shows superconducting critical temperatures of 7
and 18 K for K concentration (x) of around 3 [1]. K-doped picene is the first found superconductor in aromatic
hydrocarbon. In contrast to the observation of superconductivity, the crystal structure and the K concentration of
superconducting K-doped picene are not specified yet because of the significantly low shielding fraction and the
unstableness under the atmospheric condition. In the theoretical study, the several optimized structures for K-doped
picene solids are predicted and the band calculations for them shows that different ground states emerge depending on x
(x =0, 2 : insulator, x = 1, 3 : metal) [2].

To reveal the electronic structures of the K-doped picene solids experimentally, we have performed photoemission
spectroscopy measurements for vacuum-evaporated K-doped picene films [3,4]. Such films have the advantage of ease
to control potassium concentration and of less degradation of samples under the ultra-high vacuum condition. Figure 1
shows the valence-band spectrum from a K-doped picene film on a Au-coated stainless substrate measured with photon
of 100 eV on the BLS5 at HiSOR, together with a result of the molecular-orbital calculation for monoanion picene which
convoluted with Gaussian (FWHM of 0.7 eV) to reproduce the observed spectrum [3]. The valence band spectrum of
pristine picene (not shown) has no state at the Fermi level (£r), while that of K-doped picene involves a new state near
Er. The observed K-doped spectrum is consistent with the one calculated including electron-phonon coupling, which
clearly indicates the importance of the electron-phonon coupling in K-doped picene. Figure 2 shows the evolution of the
valence band spectra of a picene film on a HOPG substrate upon K doping measured with Xe Ia [4]. They exhibit the
appearance and the disappearance of Fermi edges depending on the potassium concentration, implying that the K, picene
film has multiple phases depending on x.

In this report, we will also preset some very recent results of the electrical resistivity measurements of

vacuum-evaporated K-doped picene films.

REFERENCES



[1] R. Mitsuhashiet al., Nature (London) 464, 76 (2010).
[2] T. Kosugiet al., Phys. Rev. B 84, 214506 (2011).

[3] H. Okazaki et al., Phys. Rev. B 82, 195114 (2010).
[4] H. Okazaki et al., Phys. Rev. B 88, 245414 (2013).

||||||||II|||||||||||||||||||IIII|
hv =100 eV
pristine
E
2
é K doped
B
=
— Exp.
Calc.
[N ||||| ’l!llllll I|!|! I||I||II|III“!II||I||!||I|||I| 1 ||| L1l
20 10 Eg
Binding Energy (eV)

FIGURE. 1. Valence-band spectrum from K-doped
picene film on a Au-coated stainless substrate using 100
eV photon energy, together with molecular-orbital
calculation of monoanion picene with convoluted with
Gaussian (FWHM of 0.7 eV) to reproduce the observed

spectrum.

"F

Intensity (ar. units)

| Xe | (B 44 6V

20=e
05
15

00
Binding Erergy (V)

measured with Xe Io.

-1.0

FIGURE. 2. Evolution of the valence band spectra of a

picene film on a HOPG substrate upon K doping



BL-5

Current activities of research and education on BL5S

Y. Muraoka, T. Wakita, and T. Yokoya

Graduate School of Natural Science and Technology, Okayama University

Keywords: photoemission spectroscopy, photoelectron emission microscopy

Research and educational activities on beamline 5 (BL5) are presented. At BLS, we can perform angle-resolved
photoemission spectroscopy (ARPES) and photoelectron emission microscopy (PEEM) measurements. The
former can reveal the electronic and periodic structure of atomic scale for the sample surfaces. The latter can
access topographical image contrast, elemental 2D contrast and their time evolution for the sample. Combing
two measurements allow us to characterize phenomena, such as crystal growth on a surface, segregation, density
fluctuation, adsorption phenomena related to catalysis and corrosion on a solid surface. Current researches we
are doing are mainly, 1) study of the electronic structure of 1) aromatic molecules such as picene, 2) transition
metal oxides such as VO, thin films which exhibits a first-order metal-to-insulator transition at 340 K and
chromium dioxide CrQ, thin films which are known as a half-metallic material, and new materials. We are also
studying the chemical reaction between alkali metal ions like K™ and Rb" and TiS, surface.

We use the BLS5 for education activity, for example, practical education for undergraduate students at Okayama
University. The students have an opportunity to study the synchrotron radiation mechanism of HiSOR and
sometimes to experience XPS measurement which is very useful for the surface science research. Very recently,
we have given a class of synchrotron radiation mechanism and XPS for students in Okayama university. We
accepted about 20 students at various fields such as physics and biology in recent 3 years.
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Controlling the arbitrary organization and array of atoms and molecules on a solid surface have been one of
the main topics in course of rapid developments of nanotechnologies for a last few decades. A highlight in the
carly stage of these developments is the manipulation of one atom by using the scanning tunneling microscope
[1]. Among such so-called “bottom-up” nanotechnologies, another fruitful approach is to utilize the surface
reconstruction and the self-assembling of atoms and molecules on solid surfaces, in which whole atoms and/or
molecules on the surfaces are arranged simultaneously. To construct more arbitrary and minute patterns in a
wide area on a solid surface, full regulation of atomic diffusion on a solid surface will be needed. For this final
goal, understanding of the diffusion process of certain amount of atoms (but not whole atoms) on a surface is
important. Actually, several studies on the diffusion process of micro-size films have been reported so far, and
photoelectron emission microscopy (PEEM) has been used in a few of them, mainly because of the ability of the
real-time observation when it is used with a sufficiently bright light source, e.g. Hg lamp [2-5]. The PEEM
image measured with a Hg lamp provides a 2D lateral distribution of the relative values of the local work
function on a solid surface. The thermal diffusive motions of atoms are closely related with the variation of the
local work function. However, a general method to estimate quantitatively the local work function from PEEM
images is not known yet. In this study, we found that there is a possibility to estimate the local work function
quantitatively from the intensity variation of PEEM images in the temperature-decreasing process.

We have investigated the diffusion process of Ag films of micro-size (“Ag micro-films”) on Si surfaces by
using photoelectron emission microscopy (PEEM) with synchrotron radiation (SR). The measurements were
performed on the BLS (the Okayama University beamline) at HISOR. The experimental station is equipped with
PEEM II (Elmitec GmbH). The spatial resolution is about 30 nm when a mercury lamp is used as an
illumination source and it is better than 1 um with SR. Commercial p-type Si(100) wafers (boron doped) were
used as sample substrates. Clean Si(100)2x1 surfaces were prepared by heating the samples up to 1520 K for 5 s
with electron bombardment and clear 2x1 diffraction patterns were observed by low energy electron diffraction
(LEED). Ag micro-films (7 ML) were evaporated on the Si surfaces from a heated tungsten (W) filament on
which two Ag droplets with a rate of 1.2 A/min through a circular pin-hole (the diameters is 30 um) at room
temperature. The two-dimensional (2D) contours of the PEEM image of Ag micro-films shown in figure 1
clearly exhibit the good correspondence with those of Ag droplets. This image is measured with Hg lamp and
the field of view is 150 um. The measuring time is 5 sec. There is a relatively large difference between the work
function of a Ag surface (4.28 eV) and that of a Si(100)2x1 surface (4.9 eV). It is therefore considered that the
image with Hg lamp corresponds to the Ag distribution on this surface, and we confirmed it from PEEM
measurements with SR light around the Si L, 3-edge (not shown).

We observes a surface diffusion process for this sample during a rise in sample temperature from room
temperature to 500 C as shown in figure 2(a). Figure 2(b) shows the snap shots of the time-evolution of 3D-
plotted PEEM images. There is a relatively small change until about 200 “C and the changes are promoted in the
temperature range between 200 and 500 “C. We plot the intensity variations as a function of the temperature at
position on the Si substrate (the open square in the PEEM image) as a gray curve in figure 3. It shows that the
intensity variation has three temperature ranges: first, it shows a relatively small increase until around 200 °C
(range 1), and decreases largely between about 200 and 440 “C (range 2), and then rapidly increases over about
440 °C (range 3). Moreover, from a careful beholding of the motion of the intensity around Ag films in each
range, we found that, in range 1 and 3, the intensity expands from the film to Si substrate, although the intensity
moves toward the film in range 2. Since the PEEM image measured with Hg lamp just exhibits a 2D lateral
distribution of the local work function of the surface as mentioned above, one should carefully examine whether
these intensity motions are able to be directly interpreted as the motion of Ag atoms. For a further argument, it is



necessary for us to establish a method to estimate the real motion of Ag atoms from the variation of the local
work function, and then we focus on the intensity variation in the temperature-decreasing process (the black
curve in figure 3). It shows a monotonic decrease and it is considered that this intensity variation in the
temperature-decreasing process depends practically only on the sample temperature, especially in the lower
temperature range. If the variation in the thermal electron emission from the sample surface is the main origin of
this intensity variation, the black curve in figure 3 should be reproduced by the Richardson-Dushman formula
which includes a local work function as a parameter. The dashed curve in figure 3 is a fitting result. This fitting,
however, results in an unphysical value of the local work function. We will discuss the reason and the method to
obtain a physically reasonable value for the local work function.
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NaCr,0,4 was recently discovered by a high-pressure synthesis to occur in calcium ferrite type structure, where
one dimensional electronic correlations and geometrical frustrations can coexist [1-5]. It shows unconventional
colossal magnetoresistance (CMR) below antiferromagnetic ordering temperature of 7y = 125 K. The CMR
effect in NaCr,0y, is progressively enhanced with decreasing temperature with no thermal or field hysteresis.
CMR is often observed in ferromagnetic manganese oxide, but not in chromium oxide so far. CMR is observed
not only in the vicinity of the magnetic phase transition, but also rather more prominent with decreasing
temperature. The conventional CMR effect appears only around ferromagnetic transition temperature and it is
originated by the suppression of thermal fluctuation of the ferromagnetic moment by magnetic field. Therefore
CMR normally becomes smaller with decreasing temperature and the resistivity is significantly low at low
temperatures even without magnetic field. Thus the temperature dependence of CMR of NaCr,0, is anomalous.

In NaCr,0,4 recent x-ray absorption spectroscopy study at O K-edge shows the holes on the oxygen ions,
indicating a negative charge transfer energy. NMR for NaCr,O,4 showed the mixed valence state of Cr*~" [2].Ca-
substitution to the Na site changes the Cr valence from 3.5 for NaCr,O4 to 3 for CaCr,0,. In Na;_,Ca,Cr,0O4 Néel
temperature 7y rapidly decreases with decrease of Na content [5]. Spin glass behavior has been observed for 0.4
< x < 0.9. Thus in many aspects NaCr,O4 shows very different physical properties compared to other 3d oxide
compounds and is rather similar to the classical Mott-Hubbard metal-insulator transition of V,0;, which is
characterized with Uy, < A, where Uy, and A are onsite d-d Coulomb repulsion energy and charge transfer
energy determining the band gap, respectively.

The electronic structure may play an important role for above unusual physical properties, but no
measurement has been reported so
far., We have been making (a) (b)
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1(b) (expanded view of the valence band spectra near the Fermi edge). Figure 1(c) shows Na 2p and Ca 3p core-
level spectra. In Fig. 2(d) we show the spectra where background in Fig. 1(c) is subtracted. Na 2p peak is
considered to have surface and bulk contribution, forming double peak structure [6]. It is noted that Na 2p
spectra should have spin-orbit separated peaks, but the peak separation is the order of 0.2 eV, which is much
smaller than the peak separation in Fig. 2(c). We observe the shift of the Ca 3p peak to lower binding energy
with increase of Ca content.

Figure 2 shows the temperature dependence of the valence band and core-level (Na 2p and Ca 3p) spectra.
Weak temperature dependence is observed in the temperature range measured.
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Topological insulator (TI) is a new class of materials. TI attracts attention much recently because of the
novel functionality and the possibility for application. The surface state (SS) of TIs has a Dirac-cone-like band
structure where the spin of carriers is locked with their momentum except for k= 0. The SS of TIs is metallic
protected by time-reversal symmetry and exceedingly high mobility is expected in the transport of mass-less
Dirac fermions in the SS. Recent investigations have paved the way for a new type of TIs, that is, topological
crystalline insulators (TClIs), in which the topological SS is protected by the crystal mirror symmetry, instead of
the time-reversal symmetry. SnTe was predicted to be one of the TCIs whose SS is protected by mirror
symmetry with respect to the {111}, {001}, and {110} of the rock-salt crystal structure[1,2].

In this study, we aimed to observe the topological SS in thin films of SnTe by angle-resolved photoemission
spectroscopy (ARPES). Topological SS of SnTe have been investigated in the bulk samples. Thin films are
useful to decrease the contribution by the bulk part in the electrical transport measurements. However, since
fabrication of the high quality thin film is difficult, the ARPES measurements in SnTe thin films have not been
reported enough so far.

Since the crystal mirror symmetry protects the topological SS in TCls, breaking of the time-reversal
symmetry should not open the gap. This point is quite different from the property of TIs. The unopened gap in
TCIs means that the mass-less Dirac Fermion can exists even near the Dirac point. Whether the gap opens or not
has been checked by doping a magnetic atom into TIs. The robustness to breaking of the time-reversal
symmetry in TClIs is not understood totally until now. Then, we doped Mn into SnTe, and checked the surface
band dispersion by ARPES with optimized samples by molecular beam epitaxy (MBE) equipment. In parallel
with such measurements, the electrical transport
measurements were done with PPMS (Quantum Design)
from the room temperature to low temperature, and
external magnetic field dependence of the transport were
observed.

The (111) oriented (Sn,Mn)Te thin film was grown
on BaF,(111) substrate at the temperature of 230°C after
the thermal cleaning at 330°C for 1 hour in the growth
chamber. The k-cell of Sn, Te, and Mn were used for the
growth. The Sn and Te beam flux ratio is 1:3(Te-rich
condition). The Mn beam flux was set to Sn:Mn =
100:0.57. The atom ratio of Mn to Sn and Mn, estimated
by Electron Probe MicroAnalyser (EPMA), is 0.52%. 4.0
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The thickness is 112 nm. The surface of grown thin
films needs to be clean and abrupt. The resolution and
intensity of ARPES strongly depend on the quality of
surface of the crystal. Therefore, the protection of the
surface after the growth is very important for ARPES
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FIGURE 1. The ARPES image of the (Sn,Mn)Te thin
film with the incident photon energy of 60 eV.



measurements. Then, we adopted the Te cap as a protection layer on the (Sn,Mn)Te surface. The Te cap was
removed by heating the films in the ultra high vacuum environment in the preparation chamber of ARPES
around 220°C.

The observed ARPES (Sn,Mn)Te thin film at 5 K is shown in Fig. 1. The incident photon energy is 60 eV.
The Fermi level crosses the valence band of (Sn,Mn)Te because the carrier concentration measured by the Hall
measurement is quite high (~10*'cm™) due to many Sn vacancies. The previous reported ARPES images in the
bulk sample of SnTe show the similar ARPES image of the degenerate semiconductor. This suggests that the
feature of the whole band structure is preserved even when Mn atoms are doped into the thin film with low
concentration. The Dirac-cone is predicted to appear at I and M points[3]. However, from our results we can not
separate the surface state denoted by the Dirac-cone from the valence band definitely because the Fermi level
lies in the valence band. Therefore, we investigated also 0
the surface state by electrical transport measurements. The
system having the strong spin-orbit interaction, the weak
antilocalizaiton(WAL) can occur. The two electrons
scattering along the closed path destructive interfere, and
therefore the backscattering is prohibited. The resistance
under the zero magnetic field is lower than that under the
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non-zero magnetic field because of the suppression of the : 46‘7(

backscattering. B8k 10K 3]
In TIs or TClIs, the quantum interference occurring in v 15K

the WAL is different mechanism from the spin-orbit < 30K
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temperature range of 4 - 30 K. The WAL curve was  FIGURE 2. The dots represent WAL at the
observed at 4 K, and it nearly disappears at 7> 6 K. The  temperature of 4 — 30 K. The red curve represents
curve at 4 K was fitted by the Hikami-Larkin-Nagaoka  fitting result by the Hikami-Larkin-Nagaoka equation.
equation as follows[4],
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The fitting parameters of « and [yare the coefficients related with the number of the path, and the electrons’
coherent length, respectively. According to the results of the fitting, @ and 1, = -2.49, 261 nm. The value of
a indicates theoretically 1 path per -0.5. Therefore, 8 paths and a = 4 is predicted in the SnTe(111) surface
considering the Dirac-cones on the TSS. However, a = -2.49 in this sample indicates that there are couples of
transport channels among the surface channels or between the surface channels and the bulk channels. The
abrupt disappearance of the WAL at 7> 6 K indicates that the coherence factor such as phonon scattering is
relatively strong in this sample. The phase coherent length, 261 nm, is comparable with the previous reports [5].
The carrier concentration was estimated to be 6.9x10%! cm™ by the Van der Pauw method at 4 K. This indicates
that the Fermi level lies in the valence band, and this sample is the degenerate semiconductor. Thus, the bulk
contribution in the electrical transport is large in this sample.

From the observation of the WAL, the TSS is protected by the mirror symmetry for the Mn concentration up
to at least 0.52% although the time-reversal symmetry breaks due to doping of Mn atoms. This suggests that
unless the mirror symmetry breaks by doping magnetic atoms the TSS can be protected even with breaking the
time-reversal symmetry.

These results help to understand the protection of the TSS in TCIs, which remains veiled even now. More
intense research is required to clarify the effect of the mirror symmetry and the time-reversal symmetry on TCIs
systematically.
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The ratio of glass transition- and melting temperatures, 7,/Ty,, is widely employed as a simple index to
characterize a glass-forming ability of glasses [1]. Generally, values of 3/2 or at smallest 1/2 were observed in
various types of glasses, such as oxide, organic, and metallic glasses. Exceptions were only observed in simple
polymer glasses, such as polyethylene (0.35) and polytetrafluoroethylene (0.26). Recently, Yamamoto et al. [2]
have found a curious metallic glass, Pd4Cu,0Geso, having a very low 7, and an extremely small 7,/T;, of 0.36,
where T, = 52°C and T, = 625°C. Surprisingly, this metallic glass is formable even in hot water like polymer
glasses.

To clarify an origin of such a small T,/T;, value in the Pd4CusGes metallic glass from a partial structural
point of view, anomalous x-ray scattering (AXS) experiments were performed close to the Pd, Cu, and Ge K x-
ray absorption edges, and the obtained differential data were analyzed using reverse Monte Carlo modeling
[3,4]. As a result, a structural hierarchy was realized, i.e., covalently bonded GePd, clusters and Cu atoms with
metallic bonding between the clusters. In this study, we have investigated a formation of the GePd, covalent
clusters from a viewpoint of electronic structures using photoemission and inverse-photoemission spectroscopy
(PES and IPES).

A PdyCuyGegy metallic glass sample was manufactured at Institute for Materials Research, Tohoku
University by a normal melt-spinning technique with a tapered silica nozzle. The glass 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 by an electron-probe micro-analysis equipment.
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FIGURE 1. PES and IPES spectra of Pd,oCu,Gey metallic glass.



The PES measurements were carried out using high-resolution PES spectrometer installed at BL-7 of HiSOR.
The measurements were performed in the incident photon energy range of 30-400 eV to obtain valence-band
density of states (DOS). We also measured core-level PES spectra for Pd 3d (-340 eV), Cu 3p (-76 eV), and Ge
3d (-28 eV) levels to examine the chemical states around each constituent element. The IPES spectra were also
obtained using the RIPES spectrometer at HISOR to measure the conduction-band DOS.

Figure 1 shows the valence- and conduction-band DOS obtained from PES and IPES measurements,
respectively. In the valence band, a sharp peak at about -4 eV is seen together with a shoulder at about -4.5 eV,
both of which originate from Pd 4d electrons. The energy position of these structures is larger in binding energy
than those of pure Pd polycrystalline metal, PdsoNigP»o, and Pds; sNi; sCuszoPyy bulk metallic glasses [5]. Also,
the magnitude of DOS near the Fermi energy is very small and comparable with that in Pdy; sNi;5CuszoPyo bulk
metallic glasses [5]. Since the incident photon energy dependence of the PES measurements enables one to
estimate the element- and orbital angular momentum-selective DOS information, partial DOS could be
estimated and will be given elsewhere.

Figures 2(a) and (b) show core-level PES spectra of the Pd4 CuyyGeso metallic glass for the (a) Pd 34 and (b)
Ge 3d levels respectively. The Pd 3ds, core level is located at about -336.5 eV as a sharp peak, which is deeper
in binding energy than those of Pd4NigoPy, PdsCusoP29, and Pdyg, sNi; 5Cu;0P,¢ bulk metallic glasses [6]. From
these results, Pd has a single chemical state, and the electrons are located in a stable state, such as in a partially
covalent bonding state.
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FIGURE 2. Core-level PES spectra of Pd4yCu,¢Geyo metallic glass for (a) Pd 3d and (b) Ge 3d levels.

The Ge 3d level should be double peaks of 3d5, and 3ds, with a difference of 0.6 eV. However, the spectra
are composed of a peak at about -28.2 eV with shoulders at the both sides of the peak. Therefore, at least two
core-level pairs are contributed to form the Ge 3d spectra as indicated by solid lines, and mainly two different
chemical states are expected for the Ge atoms. As mentioned above, the AXS data showed the existence of
GePdy4 covalent clusters, while another atomic state of metallic bonding is also possible for the Ge atoms. The
present core-level PES result would be a proof for the coexistence of these covalent and metallic bonding states
in the Ge atomic sites. For the further discussion, it is necessary to analyze the obtained PES and IPES data
carefully by a curve-fit analysis, which is now in progress.

This work was performed under the inter-university cooperative research program of the Institute for
Materials Research, Tohoku University (Project No. 14K0033).
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Mineral tetrahedrite Cu;,SbsS;; is expected as one of candidates for environmental friendliness
thermoelectric materials because of its low electrical resistivity, low thermal conductivity and high thermopower
[1]. The thermoelectric dimensionless figure of merit Z7 is estimated to be 0.13 at 340 K. The Z7-value
increases by Ni-substitution for the Cu ion and ZT = 0.7 is achieved at 665 K for CuyosNi; 5SbsS13 [2]. On the
other hand, Cu;,SbsS;3 exhibits a metal semiconductor transition (MST) at Tyst = 85 K [1]. The metallic
electrical resistivity above Tygsy sharply increases by one order of magnitude at Tyst and shows a
semiconducting behavior below Tyst. The mechanism of the MST is under investigation. In this study, we have
investigated temperature dependence of the electronic structure of Cu;,SbsS;; around the Fermi level (Ef) by
means of synchrotron radiation photoemission spectroscopy (PES). The unoccupied electronic structure has also
been investigated by means of inverse-photoemission spectroscopy (IPES). For comparison, we carried out PES
and IPES for the Zn-substituted system Cu;9Zn,SbsS;3, which is categorized to be a semiconductor from the
resistivity measurements [1]. The PES experiments were performed at BL-7 of Hiroshima Synchrotron
Radiation Center (HSRC) and the IPES spectra were measured using the IPES spectrometer working at HSRC.
Clean surfaces of the polycrystalline samples were prepared by fracturing in situ.

Figure 1 (a) shows the PES spectra in the vicinity of Er measured at 2v =25 eV between 150 and 25 K. No
noticeable structure is observed and we notice only a weak and broad structure in the range from 0.15 eV to EFf.
The PES intensity is substantially low still in the metallic phase (7 = 150 K). According to the band-structure
calculation [3], EF is located inside the valence bands and the band gap of 1.3 eV exists above only 0.1 eV. The
low intensity well reflects this situation. With decreasing temperature, the intensity of the weak and broad
structure gradually decreases though the change is relatively small above 90 K. In order to emphasize the
temperature dependence of the spectra arising from the MST, we assume the background constructed from the
PES spectrum at 25 K as shown by a dashed line in Fig. 1 (a) and subtract the background from each spectra.
The results are shown in Fig. 1 (b) and the integrated intensities between -0.05 and 0.10 eV of the subtracted
spectra are plotted as a function of temperature in Fig. 1 (c). The intensity gradually decreases on cooling and an
amount of the decrease becomes steep around Tyst. Thus, the MST is observed as the decrease of density of
states (DOS). The decrease is, however, rather continuous in contrast to the sharp change of the resistivity.

Figure 2 (a) shows the PES spectra of Cuj;SbsS;3 and Cu;9Zn,SbyS15 around Er measured at hv = 40 eV and
T = 150 K. No spectral intensity is detected in consistent with the semiconducting behaviour of the electrical
resistivity below room temperature [1]. According to the band-structure calculation of Cuj,SbsS;3 [3], just two
electronic states are unoccupied for the valence bands. Since, in unit of Cu;,Sb4S;3, one Zn-substitution for one
Cu ion gives just one electron into Cuj,SbsS;3, the valence bands are just filled for Cuy¢Zn,Sb,sS;;, which
qualitatively describe a semiconducting behavior of the electrical resistivity [1]. The energy gap is estimated to
be 320 meV from the leading edge of the spectra. Figure 2 (b) shows comparison of the IPES spectra between
Cu5SbsS;3 and CuypZn,SbyS, ;. The spectra were measured with the incidence electron kinetic energy of Ex = 50
eV. A whole spectral feature is similar. We notice that the rise above Eg of Cu;oZn,Sb,S;; is slightly shifted to
higher energy side compared to that of Cu;,Sb,4S;;, suggesting that energy gap is formed in the unoccupied side.
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One of the most striking phenomena associated with high temperature superconductivity is the pseudogap
state. It is believed that a key to understand the mechanism of superconductivity lies in unraveling of the nature
of pseudogap phase. Continuous efforts have been made in both theories and experiments, among which a
prominent example is the report of circular dichroism in angle-resolved photoemission spectrum of the high
temperature superconductor Bi2212 in the pseudogap state. The observed circular dichroism at M (r,0) point of
the Brillouin zone was first interpreted as a direct evidence to show the time-reversal symmetry breaking [1].
This result was later challenged by contradict results from other group [2,3]. Alternative explanations were also
proposed, suggesting that the circular dichroic signal may come from the superstructures [2,3] and/or distortions
in the Bi-O layer [4].

However, despite the arguments about the origin of the observed circular dichroism from different properties
of the sample, the technical validity of the circular dichroism from ARPES measurement itself has never been
checked. In another word, before any conclusion about the origin of the possible intrinsic circular dichroism be
reached, it is the very first step to establish how accurate the experiment needs to be performed to avoid any
artifact dichroic signal which may have the same magnitude as the expected intrinsic ones.

It is well documented and generally agreed that the geometric dichroism vanishes if the propagation vector
of the light, the normal to the sample surface and the final state momentum are all in a mirror plane of the
sample [1-6]. Therefore, any attempt to look for intrinsic circular dichroism should be performed in the mirror
plane to avoid geometric dichroism. However, in all the earlier measurements, only one momentum point M
(,0) was supposed to be in the mirror plane, therefore the aforementioned arguments were essentially based on
whether there is dichroic effects on this single momentum point. The solidity of this approach lies in the
assumption that the geometric dichroism induced by the inaccuracy in determining the momentum position of
the M (m,0) point is significantly smaller than the expected intrinsic circular dichroism. This assumption which
had been taken as granted, however, may or may not be true in the real measurements, and definitely needs to be
checked experimentally.

To this end, we have performed careful circular dichroism measurements on Bi2212 at Beamline-9A of the
Hiroshima Synchrotron Radiation Center. With the special ARPES setup at Beamline-9A, we were able to
measure a cut instead of a single point in the mirror plane. The I (0,0)-Y (r, w) mirror plane of the sample was
selected: First, it is free from superstructures and distortions in the Bi-O layer, that it stays as a mirror plane of
the sample even with superstructures and distortions. Second, there should be no circular dichroism along I"
(0,0)-Y (m, m) from the time-reversal symmetry breaking induced by the circulating-current in the pseudogap
phase [6]. Therefore, it provides an ideal mirror plane to test the geometric dichroism induced by the inaccuracy
in determining the momentum positions.

The experimental results are shown in fig.1. It is clear that when the sample is perfectly aligned and the
measured cut is exactly in the I (0,0)-Y (=, m) mirror plane (fig.1a), there is no circular dichroism as expected
(fig.1b). However, the geometric dichroism starts to emerge with a reasonable magnitude (~5% of the spectrum
intensity) when the angle is only 0.3 degrees off (fig.1c). It increases to ~10% of the spectrum intensity when



the angle offset reaches only 0.5 degrees (fig.1le). The intrinsic circular dichroism induced by the breaking of
time-reversal symmetry is estimated to give rise to an asymmetry of ~10% [6] and the one estimated by
considering distortions in the Bi-O layer is ~5% [4]. Therefore, an angle offset of ~0.3 degrees gives a
geometric dichroism which is comparable to the expected intrinsic ones from the sample. However, an offset of
~0.3 degrees is too small to be corrected in ARPES measurements neither by the Fermi surface mapping (fig.1a)
nor the measured cut itself. Our successful identification of the exact I' (0,0)-Y (m, m) direction is conditional:
We know there is no intrinsic circular dichroism, therefore we moved the angles in a step of 0.1 degrees and
found out the accurate direction along which there is no dichroism at all. However, this method is not valid
when intrinsic and geometric dichroism may coexist, given the fact that they might either enhance or cancel the
magnitude of each other. Our findings have clearly established the accuracy limit (at least <0.3 degrees) of the
experiment to avoid the geometric dichroism, which is a prerequisite to discuss the intrinsic circular dichroism
from the sample, however has yet to be reached. Therefore, the question about circular dichroism in angle-
resolved photoemission spectrum of cuprates is still open. The next generation of ARPES analyzer with a 2D
detector incorporated with an accurate 6-axis cryostat might give new insights on the way to promote this
research.
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FIGURE 1. Geometric dichroism induced by angle offset. (a), Fermi surface map of an underdoped Bi2212 sample with a
superconducting transition temperature of 75K. (b-c), Integrated ARPES intensities probed by left-handed (LH) and right-
handed (RH) polarized light along momentum cuts with an angle offset of 0, 0.3, 0.4, 0.5 degrees respectively. All the
measurements were done at 30K with a photon energy of 21.2eV.
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Strong spin-orbit coupling fosters exotic electronic
states topological
superconductors, but the combination of strong spin-
orbit and strong electron-electron interactions is just
beginning to be understood. Central to this emerging
area are the 5d transition metal iridium oxides [1,2].
The main goal of the study we propose is to identify,
by using ARPES, the new-types of correlated
topological theoretically  predicted
pyrochlore iridates, such as topological Mott insulator,
Weyl semi-metal, topological Fermi arc, and quantum
spin Hall [3.,4].

Following the discovery of topological insulators,
the next frontier is the regime in which both spin-
orbit coupling and correlation effects are strong.
Theory has suggested that the pyrochlore iridates
(Lnylr,O7; Ln=rare earth elements), a family of cubic
5d transition metal oxides, realize both band
inversion [2,3], the essential ingredient of topological
insulators, strong The

such as insulators  and

states in

and anomalous states

and correlations.

phenomenological suggestion is that the Fermi
surface of Pr,Ir,0; contains a single Fermi node at the
I' point protected by cubic and time-reversal
symmetries, which emerges as the touching point of
two quadratically dispersing “conduction” and
“valence” bands [Fig.1(a) and Fig.3(b)]. If the
assumption is correct, PryIr,0; could be a strongly
analog of HgTe,
mathematically identical quadratic node at the Fermi
energy and was first recognized as the topological
insulator realized in the form of strained thin film.
Similarly, the Pr,Ir,0; could be a “parent” state
tunable to new-types of strongly correlated
topological phases [Fig.1(b)-(d)] [2,3]. As the ionic
radius of Ln site increases (for example, Ln=Nd and
Eu), the antiferromagnetic
emerges [inset of Fig.2(a)], which causes the time-
reversal symmetry breaking in bulk. This could

correlated which has a

all-in-all-out order

T (K)

FIGURE 1. Schematic diagram illustrating (a) the
quadratic Fermi node state of Pr,Ir,0; and its role as a
parent of (b)-(d) interacting topological phases. (e)
Crystal structure of pyrochlore iridates (Ln ,1r,05).
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provide a realization of Weyl fermions that obeys a two-component Dirac equation. It was also predicted to
establish remarkable topological properties manifested by surface states in the form of Fermi arcs [5]. The
pyrochlore iridates study therefore has enormous potential to open up the next frontier of condensed matter
physics.

By ARPES, we have experimentally realized the Fermi node state in Pr,Ir,0;. We observed that a
parabolic band-dispersion approaches Er with increasing photon energies (or &, values), and finally touches it at
the T" point. With a further increase of k., the dispersion gets away from Ef again, which signifies that the 3D
band structure of Pr,Ir,07 has a single Fermi point. Other scans of different £, values up to the L point revealed
no other states touching or crossing Eg. This satisfies the charge neutrality, and it could be a further evidence for
the realization of nodal state. Figure 3 (a) shows the energy distribution curves measured along a momentum cut
across the I' point. The ARPES spectra are cut-off by the Fermi distribution function, which thus prevents us
from examining the energy state close to Er. To remove the Fermi cut-off effect, we symmetrized the original
ARPES spectra about Er as demonstrated in Fig.3(b). It is revealed that the spectral feature with two peaks
merges to one peak along the momentum cut, signifying the quadratic band touching at a single & point. In Figs.
3(d) and 3(e), the symmetrized ARPES image and its 2" derivative are plotted. It is clearly seen that the
parabolic band dispersion touches at Er as theoretically predicted [Fig.3(c)].

(a)
~ FIGURE 3. (a) Energy distribution
. curves  measured along a
3 momentum cut across the I' point
H in PryIr,05. (b) The same data as in
I_ (b), but symmetrized about the
3 Fermi level; the symmetrization
Al technique is commonly used to
' remove the Fermi cut-off effect on
Al the ARPES spectra. (¢) Schematic
) 2 picture of the Fermi node state,
% : % expected to be realized in PryIr,O.
< N—E (d) ARPES dispersion map across
A the I' point, indicated with a red
i curve in (c). (e) The same image as
a\f in (c), but after the 2" derivative.
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Ir;,Pt,Te, and related systems have been attracting great interest since the Ir/Te triangular lattice layer
exhibits superconductivity with maximum T, ~ 3.1 K as reported by Pyon ef al. [1] and Yang ef al. [2] The
parent material IrTe, undergoes a structural phase transition at ~ 270 K that should be driven by the Ir 5d/Te 5p
orbital and charge order. The Pt substitution for Ir suppresses the Ir 5d/Te S5p orbital and charge order, and
induces the superconductivity. We have performed angle-resolved photoemission spectroscopy (ARPES) on
IrTe, and Irg9sPtyosTe, at BL-9A and revealed the unique electronic structure [5,6]. IrTe, in the undistorted
phase and superconducting Ir,¢sPtoosTe, have multi-band Fermi surfaces with six-fold symmetry (one outer
Fermi surface with flower shape and six inner Fermi pockets) which are basically consistent with band-structure
calculations [5,6]. IrTe, in the structurally distorted phase shows very complicated Fermi surfaces including the
straight Fermi surfaces reported in ref. 5. The anisotropic Fermi surfaces indicate that the Ir 5d/Te Sp orbital
symmetry breaking plays important roles in the structural distortion and would be consistent with the orbitally-
induced Peierls mechanism [7,8]. However, the straight Fermi surfaces were observed only when the IrTe,
crystals were cleaved at room temperature and then cooled down to the low temperature. In order to clarify the
origin of the straight Fermi surfaces observed in IrTe,, we have measured photon energy dependence of ARPES.

Figure 1(a) shows the ARPES results taken at 20 K for IrTe,. The crystals were cleaved at 300 K and then
slowly cooled down to 20 K for the measurements. The photon energies were varied from 17 eV to 32 eV. The
straight Fermi surfaces reported in ref. 5 were clearly observed. As shown in the Fermi surface map in the k,-k,
plane (Fig. 1(b), k,: momentum along the one-dimensional band dispersion, k.: momentum perpendicular to the
surface), they do not change appreciably with the photon energy whereas the other complicated Fermi surfaces
strongly depend on it. Therefore, the complicated Fermi surfaces with the strong k. dependence can be assigned
to the bulk of IrTe, with Ir/Te orbital and charge order. On the other hand, the straight Fermi surfaces should be
assigned to the surface of IrTe,. The straight Fermi surfaces are derived from the very one-dimensional band
dispersion along the k, direction. It is highly interesting how such a one-dimensional electronic state can be
realized on the triangular lattice layer. A possible fascinating scenario is that the bulk orbital ordered state forms
anisotropic domains along the x direction and the surface electronic states are created at the one-dimensional
and straight boundaries between the domains.

In addition to the main one-dimensional band, several branches are clearly observed well below the Fermi
level in Fig. 1(a), suggesting that the electrons are confined along the y and z directions. Since the velocity of the
confined electron Vyis~1eV- A and the energy separation between the neighboring branches AE is ~ 0.15 eV,
the length scale of the confinement would 2nVs /AE ~ 25 A. This value is comparable to the lattice constant of
the distorted phase would be consistent with the domain boundary scenario. The present result indicates that the
surface of IrTe, and related materials can be a new playground to explore novel one-dimensional electronic
states. The one dimensional electronic state is naturally formed due to the orbital and charge ordering in the bulk.
In particular, the strong spin-orbit interaction of the Ir 5d and Te 5p subshells can be exploited for realization of



new spintronics or orbitronics devices. The effect of the spin-orbit interaction should be studied in future by
means of spin-resolved photoemission spectroscopy.
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FIGURE 1. (a) ARPES

spectra of IrTe, along the I'-
K or A-H direction (k
direction ) taken at 20 K and
hv = 32, 29, 26, 23, 20, and
17 eV. The dotted lines
roughly indicate the Fermi
wave number at which the
surface band crosses the
Fermi level.
(b) Fermi surface map in the
k.-k, plane. k, is the electron
momentum perpendicular to
the cleaved surface.
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The ternary rare-earth compound EuPtP shows two first-order valence transitions at 7; = 235 K and 7, = 190
K [1,2,3], and the mean Eu valence changes from a magnetic divalent 4/ state to a non-magnetic trivalent 4f°
state with decreasing temperature. These two valence transitions cause an anomalous enhancement of the c-axis
resistivity between two valence transitions (7, < T < T)), and the resistivity approaches the limit of metallic
conduction. In general, the conductivity of a free electron meal at low temperature is proportional to the density
of conduction electrons near Fermi energy (Er) [4]. Therefore, a comprehensive understanding of topology of
Fermi surface (FS) and its volume would provide important insight into the origin of the mechanism for the
valence transition in EuPtP.

Angle-resolved photoemission spectroscopy (ARPES) has played a leading role in the investigating the
electric state near Er. However, the study of the valence transition has been hindered, because only a few Eu-
based compounds have good cleavage plane, which is required for the ARPES measurement. While a recent
ARPES study for mixed-valent EuNi,P, has revealed that the Ni 3d bands indeed cross the Ef, the FS topology
has still been unclear [5].

Here, we report the high-resolution ARPES study of temperature dependence of the FS in EuPtP for the first
time. The ARPES measurements were performed at BL-9A of Hiroshima Synchrotron Radiation Center, where
the two different linear polarizations (s- and p-polarized light) were achieved from APPLE II type undulator.
Total instrumental energy and momentum resolutions were set at 10 meV and 0.008 A™', respectively. The
samples were cleaved in situ and kept under ultrahigh vacuum better than 5 x 10" Torr.

Figures 1(a) and 1(b) show the ARPES spectra measured at 7= 260 K (above 7)) along the I'-M direction (cut
#1) and off the direction (cut #2), respectively. The Eu 4/° multiplets are observed as a featureless continuum in
the region from -0.5 to -1.0 eV due to finite resolution effects. Near Er, three dispersive hole-like bands, a, f3,
and v, can be identified. They mainly originate from Pt 5d orbitals and overlap the multiplet terms. As shown
by energy distribution curves (EDCs) in Fig. 1(d) near K point, the 3 and y bands clearly cross £r. Therefore,
there are two hole-type FSs around K point, and one hole-type FS around I' point, as shown in Fig. 1(c). The a
FS is nearly circular with enclosed area of ~ 11% of the Brillouin zone area. The 3 and y FSs are triangle-like
shape with an area of ~ 4% and ~ 23%, respectively.

By comparing the electric structure above and below 7, downward band shifts could be identified for the 3
and the y bands. As shown in Fig. 1(g), the B and the y bands moves away from Er, and the top of the y band is
at about -0.2 eV below Er. There are now one hole-like o FS around I' point and one triangle-like § FS. The
estimated area of the a and the  FSs with respect to the Brillouin zone is ~11% and ~18%, respectively. The
shrinking FS implies that the Pt 5d electron is disappearing from the Fermi volume, and as a result, electrical
resistivity may increase between the two-valence transitions.
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Figure 1 Electric structure of EuPtP taken with s polarization and photon energy of 2v= 34 eV. (a)(b) ARPES intensity plots
as indicated the black arrows in panel (c). Green dashed lines in (a) and (b) are guide to the eye. (¢) Fermi surface mapping in
the Brillouin zone integrated over 0 < |o| <300 meV. (d) Energy distribution curves around K point for the data in panel (b).
Data were taken at 7= 260 K (above 7). (f), (g), (h), and (i) are the same as in panel (a), (b), (c), (d) and (e), respectively, but
taken at 7=220 K (7, < T<T;). (e)(j) The calculated Fermi surface above T; and within 7, < T'< T, respectively.

In Figs. 1(e) and 1(j), we show FSs predicted by the first-principle calculation. At first glance, the bands do
not show much £, dispersion, because the EuPtP is quasi-two dimensional system. Around the K point, the
shrinking FS with the valence transition is roughly reproduced by the calculations. However, one finds that the
number and topology of the calculated FSs around I' point is different from that of the measured one. We note
that in order to obtain accurate FS topology, it is crucial to compare the data taken with p- and s-polarized light
following the dipole selection rule.

In summary, we have revealed the temperature dependence of the FS in EuPtP from the high-resolution
ARPES for the first time. The experimentally determined FS above 7 consists of three types of hole pockets,
one centered at the I" point, two around the K point. The area of FS shrinks due to the downward energy shift of
the bands, resulting in the reduction of the Fermi volume which is likely responsible for the anomalous

enhancement of c-axis resistivity.
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