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1PREFACE

PREFACE

On behalf of the staff of the Photon Factory (PF) we are pleased to present PF Highlights 2015, 
which is newly published based on the traditional PF Activity Report. The PF Activity Report contained 
scientific highlights, facility reports, statistical data, and users’ reports. From the PF Activity Report, 
we have selected the best scientific results to produce PF Highlights 2015. We hope that many peo-
ple will read the PF Highlights to know about the latest topics in synchrotron radiation science from 
the PF, including slow positron science. This PF Highlights 2015 covers research activities carried out 
in fiscal 2015 (April 2015 – March 2016), and includes 34 scientific highlights from six research fields 
as well as statistics on “Operation and Proposals”.

The PF leadership has changed slightly. Prof. Kenta Amemiya joined us as Head of Synchrotron 
Radiation Science Division 1 from April 2015. We are currently operating two storage rings, the 2.5-GeV PF ring and 
the 6.5-GeV PF-AR (PF-Advanced Ring), to promote inter-university collaboration and encourage joint research proj-
ects. In FY2015 we had about 950 active approved proposals, 3,100 registered users and about 480 publications. The 
PF is also participating in the following large national projects of the Ministry of Education, Culture, Sports, Science and 
Technology: “Elements Strategy Initiative to Form Core Research Centers”, “Platform for Drug Discovery, Informatics, 
and Structural Life Science”, “Photon and Quantum Basic Research Coordinated Development Program”, “Cross-min-
isterial Strategic Innovation Promotion Program”, and “Impulsing Paradigm Change through Disruptive Technologies 
Program”. The PF is also serving as an administrative facility in the Photon Beam Platform to open up new research 
fields for industrial use. Moreover, we are promoting international collaboration: the Indian beamline was established in 
2009 after both the Indian and Japanese prime ministers welcomed it in a joint statement. This beamline is actively be-
ing used, making the project highly successful.

Over the past decade we have actively been upgrading the beamlines to focus on important scientific areas. In the 
long straight sections of the PF ring we have installed new undulators and reconstructed the VUV and SX beamlines: 
BL-2A/B for surface and interface science, BL-13A/B for surface chemistry, BL-16A for surface spectroscopy with po-
larization switching, and BL-28A/B for strongly correlated electron science. Meanwhile, we have upgraded the hard X-
ray beamlines to support the large number of X-ray users and gain long-term competitiveness in the field of X-ray sci-
ence by installing short-gap undulators in the short straight sections of the PF ring: BL-1A for protein crystallography, 
BL-3A for structural science, BL-15A for XAFS and small-angle scattering, and BL-17A for protein crystallography. In 
the PF-AR, we are focusing on hard X-ray activities such as high-pressure, time-resolved experiments. Thanks to the 
systematic reconstruction of beamlines we have succeeded in reducing the number of stations from 72 (FY2005) to 39 
(FY2015) in the PF ring with no loss of productivity.

FY2015 has been a very special year for the PF because the future plan has been officially reconsidered. The PF 
was constructed as a second-generation synchrotron radiation source and the first photon came out in 1982, and so 
the PF is now one of the oldest large synchrotron radiation facilities in the world. Accordingly, there is an urgent need 
to proceed with plans for the next light source facility. The High Energy Accelerator Research Organization (KEK) ear-
lier constructed and operated a compact energy recovery linac (cERL), for conducting R&D on the ERL as a future 
light source and to evaluate its feasibility. With the recent progress in accelerator technology, however, it has become 
clear that most of the contributions to photon science expected from the ERL can be realized more quickly by building 
a 3 GeV-class storage ring-type high-brilliance light source. Accordingly, KEK has halted studies on the ERL as a next-
generation light source and has decided to aim for early realization of the storage ring-type high-brilliance light source. 
This next-generation light source will achieve spatial resolution of the order of nanometers and energy resolution of 
the order of meV. It will make possible previously unachievable new research in several areas such as studies of the 
structural and electronic properties of heterogeneous substances, and clarification of chemical reaction dynamics that 
include fluctuations. KEK is starting specific considerations of an all-Japan effort to realize the high-brightness light 
source, which will become an indispensable tool for leading-edge research in a wide range of academic and industrial 
fields.

                                                                                                                                                              Youichi Murakami



HIGHLIGHTS2

 1   Atomic and Molecular Science               

First Laser Spectroscopic Study of the Positronium Negative Ion

The positronium negative ion, a bound state of two electrons and a positron, is one of the simplest three-body systems. 
Since this system is composed of leptonic particles with the same mass, it provides a good testing ground for the many-
body problem in quantum mechanics and quantum electrodynamics. However, experiments have been hampered by 
difficulties in achieving adequate intensities and its short annihilation lifetime. In the present work, we performed the first 
laser spectroscopic study of Ps-, where Ps- ions were efficiently generated by a novel method using a Na-coated W sur-
face. The shape resonance of the 1Po symmetry was observed in the photodetachment of Ps-.

An electron can bind to its antiparticle, the positron, 
to form a hydrogen-like bound state called a positronium 
(Ps). Another electron can bind to a Ps atom to form 
the positronium negative ion (Ps-). Its unique property, 
consisting of particles and an antiparticle with the same 
mass, provides a stringent testing ground for the many-
body problem in quantum mechanics. Since the predic-
tion of its existence in 1946, a wide variety of theoretical 
work on such aspects as energy level structure and an-
nihilation properties has been reported [1]. Experimental 
verifications, however, have been hampered due to the 
extremely low intensity of the ion and its short annihila-
tion lifetime (479 ps), and so only a few measurements 
of its lifetime have been made. In the last decade, an 
efficient method of generating Ps- ions has been devel-
oped by injecting slow positrons into alkali-metal coated 
surfaces [2], offering a new path for research on this 
exotic ion. In the present work, we performed a laser 
spectroscopic study of the Ps- ions employing the effi-
cient Ps- source in conjunction with a linac-based pulsed 
positron beam.

Ps- ions were generated using a pulsed positron 
beam at the KEK IMSS Slow Positron Facility [3] syn-
chronized with a nanosecond pulsed laser source, 
which provides sufficient photon flux density for the 
photodetachment of the short-lived Ps-. The electron 
linac was operated in a short pulse mode with a repeti-
tion rate of 50 pps. The slow positron beam with a pulse 
width of 12 ns (FWHM) was magnetically guided into 
the experimental chamber with a transport energy of 4.2 
keV. It was deflected by a magnetic field (deflection an-
gle of 45 degrees) and then made incident onto a target 
after passing through two grids biased at 3400 V (Fig. 1). 
The target voltage was varied to control the acceleration 
voltage of the Ps- ions.

The target was Na-coated W from which Ps- ions 
are efficiently emitted (conversion efficiency of ~2%) 
[2]. The substrate was a polycrystalline W film with a 
thickness of 50 μm (purity 99.95%). In order to remove 
vacancy-type defects and clean the surface, it was 
annealed in-situ by resistive heating at a temperature 
of 1800 K for 30 min. After cooling down to room tem-

Figure 1: Schematic view of the experimental setup for the laser spectroscopy of positronium negative ions [4].
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perature, sub-monolayer Na was deposited using a 
commercial alkali-metal dispenser. The Ps- ions emit-
ted from the target were accelerated by a potential gap, 
W, between the target and the forward grid, and were 
photodetached by laser irradiation in a field-free region 
formed between the two grids. The light source was a 
tunable dye laser (dye solution; Coumarin460) pumped 
by the third harmonic wave of a Q-switched Nd:YAG 
laser with a repetition of 10 Hz. By using a type 1 BBO 
crystal, the output light was converted to the second 
harmonic with a wavelength range of 225–230 nm. In 
the photodetachment of Ps-, o-Ps (S = 1) and p-Ps (S 
= 0) are formed. Although the short-lived p-Ps atoms 
immediately annihilate into photons after the formation, 
even for the excited states, the long-lived o-Ps atoms 
can fly a long distance and be detected by a micro-
channel plate (MCP) detector placed at 0.88 m away 
from the target.

Figure 2 shows the resonance profiles, which show 
the count rate of Ps atoms formed by photodetach-
ment as a function of photon energy (wavelength), for 
the acceleration voltages W = 3400 V and W = 1500 V 
[4]. Peaks with asymmetric tails were clearly observed 
above the formation threshold of Ps (n = 2). The data 
were fitted using the Fano function convoluted with the 
Doppler width due to the Ps- velocity distribution. A shift 
in the resonance position was observed in accordance 
with the acceleration voltages, indicating the longitudinal 
Doppler shift. The resonance position in the rest frame 

of the Ps- ions was derived by the weighted arithmetic 
mean of each zero-velocity position. The resonance po-
sition and width are in good agreement with three-body 
calculations of the shape resonance in the 1Po symme-
try.

With the combination of the two-photon adsorption 
technique, various resonances with narrow widths will 
be accessible for future research. Moreover, the pres-
ent method enables the production of a mono-energetic 
tunable beam of excited-state Ps atoms, which can be 
used for novel research on collision dynamics with at-
oms, molecules and solids.

Figure 2: Resonance profiles in the photodetachment of Ps- ions, measured at the acceleration voltages of 3400 V (a) and 1500 V (b). The 
solid lines show the results fitted to the data using the Fano profile convoluted with the Doppler width due to the Ps- velocity distribution [4].
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 2   Materials Science

Revealing the Magnetic Order in a New Dirac Antiferromagnet 
EuMnBi2 by Resonant X-Ray Magnetic Scattering

Dirac materials, in which the low-energy excitation is described as relativistic Dirac fermions, have attracted consider-
able attention because of the fascinating magnetotransport associated with the extremely high mobility. We report on a 
new layered Dirac antiferromagnet EuMnBi2, where we observed the bulk half-integer quantum Hall effect as a conse-
quence of the exquisite combination of Dirac fermions and Eu magnetic moments in a natural superlattice structure. By 
systematic measurements of resonant X-ray scattering at BL-3A, we have succeeded in revealing the detailed magnetic 
structure of the Eu sublattice, which is of great importance to understand the mechanism of novel quantum transport of 
Dirac fermions strongly coupled with magnetism.

Dirac fermions in solids have recently attracted 
significant attention as a new electronic state that is 
described by the relativistic massless Dirac equation. 
In 2005, the experimental discovery of the half-integer 
quantum Hall effect (QHE) in graphene triggered world-
wide researches on novel quantum magnetotransport 
of Dirac fermions. For potential application to spintronic 
devices, it is essential to know how the transport of Di-
rac fermions is controlled by magnetic order in a solid as 
well as by external fields, which has remained elusive 
so far. Although a variety of Dirac materials have been 
recently discovered, the quantum transport phenomena 
relevant to Dirac fermions were observable mostly in 
nonmagnetic compounds.

To explore magnetic Dirac materials, in this study 
we focused on a layered bulk antiferromagnet EuMnBi2. 
Recently, layered magnets AMnBi2 (A = Sr2+ [1-3] and 
Eu2+ [4, 5]) were found to host anisotropic 2D Dirac 
fermions, providing an ideal arena in which to exam-
ine the interplay between Dirac fermions and ordered 
magnetic moments. The crystal structure consists of 
the conducting layers of Bi square net hosting quasi 
two-dimensional (2D) Dirac fermions and the insulating 
magnetic layers consisting of the Mn-Bi and A layers 
(Fig. 1A). From detailed magnetic and transport mea-
surements on EuMnBi2, intriguingly we have discovered 
that the quantum transport properties of Dirac fermions 
are strongly coupled with the antiferromagnetic order 
of the Eu sublattice, as detailed below [6]. We report 
on the detailed magnetic structure of the Eu sublattice, 
which is indispensable to understand the mechanism of 
the correlated magnetotransport of Dirac fermions. For 
this purpose, we have performed resonant X-ray scat-
tering measurements at BL-3A, by utilizing horizontally 
polarized X-rays in resonance with the Eu L3 absorption 
edge (∼6.975 keV).

Figure 1: (A) Schematic illustration of the crystal and magnetic 
structures for EuMnBi2 at zero field, together with the formal va-
lence of each ion. The magnetic moments of the Mn sublattice 
are not shown for brevity. (B & C) Magnetic field dependence of 
magnetization M (B) and interlayer resistivity  zz (C) at 1.9 K. The 
inset to (B) shows a schematic illustration of the Eu2+ moments 
adjacent to the Bi layer for each antiferromagnetic (AFM) phase. A 
schematic sample configuration for the interlayer resistivity mea-
surement is presented in the inset to (C). Hf corresponds to the 
transition field to the spin-flop AFM phase.

First, we briefly present the magnetic and transport 
features for EuMnBi2. As shown in Fig. 2A, the mag-
netic susceptibility M/H parallel to the c axis for EuMnBi2 
steeply decreases below the antiferromagnetic (AFM) 
transition temperature TN ∼ 22 K, indicating that the 
Eu moments are aligned parallel to the c axis. At TN, 
we observed a steep jump in interlayer resistivity  zz 
toward the lowest temperature (Fig. 2C). The orienta-

tion of the ordered Eu moments can be controlled by 
applying magnetic fields; the magnetization at 1.9 K 
exhibits a clear metamagnetic (spin-flop) transition at 
H = Hf (∼5.3 T), corresponding to the reorientation of the 
Eu moments to be perpendicular to the field (Fig. 1B 
and its inset). Above Hf, interestingly,  zz increases by 
about one order of magnitude, followed by giant Shub-
nikov–de Haas (SdH) oscillations that reach Δ osc /  
∼50%. In such a high- zz state, we observed plateau-
like structures in the Hall resistivity, which is the first 
observation of the multilayer half-integer quantum Hall 
effect of quasi 2D Dirac fermions in a bulk magnet (data 
not shown) [6].

(B)

(C)
80

60

40

20

0

ρ z
z(

H
)

(m
Ω

cm
)

86420
µ0H (T)

2.0
1.5
1.0
0.5
0.0

M
(µ

B
/f.

u.
)B

C

Bi -

Eu2+

Mn2+

Bi3-

A

Hf

H||c
I+

I-

V+
V-

Eu
Bi

1.9 K

H||c

(A)

80

60

40

20

0

ρ z
z(

H
)

(m
Ω

cm
)

86420
µ0H (T)

2.0
1.5
1.0
0.5
0.0

M
(µ

B
/f.

u.
)B

C

Bi -

Eu2+

Mn2+

Bi3-

A

Hf

H||c
I+

I-

V+
V-

Eu
Bi

1.9 K

H||c



5HIGHLIGHTS

H. Sakai1, 2, H. Masuda2, Y. Yamasaki2, 3, H. Nakao4, 
Y. Murakami4, T.-H. Arima2, 3, Y. Tokura2, 3 and S. Ishiwata2, 5 
(1Osaka Univ., 2The Univ. of Tokyo, 3RIKEN-CEMS, 4KEK-
IMSS-PF/CMRC, 5PRESTO)

In the resonant X-ray scattering spectra near the Eu 
L3 absorption edge, we found the (0 0 11) reflection at 
E = 6.975 keV, which is forbidden in the present space 
group (I4/mmm). Considering the evolution of the inten-
sity below TN (Fig. 2B) and the sharp resonance at the 
Eu L3 edge (Fig. 2D), it can be assigned to resonant 
magnetic scattering from the Eu sublattice. Further-
more, the magnetic origin of the (0 0 11) reflection was 
ensured by polarization analyses as follows. The mag-
netic form factor (f i

mag) of the i th Eu magnetic moment in 
the electric-dipole transition is described as

where e and e’ denote unit vectors of the incident and 
scattered polarization, respectively, and �̂�𝒎𝒊𝒊  unit vector 
of the i th Eu magnetic moment. Based on this equation, 
the (0 0 L) magnetic scattering should appear only in the 
rotated σ-π'  channel. As shown in Fig. 2E, the (0 0 11) 
reflection was indeed observed in the σ-π'  configuration 
but not in the σ-σ'  configuration.

Finally, we discuss the antiferromagnetic order pat-
tern of the Eu sublattice at zero field. The observation 
of (0 0 11) reflection indicates that the Eu magnetic mo-
ments order ferromagnetically within the ab plane and 
antiferromagnetically along the c axis, resulting in two 
kinds of AFM order as possible candidates (type 1 and 
2 in Fig. 2F). To determine the order arrangement, we 
have measured the intensities (Iobs) of several (0 0 L) 
(L=odd) and (1 0 L) (L=even) magnetic reflections and 
compared them with the calculated intensities Icalc for 
type 1 and 2 (Fig. 2G). Measured intensities are in ex-
cellent agreement with the calculation results for type 1, 
indicating that the most probable Eu moment arrange-
ment is type 1.

Figure 2: (A to C) Temperature profile of magnetic susceptibility M/H at 0.1 T (A), intensity of the resonant magnetic reflection (0 0 11) at 6.975 
keV at 0 T (B), and interlayer resistivity  zz at 0 T (C). TN denotes the AFM transition temperature. (D) Energy profiles of the (0 0 10) Bragg 
reflection and (0 0 11) magnetic reflection with σ -incident polarization at 5 K. The resonant energy is 6.975 keV. (E) Profile of the (0 0 11) 
magnetic reflection along [001] at 5 K at 6.975 keV for the σ-π'  configuration (blue) and σ-σ'  configuration (red). Inset shows a schematic illus-
tration of the experimental setup. (F) Two types of antiferromagnetic order of the Eu sublattice at 5 K. (G) Comparison between the observed 
(Iobs) and calculated (Icalc) intensities of the (0 0 L=odd) and (1 0 L=even) magnetic reflections at 5 K for each type of antiferromagnetic order.

The obtained crystal and magnetic structure of 
EuMnBi2 is regarded as a natural spin-valve structure 
embedded in a multilayer Dirac fermion system, as 
shown in Fig. 1A. This indicates that the interlayer con-
duction is suppressed by the staggered Eu moments 
along the c axis, whereas the ferromagnetic order within 
the plane may promote the in-plane transport, leading 
to extremely high carrier mobility of ~14,000 cm2/V at 2 
K. Our discovery opens the door for engineering the Di-
rac fermion transport in magnetic materials suitable for 
novel spintronic devices with an extremely high speed.

𝑓𝑓𝑖𝑖
mag ∝ (𝒆𝒆 × 𝒆𝒆′) ∙ �̂�𝒎𝒊𝒊, 
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 2   Materials Science

High-Pressure Studies on a Newly Discovered Spin-Ladder Iron-
Based Superconductor BaFe2S3

Iron-based superconductors are well known as high-Tc superconductors, which have a two-dimensional iron lattice as 
a common feature. In copper-based superconductors, both two- and one-dimensional copper lattices have been found 
as a structural motif. We have discovered pressure-induced superconductivity in an iron-based quasi-one-dimensional 
spin-ladder-type material BaFe2S3 using a diamond anvil cell. The superconductivity emerges below 14 K, immediately 
after the appearance of metallic phase at ~11 GPa. The X-ray powder diffraction patterns indicate that the supercon-
ductivity appears in the ladder structure. Our findings indicate that this material provides useful insight into iron-based 
superconductivity.

The discovery of iron-based superconductors has 
had a significant impact on material science. Iron-based 
superconductors are well known as high-Tc supercon-
ductors, which have a two-dimensional iron lattice as a 
common feature, despite having different crystal struc-
tures. These materials exhibit characteristic magnetic 
phases next to the superconducting phase. A stripe-
type magnetic order is observed in the 1111, 122, 111 
and 11 types, and a block-type magnetic order is ob-
served in the 245 type of iron-based superconductors. 
Recent studies on spin-ladder-type iron-based materials 
revealed that they exhibit various kinds of magnetic 
ordering phase, which are a one-dimensional analog of 
both the stripe and block magnetism observed in iron-
based superconductors [1, 2]. Due to such similarity of 
magnetic property, superconductivity was expected to 
be found in spin-ladder-type iron-based materials, even 
though they have shown only insulating behavior. In the 
case of copper-based superconductors, the spin-ladder 
one had been theoretically predicted and was discov-
ered in (Sr,Ca)14Cu24O41 under high pressure above 
4 GPa at 12 K [3]. This discovery shed light on stud-

ies on high-TC superconductivity. Here we report the 
pressure-induced superconductivity of iron-based spin-
ladder-type BaFe2S3, having the stripe order magnetic 
phase [4].

Electrical resistance measurements were carried out 
by a standard dc four-probe method up to 30 GPa us-
ing a diamond anvil cell (DAC) [4]. Powdered NaCl was 
used as the pressure-transmitting medium, and plati-
num ribbons were used as electrical leads with a thin 
BN layer acting as electric insulation between the leads 
and the rhenium gasket. High-pressure X-ray diffrac-
tion measurements were performed using synchrotron 
radiation, applying a wavelength of 0.621 Å to a sample 
in a DAC with a liquid pressure-transmitting medium 
(Daphne 7474 or helium).

Figure 1a shows the resistance under pressures up 
to 13 GPa. Upon the application of pressure, the insulat-
ing properties are gradually suppressed and the R curve 
exhibits a metal-insulator transition around 11 GPa and 
a sudden decrease at 11 GPa and 13 K. This feature is 
attributed to a superconducting transition, based on two 
observations for Tc suppressed by magnetic fields and 
electrical currents. The pressure dependencies of Tc ob-
tained by several experimental trials are summarized in 
Fig. 1c, in which Tc shows a dome shape with a maxi-
mum Tc of 17 K at 13.5 GPa.

Figure 1: (a) Electrical resistance of BaFe2S3 for each pressure. The insulator-metal transition is observed between 10 and 11 GPa. 
The resistance drop due to superconductivity can be seen above 11 GPa. (b) Electrical resistance at 11 GPa on a linear scale, showing 
superconducting transition. (c) P-T phase diagram of BaFe2S3, which shows antiferromagnetic phase at ambient pressure. Superconducting 
transition appears above 10 GPa and disappears above 17 GPa. The maximum Tc is ~17 K.

The X-ray diffraction patterns under high pressure 
did not show definite signs of structural transition, indi-
cating that the superconductivity appears in the ladder 
structure, as shown in Fig. 2a. Figures 2b and 2c show 
the pressure dependencies of lattice constants at 300 K 
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and 10 K normalized to the ambient pressure values, re-
spectively. The b-axis perpendicular to the ladder layer 
is seen to be the most compressible and it is likely that 
anisotropic compression makes the system more metal-
lic by increasing the transfer of Fe 3d electrons across 
the inter-ladder bonds, which suggests the bandwidth-
controlled-type Mott transition. Theoretical calculation 
confirmed the electronic structure revealed by our X-ray 
results under high pressure [5]. Although we could not 
evaluate the magnetic ordering under high pressures, 
the suppression of magnetic ordering with the applica-
tion of pressure is a general trend in iron-based and 
copper-based superconductors. Therefore, it is reason-
able to consider that the increased conductivity disturbs 
the magnetic ordering in BaFe2S3. A subsequent high-
pressure study using a cubic anvil press reported the 
magnetic phase in the high-pressure region [7]. The 
superconductivity likely emerges in the vicinity of the 
quantum critical point associated with both charge and 
spin fluctuations.

Figure 2: (a) The crystal structure of BaFe2S3, consisting of edge-shared FeS4 tetrahedra extending along the c-axis and channels occupied 
by Ba atoms, in which Fe atoms form a ladder structure, depicted by VESTA software [8]. (b) Pressure dependence of lattice constants 
normalized to the ambient pressure values, obtained by high-pressure X-ray diffraction at ambient temperature. The layer direction (b-axis) is 
seen to be the most compressible. (c) Compression data obtained at 10 K, showing similar behavior to the data at 300 K.

From the structural point of view, BaFe2S3 is 
quite similar to the copper-based ladder material 
Sr14-xCaxCu24O41. In the copper-based one the pressure-
induced charge transfer from the CuO chain to the 
Cu2O3 ladder results in the appearance of superconduc-
tivity, which is categorized as a filling-control-type Mott 
transition, in contrast to the bandwidth-controlled-type 
Mott transition in BaFe2S3. In the ladder material, the 
d wave symmetry of the superconductivity is theoreti-
cally predicted, and is distinct from the common s± wave 
symmetry of two-dimensional square lattice structures 
[6]. Another difference is that no definite magnetic order-
ing has been observed adjacent to the superconducting 
phase in Sr14-xCaxCu24O41, which is in contrast to the 

superconductivity emerging adjacent to the magnetic 
phase in BaFe2S3. We conclude that the properties of 
BaFe2S3 are related to those of various unconventional 
superconductors, and may clarify the interplay between 
magnetism and superconductivity. Further substitutional 
and high-pressure studies are expected to shift the tran-
sition pressure to a much more accessible range, pos-
sibly to ambient pressure.
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Formation of Skyrmion Crystal in FeGe as Probed by Small-Angle 
Resonant Soft X-Ray Scattering

Small-angle resonant soft X-ray scattering in resonance with the Fe L absorption edge has been investigated for helical 
magnetic order and magnetic skyrmion crystal (SkX) in B20-type cubic FeGe. Transformation of magnetic structures 
among helical, conical, SkX, and ferromagnetic forms is observed with the application of a magnetic field parallel to the 
incident soft X-ray beam. The resonant soft X-ray scattering with high angular resolution revealed transient dynamics of 
SkX, such as rotation of SkX and variation of the SkX lattice constant, upon the change of magnetic field.

The Dzyaloshinskii-Moriya interaction due to the 
breaking of inversion symmetry in the crystal lattice 
induces a topological spin texture in a ferromagnet, 
known as a magnetic skyrmion. The formation of sky-
rmion crystal (SkX), i.e. the triangular lattice of sky-
rmions (Fig. 1a), has been observed in bulk and thin 
film chiral-lattice ferromagnetic alloys lacking inversion 
symmetry by small-angle neutron scattering (SANS) 
and Lorentz force microscopy [1, 2].

In this study, to observe the formation of SkX via the 
synchrotron X-ray scattering technique, we developed a 
diffractometer for measuring small-angle resonant soft 
X-ray scattering at BL-16A. As shown in the schematic 
of the experimental geometry in Fig. 1b, an in-vacuum 
CCD camera positioned downstream of the sample is 
utilized to record the resonant soft X-ray scattering, and 
a magnetic field of up to 0.5 T is applied parallel to the 
incident soft X-ray by a Helmholtz coil.

With this novel technique, we obtained CCD images 
of small-angle resonant soft X-ray scattering for helical 
and SkX phases as shown in Fig. 2a and b, respec-
tively. The twofold symmetric arc-like magnetic peaks (Q 
= ±qh) come from the helical magnetic ordering, and the 
six-fold diffraction pattern (Q = ±q1, ±q2, ±q3) character-
istic of the formation of SkX appeared upon application 
of a magnetic field of 0.1 T. The present study reveals 
that the magnitude of the magnetic modulation vector in 
the helical phase (|q1|) is slightly smaller than that in the 
SkX (|qh|) due to the high angular resolution of resonant 
soft X-ray scattering, though it has been reported in a 
SANS study on FeGe that the magnitudes of the q vec-
tor coincide between the helical order and the SkX. In 
addition, a second-order magnetic scattering (2q) is also 
discerned in the SkX phase with two orders of magni-
tude weaker intensity than in the primary one (q), indi-
cating the deviation of the actual SkX from the simple 
triple-q configuration.

In this study, we also surveyed the dynamics upon 
the transformation between the helical and the SkX 
magnetic structure. As shown in Fig. 3, we measured 
magnetic scattering peaks while repeating magnetic 
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Figure 1: Schematic illustrations of (a) magnetic structure of 
skyrmion crystal and (b) small-angle resonant soft X-ray scattering 
and picture of sample.

Figure 2: Observed CCD images of small-angle resonant soft 
X-ray scattering for (a) helical and (b) SkX.
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field cycles between 0 and 0.1 T. Upon the transfor-
mation from helical to SkX phase while applying a 
magnetic field, the rotation of SkX occurs concurrently 
with an expansion of the lattice constant (decreasing 
q value) of SkX. On the other hand, upon switching-off 
the magnetic field, the SkX q value abruptly increases 
and then turns to decrease in a few seconds, and finally 
the SkX vanishes abruptly, transforming to the helical 
phase. Namely, abrupt shrinking of SkX occurs just af-
ter switching off the magnetic field and subsequent rota-
tion and expansion of SkX occur. These results suggest 
that the expansion of the lattice constant of SkX should 
be strongly coupled with the rotating motion of the SkX. 
The shrinking of the SkX may be forming micro-domains 
or clusters of skyrmions and then the rotation of SkX 
may become possible within the individual domains, re-
sulting in the apparent rotation of the whole SkX.

In conclusion, the helical magnetic structure and the 
SkX in FeGe were observed by small-angle magnetic 
scattering with soft X-ray scattering in resonance with 
the Fe L edge. High angular resolution magnetic reflec-
tions revealed the difference in the q value between the 

helical order and the SkX, and also the transient motion 
of the SkX upon the change of magnetic field, such as 
the expansion of the lattice constant and concurrent 
rotation of the SkX. Measurements using coherent and 
pulsed soft X-ray will help clarify the dynamics of sky-
rmions and assist their application to spintronics.
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Figure 3: Temporal change of applied magnetic field (a), azimuthal angle φ (b), and magnitude of q vector (q = |q|) (c) of magnetic scattering 
from helical and SkX magnetic structures. (d) Schematic pictures of transient variation in magnetic structure from the SkX to helical magnetic 
structure with decreasing magnetic field.
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Magnetic Structures of SrIrO3/SrTiO3 Superlattices Studied by 
Resonant X-Ray Diffraction  

5d Ir oxides have an interplay of spin-orbit coupling and electron correlations. We investigated the magnetic structure of 
a SrIrO3/SrTiO3 superlattice by resonant X-ray diffraction. We observed the (0.5, 0.5, 5) peak, which indicates in-plane 
antiferromagnetic ordering and interlayer ferromagnetic coupling. Together with the weak ferromagnetic moment in the 
superlattice observed only for magnetic field parallel to the IrO2 plane, we concluded that in-plane canted antiferromag-
netism is realized in this superlattice. These results show that we can design and realize novel electronic phases in the 
unit of the SrIrO3 monolayer. 

that an in-plane canted antiferromagnetism is realized 
in this superlattice, similar to the single layer perovskite 
Sr2IrO4.

Since magnetic diffraction with the integer c-axis 
index (0.5, 0.5, 5) was observed, the interlayer coupling 
of Ir local moments is ferromagnetic, in marked contrast 
to the bulk Sr2IrO4. This is naturally expected because 
the interlayer coupling of Ir moments through the hybrid-
ization with the inserted SrTiO3 layer should give rise 
to a ferromagnetic Ir-Ir coupling regardless of whether 
the Ir-Ti coupling is ferromagnetic or antiferromagnetic. 
Figure 1d shows the obtained magnetic and lattice 
ordering pattern of this superlattice. Here, the IrO6 octa-
hedra in the two adjacent IrO2 layers rotate in the same 
direction, which can account for ferromagnetic coupling 
of both canted moments and Ir moments. 

The canted moment observed for the SrIrO3/SrTiO3 
superlattice was 0.02 μB/Ir mol. This is ~1/4 of the 0.075 
μB/Ir mol value in the bulk Sr2IrO4 [4], which implies the 
reduction of the local Ir moment and/or the reduction of 
DM interaction. The in-plane lattice constant a ~ 0.3905 
nm for the superlattice sample is larger than the 0.3890 
nm value for Sr2IrO4 [4] and therefore a smaller rotation 
of the IrO6 octahedra is expected for the superlattice. 
We estimated a rotation angle of approximately 8° in 
the superlattice. The Ir-O-Ir bond closer to 180° in the 
superlattice should decrease the strength of the DM in-
teraction and increase the bandwidth. The latter makes 
the system more itinerant and reduces the magnitude 
of the magnetic moments. We therefore conclude that 
the reduced distortion of the lattice is responsible for the 
reduced canted moments in the superlattice. 

In summary, we performed a resonant X-ray diffrac-
tion study of the SrIrO3/SrTiO3 superlattice to determine 
the magnetic structure. We observed in-plane canted 
antiferromagnetism similar to the bulk Sr2IrO4, and fer-
romagnetic interlayer coupling in contrast to Sr2IrO4. 
These results show that we can design and realize nov-
el electronic phases in the unit of the SrIrO3 monolayer.

The novel interplay of spin-orbit coupling (SOC) 
and electron correlations in complex Ir oxides (iridates) 
has recently emerged as a new paradigm for correlated 
electron physics. The transition from semimetallic SrIrO3 
to magnetic insulator Sr2IrO4 is reported in Ruddlesden-
Popper series Srn+1IrnO3n+1 (n = 1, 2, and ∞), suggesting 
a dimensionality controlled bandwidth via n [1]. Mat-
suno et al. reported transport and magnetic behaviors 
of synthesized artificial superlattice [(SrIrO3)m, SrTiO3] 
with m = 1, 2, 3, 4, and ∞ [2]. We tracked the evolution 
of electronic ground states by varying m to understand 
the close links among semimetal-insulator transition, 
magnetism, and underlying lattice structures. Figure 1a 
shows the schematics of the superlattices [(SrIrO3)m, Sr-
TiO3] (m = 1, 2, and ∞). In this work, we investigated the 
magnetic structure of the SrIrO3/SrTiO3 (m = 1) super-
lattice by resonant X-ray diffraction to clarify the exact 
magnetic structure [2]. 

The SrIrO3/SrTiO3 superlattice sample was fab-
ricated on SrTiO3(001) substrate by a pulsed laser 
deposition (PLD) technique. The details of the sample 
fabrication were described elsewhere [2]. Resonant X-
ray diffraction measurements were performed at beam-
line 3A at Photon Factory, KEK. Photon polarization of 
the σ-π'  channel was selectively measured by using a 
Mo(400) analyzer crystal. 

Figure 1b shows the temperature dependence of 
the magnetization measured at 0.1 T for the SrIrO3/
SrTiO3 superlattice. The weak ferromagnetic moment in 
the superlattice was indeed observed only for magnetic 
field parallel to the IrO2 plane. This is consistent with 
the idea that weak moments originate from the Dzya-
loshinskii-Moriya (DM) interaction associated with the 
in-plane rotation of IrO6 octahedra. Figure 1c shows the 
temperature dependence of the magnetic X-ray diffrac-
tion intensity for the (0.5, 0.5, 5) peak measured at Ir L3 
edge with       polarization to extract the magnetic con-
tribution [3]. Here, the unit cell dimensions are a × a × 
2a (a ~ 0.39 nm). This peak shows the in-plane antifer-
romagnetic ordering. From these results, we conclude 

σ-π' 
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Figure 1: (a) Schematics of the superlattices [(SrIrO3)m, SrTiO3] (m = 1, 2, and ∞). (b) Temperature dependence of the magnetization 
measured at 0.1 T for the SrIrO3/SrTiO3 superlattice. (c) Temperature dependence of the magnetic X-ray diffraction intensity for the (0.5, 0.5, 5) 
peak. (d) Magnetic structures of the SrIrO3/SrTiO3 superlattice. 
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Discovery of a New Crystal Structure Family of Oxide-Ion 
Conductors NdBaInO4

We have discovered a new structure family of oxide-ion (O2-) conducting material, NdBaInO4 [1]. It was found that Sr 
doping improves the oxide-ion conductivity [2]. We have successfully determined the crystal structure and visualized 
the oxide-ion diffusion pathway of the material (Fig. 1). This discovery may lead to the development of new ionic con-
ductors for better solid oxide fuel cells and oxygen concentrators, and of electronic materials.

Oxide-ion conducting materials such as pure oxide-
ion conductors and mixed oxide-ion electronic conduc-
tors have a wide variety of applications in fuel cells, 
oxygen separation membranes and gas sensors. Since 
the oxide-ion conductivity is strongly dependent on the 
crystal structure, the discovery of a new oxide-ion con-
ductor belonging to a new structure family may pave the 
way for further innovative developments in the applica-
tion of oxide-ion conductors.

To design a new perovskite-related layered struc-
ture, we have studied various chemical compositions 
of AA’BO4 where A and A’ are larger cations and B is a 
smaller cation. After examining a number of chemical 
compositions, we discovered a new structure family of 
oxide-ion conducting material, NdBaInO4 [1]. Nd, Ba and 
In were chosen as cations because (i) the different sizes 
of Nd and Ba can lead to Ba/Nd cation ordering and (ii) 
the BaInO2.5 perovskite unit can form in view of the sizes 
of Ba and In cations. NdBaInO4 and Nd0.9Sr0.1BaInO3.95 
were prepared by solid-state reactions at 1400°C using 
BaCO3, SrCO3, In2O3 and Nd2O3 powders. NdBaInO4 
and Nd0.9Sr0.1BaInO3.95 exhibit oxide-ion conduc-
tion as shown in Fig. 2. The present NdBaInO4 and 

Nd0.9Sr0.1BaInO3.95 samples were a single monoclinic 
phase with a new crystal structure as described below. 
Thus a new structure family of oxide-ion conducting 
material, NdBaInO4, was discovered in this study. Fur-
thermore, it was found that the oxide-ion conductivity of 
Nd0.9Sr0.1BaInO3.95 (7.7 × 10−4 S cm−1) is about 20 times 
higher than that of NdBaInO4 (3.6 × 10−5 S cm−1) at 
858°C (Fig. 2) [2].

The crystal structure of NdBaInO4 was investigated 
by neutron and synchrotron X-ray powder diffractometry 
and ab initio electronic calculations. The synchrotron 
X-ray powder diffraction data were measured at BL-
4B2 of the Photon Factory and at BL02B2 of SPring-8. 
The multi-detector system at BL-4B2 yields high an-
gular resolution synchrotron data with extremely low 
background. We carried out ab initio crystal structure 
analysis using the X-ray powder diffraction data. Neu-
tron diffraction enables precise determination of the po-
sitional parameters of oxygen atoms. Neutron powder 
diffraction data were taken using the diffractometers 
iMATERIA (J-PARC), Echidna (ANSTO) and HRPD 
(KAERI). The space group was found to be monoclinic 
P21/c. The validity of the crystal structure of NdBaInO4 

Figure 1: Refined crystal structure and orange isosurface of the difference bond valence sum (DBVS) for an oxide ion (O2-) of NdBaInO4. The 
structure consists of (i) Nd2O3 A-rare earth structure layers and (ii) (Ba,Nd)InO3 perovskite layers. The DBVS map strongly suggests that the 
oxide-ion conduction occurs in the Nd2O3 layer.
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(Fig. 1) was confirmed (i) by Rietveld refinements of the 
synchrotron X-ray and neutron powder diffraction data, 
(ii) by bond valence sums (BVS) of Nd, Ba and In at-
oms, and (iii) by structural optimization based on density 
functional theory calculations. The refined crystal struc-
ture of NdBaInO4 consists of the Nd2O3 A-rare earth 
structure and (Ba,Nd)InO3 perovskite layers (Fig. 1) 
[1], which indicates a new Ba/Nd (A/A’ ) cation ordered 
perovskite-related layered structure. An outstanding 
and unique feature of this new structure is that the edge 
of the InO6 octahedron faces the Nd2O3 (A2O3) unit. 
Structure analysis of Nd0.9Sr0.1BaInO3.95 and NdBaInO4 
revealed Sr cations at the Nd site and oxygen vacan-
cies in Nd0.9Sr0.1BaInO3.95. This result indicates that the 
increase of the oxide-ion conductivity is mainly due to 
the increase of the carrier (oxygen vacancy) concen-
tration. The oxide-ion diffusion path of NdBaInO4 was 

studied by the bond valence method, which strongly 
suggests that the oxide ions diffuse two-dimensionally in 
the Nd2O3 (A2O3) unit (Fig. 1).

Figure 2: (a) Oxygen partial pressure dependence of total electrical conductivity at 858°C of NdBaInO4 (Black) and Nd0.9Sr0.1BaInO3.95 (Red). (b) 
Arrhenius plots of oxide-ion conductivity of NdBaInO4 (Black) and Nd0.9Sr0.1BaInO3.95 (Red).
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Surface Ordering of Electron Degrees of Freedom in LaCoO3 Thin 
Film

The surface of condensed matter, accompanied by translational and inversion symmetry breaking, occasionally trig-
gers emergent phenomena, and thus has attracted much attention for a long time. It has been known that the phase 
transition at the surface sometimes occurs at a different temperature from that of the bulk. The surface melting of orbital 
order, where the transition temperature at the surface is lower than that of the bulk, has been actually observed for the 
orbital order in a layered perovskite manganite [1]. In this study, conversely, we discovered unprecedented surface 
freezing and bulk melting of electronic order in a tensile-strained epitaxial perovskite-type LaCoO3 thin film.

Perovskite-type cobalt oxide LaCoO3, containing 
Co3+ ion with six 3d electrons (3d 6), is known to show 
the spin-state transition or spin-crossover by variation of 
temperature or application of a magnetic field, and has 
been attracting much attention in these decades. At the 
lowest temperature, LaCoO3 is a non-magnetic insulator 
with the low-spin (LS, t2g

6eg
0, S = 0) state of Co3+. With 

increasing temperature, it undergoes an insulator to 
metal transition at about 500 K concomitantly with the 
spin-crossover transition to the high-spin (HS, t2g

4eg
2, 

S = 2) state. In the intermediate temperature region, it 
has been highly controversial whether the spin-state of 
Co3+ is a mixed state of HS and LS, or the intermediate-
spin (IS, t2g

5eg
1, S = 1) state. The spin state of Co3+ ion is 

sensitive to distortion and the size of CoO6 octahedron. 
Indeed, LaCoO3 thin film, where the lattice constants 
expand compared to the bulk crystal, exhibit the non-LS 
state of Co3+ ion even at the lowest temperature, giving 
rise to ferromagnetism. For example, LaCoO3 thin film 
grown on (LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 (LSAT) substrate 
shows spontaneous magnetization below TS = 95 K. 
Recently, we have determined that the spin-state and 
orbital order of Co3+ ion show up with modulation vector 
qo = (qo, −qo, qo) with qo = 1/4 below TO = 115 K; there-
fore the magnetic moment arises from ferromagnetic or-
der [2]. Since the electronic state is strongly sensitive to 
the lattice symmetry, the orbital order near the surface 
might be influenced by the surface effect.   

In order to elucidate the surface state of LaCoO3 thin 
film, we have developed a novel technique of surface 
sensitive grazing-incident resonant soft X-ray diffrac-
tion (GI-RSXS), utilizing the soft X-ray diffractometer 
installed at BL-16A. The technique makes it possible to 
probe the super-lattice of electronic order in the depth 
of a few nm beneath the surface. With this method, we 
have investigated the surface state of electronic orders, 
i.e. spin-state, orbital, and spin, in LaCoO3/LSAT(110) 
thin film (Fig. 1a). Figure 1b shows an X-ray absorption 
spectrum (XAS) measured by partial fluorescence yield 

(FY) at the reflection condition. The absorption peaks at 
around 777 eV and 791 eV are assigned to the Co L3- 
and L2-edge, respectively. Figure 1c shows resonant 
scattering spectra at (q, q, q) with q ~ 1/4. Hereafter, we 
call the three peaks at the Co L3-edge as P1, P2 and P3 
in increasing order of energy.

Figure 1: (a) Schematic drawing of the grazing-incident resonant 
soft X-ray scattering (GI-RSXS). The diffracted soft X-rays (kf) were 
observed with the incident soft X-rays (ki) being in the grazing 
angle condition. The scattering plane was tuned nearly parallel to 
the sample surface. (b) XAS and (c) RSXS spectra at the Co L2,3-
edge of LaCoO3/LSAT(110) thin film.
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Figure 2b shows the temperature dependence of 
the GI-RSXS peak intensities for P1 and P3 in compari-
son with that of magnetization and intensity of orbital 
order observed by resonant X-ray scattering at the Co-K 
edge (HX) in Fig. 2a. The phase transition temperature 
of orbital order observed by the GI-RSXS method was 
revealed to be 155 K (P1 and P3), which was 30 K 
higher than that in the bulk determined by bulk-sensitive 
hard X-ray diffraction (HX). The results suggest a coex-
istence of orbital order phases with different transition 
temperatures in the present thin film. By taking into ac-
count the probing depth, it is reasonable that the reso-
nant peaks of GI-RSXS come from the electronically 
ordered states emerging at the surface, where the tran-
sition temperature becomes higher than that of the bulk, 
that is, surface freezing and bulk melting of orbital order 
(Fig. 2c) [3].

Figure 2: Temperature dependence of (a) Magnetization (M) and intensity of super-lattice peaks at (2 + q, 2 − q, q) with q = 1/4 measured 
by hard X-ray diffraction (HX), (b) Intensities of super-lattice peaks at (q, −q, q) for P1 and P3 of GIRSXS (SX). (c) Schematic picture of the 
surface freezing and bulk melting of orbital order.

The origin of the observed surface freezing of orbital 
order is elucidated by considering the reconstruction of 
electronic order at the surface with broken symmetries. 
If the lattice reconstruction at the surface occurs so as 
to stabilize the Jahn–Teller distortion, it could stabilize 
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the orbitally-active intermediate-spin state of Co3+ ion 
and thus the orbital order at the surface.
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Hierarchical Phase Transformation in Mg85Y9Zn6 Alloy

Mg alloys containing 3d transition metals (TM) or 
Al, and rare earth (RE), form a series of ordered alloys 
called long-period stacking ordered (LPSO) structures 
[1]. Due to their good performance at high temperatures, 
these light-weight metallic materials have attracted at-
tention as structural materials. Mg-Y-Zn ternary alloy is 
a representative alloy system, where the LPSO struc-
ture is readily observed in as-cast ingots. Regarding 
phase transformation, how such a complex phase forms 
is an interesting question; it is also important to develop 
and design conditions for processing the material. Since 
the phase boundary of LPSO is reported to touch the 
liquidus directly, a supersaturated solid solution can not 
be attained by quenching. Therefore, we conducted in-
situ small- and wide-angle scattering (SWAXS) mea-
surements of melt-quenched ribbon of Mg85Y9Zn6 alloy, 
which is reported to be a composition for single-phase 
18R LPSO. Thermodynamically, it is not possible to 
obtain a solid solution at any temperature. Instead, the 
melt-spun ribbons we used in the present experiments 
were found to be amorphous with no macroscopic seg-

regation/precipitation detectable by conventional SEM 
or laser microscope. In principle, we expect two kinds 
of phase transition to proceed concomitantly while heat-
ing the ribbon at a constant rate of 10 K/min. One is the 
formation process of LPSO structures [2], and the other 
is crystallization and crystal growth in the Mg85Y9Zn6 
ribbon [3]. In-situ SAXS clearly showed small-angle 
scattering of crystallites upon reaching the crystalliza-
tion temperature, Tx, and another SAXS component at 
higher q, whose origin is solute clusters [2]. Therefore, 
SAXS components from crystallites and clusters in them 
were separately examined. Figure 1 shows the evolu-
tion of clusters during heating of the sample. Even in the 
amorphous state, the cluster size suggests some asso-
ciation of solute atoms. Upon crystallization, the cluster 
size increases with temperature, eventually reaching 
the size of the L12-Y8Zn6 cluster identical to the one in 
the equilibrium LPSO structure. The illustrations of clus-
ters in the figure denote the shape of the cluster cor-
responding to the given Rg, obtained by relaxed atomic 
positions calculated using VASP. This suggests that the 

Figure 1: Growth of solute clusters during heating.

The formation process of long-period stacking ordered (LPSO) structures in Mg85Y9Zn6 ternary alloy from melt-
quenched amorphous ribbon has been examined by in-situ small- and wide-angle scattering/diffraction measurements. 
The 18R-LPSO structure consists of periodical stacking faults introduced every 6 atomic layers, with segregation of sol-
ute clusters of L12-Y8Zn6 having a 2√3x2√3 superstructure at the stacking fault region. In-situ measurements revealed 
that clustering of Y and Zn occurs first, followed by spatial arrangement of clusters accompanying the introduction of 
stacking faults.
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initial stage of formation of LPSO is not nucleation of 
small LPSO unit structures, but uniform nucleation and 
growth of small clusters that eventually form LPSO. It 
also rules out a thermodynamical model in which diffuse 
compositional modulation along the c axis develops to 
induce structural phase transition, leading to two-dimen-
sional ordering of clusters in the later stage. Since Fig. 
1 suggests that the early stage of phase transformation 
is described by a cluster model, the spatial distribution 
of the cluster can be analyzed by using a simple form 
factor and structure factor model. Therefore, we used a 
cluster model to examine the change of spatial arrange-
ments of clusters by calculating the structure factor. 
Figure 2 shows the structure factor obtained for several 
temperatures, along with schematic illustrations of clus-
ter arrangements corresponding to the structure factor. 
In the early stage of phase transformation, just after 
crystallization, the cluster size is very small, and the 
clusters are distributed isotropically in space as shown 
by a single diffuse peak of the structure factor in Fig. 
2. As the temperature increases, the clusters grow to 
reach the size of the L12-Y8Zn6 cluster, when the intro-
duction of stacking faults and spatial ordering of cluster 

arrangements, i.e., separation of the interlayer distance 
and in-plane distance of the clusters, are observed. To 
summarize, in-situ SWAXS measurements of amor-
phous MgYZn alloy at BL-6A revealed that the phase 
transformation is characterized by a hierarchical phase 
transition, comprising the first cluster nucleation/growth 
and the second cluster arrangements to form the LPSO 
structure.
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Figure 2: Structure factors representing spatial arrangements of clusters and corresponding schematic illustrations of cluster arrangements.
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Effects of Chain-End Tethering on the Crystallization Kinetics of 
Poly(e-caprolactone) Confined in an Identical Nanolamella

The effect of chain-end tethering to nanodomain interfaces on the crystallization kinetics of poly(e-caprolactone) (PCL, 
[(CH2)5-CO-O-]n) confined in an identical nanolamella has been investigated using synchrotron small-angle X-ray scat-
tering (SR-SAXS) and differential scanning calorimetry (DSC). The PCL chains tethered at both chain-ends, one chain-
end, and no chain-end were prepared from polystyrene-block-PCL-block-polystyrene copolymers with photo-cleavable 
groups at either or both of block junctions. The crystallinity of these PCL chains showed a sigmoidal time-evolution dur-
ing isothermal crystallization, but the crystallizable temperature range was significantly different among them, indicating 
that the crystallization rate under identical crystallization temperatures depends greatly on the state of chain-end tether-
ing.

Multi-component polymeric materials with nanome-
ter-sized domains (nanodomains) have been attracting 
much attention because their properties can be flexibly 
controlled. Crystallization of constituent polymers drasti-
cally changes the physical properties of materials, so it 
is important to understand the crystallization mechanism 
of polymer chains spatially confined in various nanodo-
mains. Such crystallization is known to yield unique 
morphologies as compared with that of bulk homo-
polymers without any confinement [1-3]. For example, 
the crystallinity of confined polymers is considerably 
reduced, the degree of which intimately depends on the 
nanodomain shape and size. It is also known that the 
crystallization of polymer chains confined in nanodo-
mains is affected by chain-end tethering to nanodomain 
interfaces. We recently investigated the effect of chain-
end tethering on the crystallization kinetics of poly(e-
caprolactone) (PCL) confined in various nanodomains 
using PCL-block-polystyrene (PCL-b-PS) diblock copo-
lymers with photo-cleavable o-nitrobenzyl (ONB) groups 

between PCL and PS blocks [4-6]. It was found from 
these studies that the chain-end tethering controlled 
the crystallization mechanism of PCL chains as well as 
the crystallization rate and crystal orientation through a 
small change in their mobility. Here we further report on 
the effect of chain-end tethering on the crystallization 
kinetics of PCL chains confined in an identical lamellar 
nanodomain (nanolamella) [7].

We synthesized two kinds of lamella-forming PS-
b-PCL-b-PS copolymers with ONB groups at either or 
both of block junctions. The PCL chains tethered at both 
chain-ends (T2-PCL, a and a’ in Fig. 1A) confined in the 
nanolamella formed by microphase separation of the 
PS-b-PCL-b-PS copolymers were converted to those 
tethered at one chain-end (T1-PCL, c) or at no chain-
end (T0-PCL, b) using the photo-cleavage reaction of 
ONB groups induced by UV irradiation. The vitrification 
of PS chains prevented macroscopic phase separa-
tion between PS and PCL homopolymers (or between 
PS homopolymers and PCL-b-PS copolymers) after 
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Figure 1: (A) Schematic illustration showing the sample preparation method used in this study. (B) SAXS curves of each sample. The PCL 
nanolamella thickness D is evaluated to be 11.0 nm for all samples.
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photo-cleavage, and eventually we could prepare T0-
PCL, T1-PCL, and T2-PCL all confined in an identical 
nanolamella. The formation of these nanolamellae was 
confirmed using SR-SAXS at BL-10C, and the heat of 
fusion of PCL chains (proportional to PCL crystallinity) 
was determined using DSC as a function of crystalliza-
tion time to compare the crystallization kinetics among 
different samples.

Figure 1B shows the SAXS curves of various 
samples recorded after sufficient crystallization of PCL 
chains. They show several scattering peaks, the posi-
tions of which exactly correspond to a ratio of 1:2:3, indi-
cating the formation of a lamellar microphase-separated 
structure, an alternating structure consisting of PCL 
and PS nanolamellae. The SAXS curves of amorphous 
samples also showed first- and second-order SAXS 
peaks at the same positions as the crystallized samples, 
suggesting that the lamellar microphase-separated 
structure formed in the amorphous state was completely 
preserved after crystallization, that is, the PCL chains 
crystallized within the existing nanolamella. The PCL 
nanolamella thickness D evaluated from the SAXS peak 
position was 11.0 nm for all the samples investigated. 
Therefore, it is possible to examine the crystallization 
kinetics of different PCL chains confined in an identical 
nanolamella.

The time evolution of PCL crystallinity during iso-
thermal crystallization showed a sigmoidal change with 
a finite induction time for all samples, indicating that the 
crystallization of confined PCL chains was controlled by 
a conventional nucleation and growth mechanism usual-
ly observed in the crystallization of bulk homopolymers. 
That is, the chain-end tethering did not substantially 
affect the crystallization mechanism of confined PCL 
chains. However, the chain-end tethering significantly 
affected the crystallization rate during isothermal crys-

tallization. Figure 2 shows the crystallization rate (i.e., 
inverse of crystallization half-time) plotted against crys-
tallization temperature Tc for T2-PCL, T1-PCL, and T0-
PCL. It is clear that the Tc range is remarkably different 
among them. In particular, T2-PCL needs considerably 
lower Tc than T1-PCL and T0-PCL to crystallize in an 
experimentally accessible time scale, which arises from 
the largely decreasing mobility of T2-PCL due to both 
chain-ends tethering to nanolamella interfaces. There-
fore, the crystallization rate is expected to be extremely 
different among T2-PCL, T1-PCL, and T0-PCL when 
compared under identical crystallization temperatures. 
This difference in crystallization rate can be qualitatively 
explained on the basis of energy barrier to form a critical 
nucleus in the secondary nucleation process.

Figure 2: Crystallization rate (i.e., inverse of crystallization half-time) plotted against crystallization temperature for T2-PCL (red circles), T1-
PCL (green), and T0-PCL (blue) all confined in an identical nanolamella with D = 11.0 nm.
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High-Temperature Superconductivity without the Effect of 
Antiferromagnetism Observed in Electron-Doped Cuprate 
Superconductors

Since the discovery of cuprate high-temperature superconductors, the nature of antiferromagnetism in cuprates has 
been extensively studied. Especially for electron-doped cuprate superconductors, antiferromagnetic order is so robust 
that it has been believed to persist even in the superconducting phase. By angle-resolved photoemission spectroscopy 
measurement of single crystals of electron-doped cuprates, we have demonstrated that sufficient reduction annealing 
suppresses antiferromagnetism while maintaining a high superconducting transition temperature. The present result 
fundamentally challenges the physics of high-temperature superconductivity and calls for a re-examination of the rela-
tionship between superconductivity and antiferromagnetism.

The relationship between antiferromagnetism and 
superconductivity has been one of the central issues in 
cuprate superconductors. Doping carriers into antiferro-
magnetic (AFM) and Mott-insulating parent compounds 
induces superconductivity, but the AFM order is so ro-
bust that it persists even in the superconducting state in 
electron-doped cuprate high-temperature superconduc-
tors (e-HTSCs). Strong AFM correlation manifests itself 
as the opening of a band gap at the “hot spot” where the 
Fermi surface (FS) and the Brillouin zone folded by the 
AFM order cross with each other. This band gap, called 
AFM pseudogap, has been seen in all e-HTSCs so far [1] 
and hence antiferromagnetism has been regarded as 
an essential ingredient in e-HTSCs.

Since the discovery of e-HTSCs, it has been known 
that electron doping alone cannot induce supercon-
ductivity, and annealing in a reducing atmosphere is 
indispensable [2]. As-grown samples are non-supercon-
ducting and AFM. By annealing, impurity oxygen atoms 
which stabilize the AFM order are removed and super-
conductivity appears. Recently, superconductivity was 
found in thin films [3, 4] or powdered samples [5, 6] of e-

HTSCs even without electron doping by Ce substitution. 
The large surface-to-volume ratio of thin films and pow-
ders probably makes the removal of the impurity oxygen 
atoms by annealing more effective. Inspired by those 
studies, Adachi et al. improved the annealing method 
for single crystals [7] and achieved superconductivity in 
Pr1.3-xLa0.7CexCuO4 (PLCCO) down to the heavily under-
doped (x = 0.05) region [8] where the sample had been 
believed to be an AFM insulator [9] (Figs. 1a, b).

In order to investigate the electronic structure of e-
HTSCs annealed in this new method, which is called 
protect-annealing (Fig. 1c), we have performed angle-
resolved photoemission spectroscopy (ARPES) mea-
surements on single crystals of PLCCO with x = 0.10 
[10]. We prepared three kinds of samples under dif-
ferent annealing conditions: as-grown, weakly protect-
annealed and sufficiently protect-annealed samples, 
among which only the sufficiently annealed samples 
showed a superconducting transition temperature (Tc) 
of 27.0 K (Fig. 1d). ARPES measurements were carried 
out at BL-28A of the Photon Factory and at the Hiro-
shima Synchrotron Radiation Center.

Figure 1: Superconducting properties of PLCCO samples. (a) Tc values determined from the resistivity of PLCCO single crystals annealed by 
the conventional method reported by Sun et al. (open triangles) [9]. The AFM, superconducting, and spin-glass phases are denoted by AFM, 
SC, and SG, respectively. A typical phase diagram for a hole-doped cuprate La2−xSrxCuO4 is also shown on the left-hand side. (b) The same 
plot as (a) for protect-annealed single crystals reported by Adachi et al. (open circles) [7, 8]. Tc was determined from magnetic susceptibility 
measurements. (c) Schematic description of the protect-annealing method. (d) Magnetic susceptibility of a protect-annealed PLCCO single 
crystal which shows Tc of 27.0 K.
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M. Horio1, T. Adachi2, Y. Mori3, A. Takahashi3, T. Yoshida1, 
H. Suzuki1, L. C. C. Ambolode II1, K. Okazaki1, K. Ono4, 
H. Kumigashira4, H. Anzai5, M. Arita5, H. Namatame5, 
M. Taniguchi5, D. Ootsuki1, K. Sawada1, M. Takahashi1, 
T. Mizokawa1, Y. Koike3 and A. Fujimori1 (1The Univ. of 
Tokyo, 2Sophia Univ., 3Tohoku Univ., 4KEK-IMSS-PF, 5Hiro-
shima Synchrotron Radiation Center)

Figures 2a-c show FS mapping of as-grown, weakly 
annealed, and sufficiently annealed samples. In the as-
grown sample, intensity around the hot spot, indicated 
by red circles, is strongly suppressed due to the pres-
ence of the AFM order. The intensity partially recovers 
by weak annealing, but the FS is still disconnected at 
the hot spot, suggesting that the annealing was not 
enough and strong AFM correlation still persists. How-
ever, sufficient annealing dramatically changes the situ-
ation. The suppressed intensity is fully recovered and 
the FS becomes continuous in the entire momentum 
space. Changes induced by the protect-annealing can 
also be seen in the band images (Figs. 2d-f) and corre-
sponding energy distribution curves (EDCs) (Figs. 2g-i)
plotted along the cuts indicated in Figs. 2a-c. For the 
as-grown and weakly annealed samples, the quasi-par-
ticle (QP) peak is shifted toward higher binding energy 
at the hot spots (cut 2), and the QP peak splits around 
the antinode (cut 3) due to the strong AFM correlation. 
However, by sufficient annealing, the band gap closes 
and a single QP peak is observed on the entire FS. 
These results suggest that protect-annealing strongly 
suppressed the antiferromagnetism, specifically, AFM 
correlation length and/or magnitude of the local mag-
netic moment.

Assuming Luttinger’s theorem, we estimated elec-
tron concentration from the area of the FSs and found 
that the amount of doped electrons in sufficiently an-
nealed samples ranged from 0.118 to 0.180, larger than 
the nominal Ce concentration x = 0.10. The origin of the 
additional electron doping by annealing could be the re-
moval of oxygen atoms from the regular sites. Although 
electron doping by Ce substitution rapidly degrades 
superconductivity and reduces the size of the supercon-
ducting dome in the phase diagram [1, 11], the present 
protect-annealed samples show high Tc in a much wider 

electron concentration range in the absence of the AFM 
pseudogap. This observation calls for a re-examination 
of the relationship between superconductivity and anti-
ferromagnetism and of the phase diagram of e-HTSCs.

Figure 2: ARPES spectra of PLCCO. (a)-(c) FS mappings of as-grown, weakly annealed, and sufficiently annealed samples, respectively. 
(d)-(f) Band image for each sample along the cuts indicated in (a)-(c). (g)-(i) EDCs plotted for each cut. Blue EDCs are taken at the Fermi 
wave vectors.
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Observation of Quadratic Fermi Node in a 3D Strongly Correlated 
Semimetal

Strong spin-orbit coupling fosters exotic electronic states such as topological insulators and 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. Here, in the pyrochlore iridate Pr2Ir2O7, we identify a non-
trivial state with a single point Fermi node protected by cubic and time-reversal symmetries, using a combination of an-
gle-resolved photoemission spectroscopy and first principles calculations. Owing to its quadratic dispersion, the unique 
coincidence of four degenerate states at the Fermi energy, and strong Coulomb interactions, non-Fermi liquid behavior 
is predicted. Our discovery implies that Pr2Ir2O7 is a parent state that can be manipulated to produce other strongly cor-
related topological phases, such as topological Mott insulator, Weyl semi-metal, and quantum spin and anomalous Hall 
states.

Following the discovery of topological insulators 
[1–4], the next frontier is the regime in which both spin-
orbit coupling and correlation effects are strong [5–11]. 
Theory has suggested that the pyrochlore iridates, a 
family of cubic 5d transition metal oxides [12, 13], may 
realize both band inversion, the essential ingredient of 
topological insulators, and strong correlations [8, 11]. 
Empirical evidence for the latter is plentiful. Notably, 
Pr2Ir2O7 appears to be proximate to an interaction-driven 
antiferromagnetic quantum critical point tuned by A site 
ionic radius, which is located between the two ions with 
largest radii, A = Pr and A = Nd [13, 14]. It is the only 
compound among the series in which the iridium elec-
trons remain paramagnetic and itinerant down to the 
lowest measured temperatures. It displays “bad metal-
lic” behavior and nontrivial spontaneous Hall transport, 
suggesting strong correlations [6, 14, 15]. Moreover, 
recent thermodynamic measurements have revealed 
zero-field quantum criticality without tuning [16].

The phenomenological suggestion of Ref. [10], 
whose implications are summarized in Fig. 1, is that 
the Fermi surface of Pr2Ir2O7 contains a single Fermi 
node at the Γ point, which emerges as the touching 
point of two quadratically dispersing “conduction” and 
“valence” bands [17]. The presence of this touching is 
actually required by symmetry and group theory (the 
quadruplet at the zone center lies in the Γ8 representa-
tion of the double group of Oh), but its location directly 
at the Fermi energy was an ad-hoc theoretical assump-
tion. If the assumption is correct, Pr2Ir2O7 becomes a 
strongly correlated analog of HgTe [18, 19], which has 
a mathematically identical quadratic node at the Fermi 
energy, and implies that Pr2Ir2O7 should be tunable into 
various topological states (see Fig. 1). Furthermore, 
theory has predicted that the quadratic nodal semimetal 
itself is fundamentally altered by long-range Coulomb 
interactions (negligible in HgTe due to the large dielec-
tric constant, but not so here), becoming a non-Fermi 
liquid state. Thus the Fermi node, if correct, means that 
Pr2Ir2O7 is a natural parent material for strongly interact-
ing topological phases and non-Fermi liquid states.

Angle-resolved photoemission spectroscopy is a 
powerful technique to directly observe the electronic 
structure of matter. One incident photon energy cor-
responds to one kz value in solid, thus the momentum 
space observed at a fixed photon energy is limited to a 
kx-ky plane at a fixed kz (Fig. 2a). To locate the Γ-point, 
therefore, sweeping the photon energy is required. In 
order to observe the Fermi node, we measured the 
ARPES spectra at various photon energies. The ob-
served momentum cut shifts with photon energy along 
the k(111) axis within a momentum sheet crossing the Γ, 
L, and K points. The most significant finding is that the 

Figure 1: Quadratic Fermi node state of Pr2Ir2O7 tunable into 
interacting topological phases. In the lower part of the diagram, the 
bottom half of the blue circle and its reflection form a caricature 
of the quadratically dispersing conduction and valence bands 
touching at the zone center, while at the same time the darker 
blue upper circle suggests how Pr2Ir2O7, with non-negligible 
Coulomb interactions, is a strongly correlated non-Fermi liquid 
analog of HgTe, shown as a pale blue reflection. Arrows indicate 
the perturbations which convert the nodal non-Fermi liquid (NFL) 
state to diverse topological phases: an antiferromagnetic Weyl 
semimetal should be produced in bulk materials by alloying or 
hydrostatic pressure, uniaxial strain yields a three-dimensional 
topological insulator, and two-dimensional confinement produces 
a quantum spin Hall state. The outer circle reminds us that all 
the states produced in these ways retain strong correlations, and 
hence are excellent candidates for observing non-trivial surface 
phases different from those of band theory, as discussed in the 
text.
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parabolic dispersion moves toward EF with increasing 
incident photon energy (or increasing k(111)), and it even-
tually touches EF （see the plots in Fig. 2d). As the pho-
ton energy is further increased, the dispersion moves 
away from EF again, following the quadratic dispersion 
along k(111). Our data show that the 3D band structure 
of Pr2Ir2O7 has the theoretically predicted Fermi point at 
the momentum reached by hν ∼ 52 eV, which is thus 
assigned to be Γ (Fig. 2b). Other scans of different 
k(111) values up to the L point in the Brillouin zone, which 
is reached at hν = 39 eV (Fig. 2c), revealed no other 
states touching or crossing EF. This absence of other 
bands crossing EF is another consistency condition on 
the Fermi node model, which requires this situation by 
state counting and charge neutrality [20].

We also point out that broad spectral weight emerg-
es beyond EF as seen in the Fermi-function divided 
image for the 75 K data (arrow in Fig. 2e). The related 
spectral intensity is obtained off Γ, showing an upturn 
behavior beyond EF. While the strong suppression of 
quasiparticle peaks at elevated temperatures prevents 
us from a definitive determination of the conduction 
band dispersion, the observation of spectral weight 
above EF is compatible with the predicted existence of 
a quadratic band touching on the unoccupied side (Fig. 
2d). 

Our results suggest that tuning of a unique quan-
tum critical point between an antiferromagnetic Weyl 
semimetal and the non-Fermi liquid nodal phase may 
be possible by alloying or hydrostatic pressure. Cor-
related topological phases and device applications with 

iridate films could be accessed by controlling the strain-
induced breaking of the cubic crystal symmetry and size 
quantization (subband formation) in quantum well struc-
tures. 

the ARPES intensities at EF becomes strongest at the zone centre,
and the band touching at EF is confirmed in the dispersion maps
along kx and ky (Fig. 3d) and the corresponding symmetrized
EDCs (Fig. 4f, also see the raw EDCs in Supplementary Fig. 7). In
contrast, these features are missing in the kx–ky sheet across L
point (hn¼ 39 eV) (see Fig. 4c), where a rather flat, gapped
dispersion is observed (Fig. 4e,g).
Second, we demonstrate that our conclusion is insensitive to

the different analytic schemes. This is significant especially
because the symmetrization technique is relevant for the particle–

hole symmetric state, which is unknown in Pr2Ir2O7. Accord-
ingly, we have tested another widely used measure of dividing the
ARPES spectra by the Fermi-Dirac function (FD). Figure 5c plots
the EDCs along a momentum cut crossing G (light-blue arrow in
the inset of Fig. 5d) measured at various temperatures. Instead of
symmetrization, the curves are divided by the energy-resolution
convoluted Fermi function at the measurement temperatures to
remove the effect of the Fermi cutoff. It is clearly seen that the
quadratic dispersion touches EF, in agreement with the earlier
analysis. In Fig. 5e, we compare the dispersions determined by the
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fuller identification of the non-Fermi liquid state and
explication of its physics in Pr2Ir2O7 requires higher
resolution data and more elaborate analysis, beyond the scope
of this paper.

Quadratic band touching. In passing, we point out that broad
spectral weight emerges beyond EF as seen in the Fermi-function-
divided image for the 75-K data (arrow in Fig. 5f). The related
spectral intensity is obtained off G, showing an upturn behaviour
beyond EF (arrow in Fig. 5b and Supplementary Figs 10 and 11,
and see Supplementary Notes 5 and 6). While the strong
suppression of quasiparticle peaks at elevated temperatures pre-
vents us from a definitive determination of the conduction band
dispersion, the observation of spectral weight above EF is
compatible with the predicted existence of a quadratic band
touching on the unoccupied side (Fig. 5d).

Discussion
Prior measurements6,16,31 showing ferromagnetic spin-ice-type
correlations among the Pr moments below 2K may be explained
due to unconventional ferromagnetic RKKY interactions arising
from the point-like Fermi surface. The Fermi node also leads to
strong sensitivity to small time-reversal breaking perturbations,
producing Weyl points close to the Fermi energy12 and a
gigantic anomalous Hall effect. This is also in accord with the
experimental fact that Pr2Ir2O7 was the first material found to
exhibit a large spontaneous Hall effect in a spin liquid state at
zero field6,31.

Our results suggest that tuning of a unique quantum critical
point between an antiferromagnetic Weyl semimetal and the non-
Fermi liquid nodal phase may be possible by alloying or
hydrostatic pressure. Correlated topological phases and device
applications with iridate films could be accessed by controlling
the strain-induced breaking of the cubic crystal symmetry and

1.5

1.0

0.5

0.0
–0.3 –0.2 –0.1 0.0

Energy (eV)

15 K
50 K
100 K
150 K

–0.2 0.0

k(111) = 0

EDC

EDC / FD

k(111) = 0.31 Å–1

HighLow

–0.1 0.0

75 K

In
te

ns
ity

–0.1 0.0

15 K

–0.1 0.0

30 K

–0.1 0.0

100 K

–0.1 0.0

150 K

–0.1 0.0

50 K

Energy (eV)

1.5

1.0

0.5

0.0

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

–0.3 –0.2 –0.1 0.0
Energy (eV)

T =

T =15 K
30 K
50 K
75 K
100 K
150 K

–0.2 0.0

EDC

Γ

–0.4 –0.2 0.0 0.2

–0.04

0.00
E

ne
rg

y 
(e

V
)

EDC / FD at 75 K

–0.04

–0.02

0.00

E
ne

rg
y 

(e
V

)

–0.4 –0.2 0.0 0.2
ky (Å

–1)

Fermi node

EDC / FD
Sym. EDC

EDC / FD EDC / FD

T =

k(111)

ky

Γ

Γ

Γ

0.1

0.2

0.0

–0.1

X W L W

Fermi
node

L
X

WK

Z

kx

E
ne

rg
y 

(e
V

)

Wave number, k 

Fitting (m* = 6.3me)

ky (Å
–1)

Figure 5 | Temperature evolution of ARPES spectra and evidence for the Fermi nodal state. (a,b) Temperature variation of FD-divided EDCs measured at

G (hn¼ 10.5 eV) and off G (hn¼ 21.2 eV), respectively. In d, the observed k points for a and b are marked by purple and orange dashed lines, respectively.

The unoccupied side is displayed up to the energy of 3kBT. The spectral peak positions are marked by coloured circles. The original EDCs used for the

analysis are plotted in the insets. (c) The FD-divided EDCs along a momentum cut indicated in d with a light-blue arrow measured at various temperatures.

The spectral peak positions are indicated by red bars and dashed curves. The Fermi node is marked by a magenta circle. At T¼ 150K, the spectral peaks are

strongly suppressed, and thus the dispersion cannot be determined. (d) Band dispersions obtained by the first-principles calculation, magnified in the

region close to EF. In the inset, the Brillouin zone of Pr2Ir2O7 is shown. (e) The energy dispersion along a momentum cut crossing G (light-blue arrow in d),

determined from the peak positions of the FD-divided spectra at T¼ 75K in c (red circles). The same plots, but determined from the peak positions of

symmetrized spectra, are superimposed (blue circles). The quadratic dispersion (light-blue dashed curve) nicely fits the data. (f) ARPES dispersion map

crossing G (light-blue arrow in d) measured at hn¼ 10.5 eV. The original ARPES intensities are divided by the energy-resolution convoluted Fermi function

at the measured temperature of T¼ 75K to remove the cutoff effect near EF. The thick black arrow points to the remarkable spectral weight above EF,

consistent with the existence of conduction touching band in the unoccupied side. Error bars in e represent uncertainty in estimating the spectral peak

positions.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms10042

6 NATURE COMMUNICATIONS | 6:10042 |DOI: 10.1038/ncomms10042 | www.nature.com/naturecommunications

symmetrization and the FD-division methods, and confirm the
consistency between the two (see Supplementary Fig. 8 and
Supplementary Note 3 for more details).

Comparison between ARPES results and band calculations.
In Fig. 3b, we compare our experimental results near G with the
ab initio dispersion (grey curve), which has a purely quadratic
shape of the electronic structure given by e(k)pk2. Close to EF,
we find an agreement between the two, demonstrating that the
quadratic curve (light-blue dotted line) fits well to our data with
almost the same effective mass, meff¼ 6.3m0 (m0 is the mass of a
free electron). On the other hand, for energy below � 0.012 eV,
the measured dispersion deviates remarkably from the parabolic
shape. This contrasts to the calculation, which matches with
e(k)pk2 up to much higher binding energies. It is possible that
the deviation is due to correlation effects beyond the band
calculation. Intriguingly, the total bandwidth in the occupied side
is estimated to be B40meV (arrows in Fig. 4f,g), which is
actually much narrower than that (4100meV) of the band
calculation (see Fig. 2g and Supplementary Fig. 9e,h). Band
narrowing relative to the density functional theory is indeed a
well-known characteristic of correlated electrons. If that is
the case, however, the agreement of the effective mass around G
between the data and calculation would be a coincidence. This
is understandable, considering that the band shape of Pr2Ir2O7

with comparable energy scales between the spin–orbit interaction
and the electron correlations is sensitive to different calcu-
lation methods (see Supplementary Note 4; Supplementary
Figs 1 and 9).
Another possible cause of the discrepancy between the data

and calculations is the strong coupling of electrons to the bosonic
modes, which also could significantly renormalize the band shape.
Indeed, the peak–dip–hump shape, which is a characteristic
signature of strong mode coupling, is seen in EDCs (Fig. 3e),
being consistent with this scenario. One of candidates for the
bosonic modes is the phonons, which are usually coupled to the
correlated systems very strongly. Another candidate is suggested
by the similarity of the slightly distorted band shape to
measurements in graphene, where it was attributed to electron–
plasmon coupling24. Namely, the origin could be the same in the
two cases: emission of collective modes through vertical interband
transitions becomes possible above a threshold energy, modifying
the spectrum.

Correlation-driven anomalous temperature evolution. The
strongly correlated feature of 5d electrons of Pr2Ir2O7 should be
observed in the ARPES spectra. We find such a signature in the
temperature evolution of the spectral shape. Figure 5a,b plots
Fermi-function-divided EDCs at G (hn¼ 10.5 eV) and off G
(k(111)¼ 0.31 Å� 1 reached at hn¼ 21.2 eV). The sharp peak
clearly seen in the low-temperature spectra is strongly sup-
pressed at elevated temperatures. The behaviour is clearly more
marked than the thermal broadening effects observed in the
other strongly collated systems such as the well-studied cup-
rates, which have the ‘marginal’ Fermi liquid state25,26. We note
that the peak suppression in the present data is accelerated
across B100 K, differently from the typical thermal broadening
with a gradual increase over a wider temperature range. We find
that, associated with the suppression, a large portion of spectral
weight above EC� 0.1 eV is transferred to higher binding
energies in Pr2Ir2O7. A plausible origin for it is the polaronic
effects, which could become crucial in the purely screened
electronic systems, as also proposed for the other strongly
correlated systems such as the perovskite iridates, manganites
and lightly doped cuprates27–29. These features are compatible
with the non-Fermi liquid behaviour predicted theoretically for
the Fermi node phase in refs 11,30, and may also be
related to recent observations of quantum critical behaviour in
thermodynamic measurements of Pr2Ir2O7 (ref. 17). However, a
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symmetrization and the FD-division methods, and confirm the
consistency between the two (see Supplementary Fig. 8 and
Supplementary Note 3 for more details).

Comparison between ARPES results and band calculations.
In Fig. 3b, we compare our experimental results near G with the
ab initio dispersion (grey curve), which has a purely quadratic
shape of the electronic structure given by e(k)pk2. Close to EF,
we find an agreement between the two, demonstrating that the
quadratic curve (light-blue dotted line) fits well to our data with
almost the same effective mass, meff¼ 6.3m0 (m0 is the mass of a
free electron). On the other hand, for energy below � 0.012 eV,
the measured dispersion deviates remarkably from the parabolic
shape. This contrasts to the calculation, which matches with
e(k)pk2 up to much higher binding energies. It is possible that
the deviation is due to correlation effects beyond the band
calculation. Intriguingly, the total bandwidth in the occupied side
is estimated to be B40meV (arrows in Fig. 4f,g), which is
actually much narrower than that (4100meV) of the band
calculation (see Fig. 2g and Supplementary Fig. 9e,h). Band
narrowing relative to the density functional theory is indeed a
well-known characteristic of correlated electrons. If that is
the case, however, the agreement of the effective mass around G
between the data and calculation would be a coincidence. This
is understandable, considering that the band shape of Pr2Ir2O7

with comparable energy scales between the spin–orbit interaction
and the electron correlations is sensitive to different calcu-
lation methods (see Supplementary Note 4; Supplementary
Figs 1 and 9).

Another possible cause of the discrepancy between the data
and calculations is the strong coupling of electrons to the bosonic
modes, which also could significantly renormalize the band shape.
Indeed, the peak–dip–hump shape, which is a characteristic
signature of strong mode coupling, is seen in EDCs (Fig. 3e),
being consistent with this scenario. One of candidates for the
bosonic modes is the phonons, which are usually coupled to the
correlated systems very strongly. Another candidate is suggested
by the similarity of the slightly distorted band shape to
measurements in graphene, where it was attributed to electron–
plasmon coupling24. Namely, the origin could be the same in the
two cases: emission of collective modes through vertical interband
transitions becomes possible above a threshold energy, modifying
the spectrum.

Correlation-driven anomalous temperature evolution. The
strongly correlated feature of 5d electrons of Pr2Ir2O7 should be
observed in the ARPES spectra. We find such a signature in the
temperature evolution of the spectral shape. Figure 5a,b plots
Fermi-function-divided EDCs at G (hn¼ 10.5 eV) and off G
(k(111)¼ 0.31 Å� 1 reached at hn¼ 21.2 eV). The sharp peak
clearly seen in the low-temperature spectra is strongly sup-
pressed at elevated temperatures. The behaviour is clearly more
marked than the thermal broadening effects observed in the
other strongly collated systems such as the well-studied cup-
rates, which have the ‘marginal’ Fermi liquid state25,26. We note
that the peak suppression in the present data is accelerated
across B100 K, differently from the typical thermal broadening
with a gradual increase over a wider temperature range. We find
that, associated with the suppression, a large portion of spectral
weight above EC� 0.1 eV is transferred to higher binding
energies in Pr2Ir2O7. A plausible origin for it is the polaronic
effects, which could become crucial in the purely screened
electronic systems, as also proposed for the other strongly
correlated systems such as the perovskite iridates, manganites
and lightly doped cuprates27–29. These features are compatible
with the non-Fermi liquid behaviour predicted theoretically for
the Fermi node phase in refs 11,30, and may also be
related to recent observations of quantum critical behaviour in
thermodynamic measurements of Pr2Ir2O7 (ref. 17). However, a
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symmetrization and the FD-division methods, and confirm the
consistency between the two (see Supplementary Fig. 8 and
Supplementary Note 3 for more details).

Comparison between ARPES results and band calculations.
In Fig. 3b, we compare our experimental results near G with the
ab initio dispersion (grey curve), which has a purely quadratic
shape of the electronic structure given by e(k)pk2. Close to EF,
we find an agreement between the two, demonstrating that the
quadratic curve (light-blue dotted line) fits well to our data with
almost the same effective mass, meff¼ 6.3m0 (m0 is the mass of a
free electron). On the other hand, for energy below � 0.012 eV,
the measured dispersion deviates remarkably from the parabolic
shape. This contrasts to the calculation, which matches with
e(k)pk2 up to much higher binding energies. It is possible that
the deviation is due to correlation effects beyond the band
calculation. Intriguingly, the total bandwidth in the occupied side
is estimated to be B40meV (arrows in Fig. 4f,g), which is
actually much narrower than that (4100meV) of the band
calculation (see Fig. 2g and Supplementary Fig. 9e,h). Band
narrowing relative to the density functional theory is indeed a
well-known characteristic of correlated electrons. If that is
the case, however, the agreement of the effective mass around G
between the data and calculation would be a coincidence. This
is understandable, considering that the band shape of Pr2Ir2O7

with comparable energy scales between the spin–orbit interaction
and the electron correlations is sensitive to different calcu-
lation methods (see Supplementary Note 4; Supplementary
Figs 1 and 9).
Another possible cause of the discrepancy between the data

and calculations is the strong coupling of electrons to the bosonic
modes, which also could significantly renormalize the band shape.
Indeed, the peak–dip–hump shape, which is a characteristic
signature of strong mode coupling, is seen in EDCs (Fig. 3e),
being consistent with this scenario. One of candidates for the
bosonic modes is the phonons, which are usually coupled to the
correlated systems very strongly. Another candidate is suggested
by the similarity of the slightly distorted band shape to
measurements in graphene, where it was attributed to electron–
plasmon coupling24. Namely, the origin could be the same in the
two cases: emission of collective modes through vertical interband
transitions becomes possible above a threshold energy, modifying
the spectrum.

Correlation-driven anomalous temperature evolution. The
strongly correlated feature of 5d electrons of Pr2Ir2O7 should be
observed in the ARPES spectra. We find such a signature in the
temperature evolution of the spectral shape. Figure 5a,b plots
Fermi-function-divided EDCs at G (hn¼ 10.5 eV) and off G
(k(111)¼ 0.31 Å� 1 reached at hn¼ 21.2 eV). The sharp peak
clearly seen in the low-temperature spectra is strongly sup-
pressed at elevated temperatures. The behaviour is clearly more
marked than the thermal broadening effects observed in the
other strongly collated systems such as the well-studied cup-
rates, which have the ‘marginal’ Fermi liquid state25,26. We note
that the peak suppression in the present data is accelerated
across B100 K, differently from the typical thermal broadening
with a gradual increase over a wider temperature range. We find
that, associated with the suppression, a large portion of spectral
weight above EC� 0.1 eV is transferred to higher binding
energies in Pr2Ir2O7. A plausible origin for it is the polaronic
effects, which could become crucial in the purely screened
electronic systems, as also proposed for the other strongly
correlated systems such as the perovskite iridates, manganites
and lightly doped cuprates27–29. These features are compatible
with the non-Fermi liquid behaviour predicted theoretically for
the Fermi node phase in refs 11,30, and may also be
related to recent observations of quantum critical behaviour in
thermodynamic measurements of Pr2Ir2O7 (ref. 17). However, a
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hv#="52eV hv#="39eV(a) (b) (c)

(d) (e)

Figure 2: (a) Brillouin zone of Pr2Ir2O7. (b, c) ARPES intensity 
map at EF across Γ and L, measured at hν = 52 eV and 39 eV, 
respectively. The corresponding momentum sheets are indicated 
in (a) with red and blue colors. (d) Band calculation for Pr2Ir2O7 

showing the Fermi node state. The energy dispersions determined 
by ARPES with several photon energies are superimposed. (e) 
Band dispersion map across Γ point. The energy distribution 
curves (EDCs) are divided by the Fermi function (FD) at measured 
temperature (T = 75 K).
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Close Relationship between the Two Characteristic Features of 
Metallic Quantum Well States in SrVO3 Ultrathin Films

Metallic quantum well (QW) structures based on transition metal oxides provide a platform for studying the behavior of 
strongly correlated electrons under quantum confinement. Metallic QW states observed in SrVO3 ultrathin films show 
two distinctive features that have not been observed in conventional metallic QW, i.e., orbital-selective quantization and 
anomalous subband-dependent mass enhancement. Here, we report the existence of a close relationship between the 
two characteristic features in terms of in-situ angle resolved photoemission spectroscopy (ARPES) measurements and 
detailed line-shape analysis of ARPES spectra.

Quantum confinement of strongly correlated elec-
trons in oxide heterostructures has attracted a lot of 
interest for not only its promising technological applica-
tions in future oxide electronics [1], but also understand-
ing the fundamental low-dimensional physics of strongly 
correlated electron systems [2]. Recently, metallic 
quantum well (QW) states have been discovered in 
SrVO3 (SVO) ultrathin films grown on Nb:SrTiO3(001) 
substrates [3]. The observed QW states exhibit two 
distinctive features. The first is orbital-selective quanti-
zation originating from the anisotropic orbital character 
of the V 3d t2g (dxy, dyz and dzx) band states, as shown in 
Fig. 1a. Each orbital essentially has a two-dimensional 
(2D) character in the respective plane. Consequently, 
the dyz/dzx bands are subject to quantization [from 2D to 
one-dimensional (1D)], while the dxy band remains un-
changed (maintaining its 2D character). The other char-
acteristic behavior is anomalous subband-dependent 
mass enhancement: the subband dispersion becomes 
considerably narrower as its bottom energy (quantization 
energy) En approaches the Fermi level (EF) (see Fig. 
1b). Such anomalous mass enhancement (narrowing) 
in subbands has not been observed in the conventional 
metallic QW structure based on metals having nearly 

free-electron-like sp states [4]. Therefore, the anoma-
lous mass enhancement, as well as the orbital selective 
quantization, is a characteristic behavior of confined 
strongly correlated electrons. Despite intense theoretical 
and experimental studies, however, the physical origin 
of this behavior is not yet understood. To address this 
issue, we performed in-situ angle-resolved photoemis-
sion spectroscopy (ARPES) measurements on SVO 
ultrathin films and analyzed the line shape of ARPES 
spectra, particularly focusing on the width of momentum 
distribution curves (MDCs) [5]. 

Figure 1b shows the dispersion of each subband 


 

n(k) determined from the ARPES measurements, to-
gether with the MDC at EF. It is evident that the MDC 
width Δk becomes wider with increasing quantum num-
ber n for each film thickness and as En approaches EF. 
From a Δk value, one can estimate the imaginary part of 
self-energy ImΣ reflecting electron–electron correlation 
[6]. The obtained ImΣ values for each subband are plot-
ted in Figs. 2a-c as a function of binding energy 

 

. As 
can be seen in Figs. 2a-c, the rate of increase of ImΣ(

 

) tends to be larger with increasing n and/or decreasing 
thickness, namely as En approaches EF.
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Figure 1: Quantum well states in SrVO3 ultrathin films. (a) Schematic illustration of the QW structure and quantization of V-3d-derived states. 
Owing to the 2D character of each orbital in the respective plane, the dyz/dzx-derived electronic structures are subject to quantization (from 2D 
to 1D), while that of the dxy orbital remains unchanged (from 2D to 2D). (b) ARPES intensity plots for dzx subbands of the 6-ML, 7-ML, and 
8-ML SrVO3. The top panels show the corresponding MDCs at EF.
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In order to evaluate the strength of electron correla-
tion, ImΣ(

 

) curves are fitted to the following equation, 
which assumes the Fermi liquid ground state [5]:

             (1)

where β n denotes a coefficient reflecting the strength 
of electron correlation, kB is the Boltzmann constant, 
and Γn

imp is the inverse lifetime of quasiparticles associ-
ated with impurity scattering. The curve fitting closely 
reproduces the experimental results, as shown in Figs. 
2a-c. The estimated    n is plotted against En in Fig. 2d. 
As En approaches EF, the value of   n is considerably 
enhanced, indicating that the electron correlation signifi-
cantly contributes to the anomalous subband-dependent 
mass enhancement in SVO QW states. 

β 
β 

The trend of the observed enhancement of electron 
correlation seems to be opposite to what would be ex-
pected from the Fermi-liquid behavior. In general, the 
strength of the electron–electron interaction is propor-
tional to the square of the density of states (DOS) D at 
EF. Therefore, based on the behavior of bulk SVO [7], 
a weaker correlation effect is expected in the subbands 

β 

Figure 2: Self-energy for SrVO3 QW states. (a)-(c) ImΣn of each 
subband plotted as a function of

 

 for 6-, 7-, and 8-ML SrVO3 
ultrathin films. (d) En dependence of β n estimated from the curve 
fitting. The solid curve is the result of fitting assuming the quasi-1D 
DOS. 

These results indicate the close relationship be-
tween the two characteristic behaviors of metallic QW 
states in SrVO3 ultrathin films: the anomalous subband-
dependent mass enhancement originates from the 
quasi-1D nature of the quantized V 3d states as a 
result of the orbital-selective quantization. The present 
study demonstrates that the QW structure of strongly 
correlated oxide provides an ideal platform both for in-
vestigating the behavior of correlated electrons and for 
manipulating novel quantum phenomena in reduced 
dimensions. 
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located at lower binding energies owing to the reduction 
of band filling [8]. The seeming contradiction can be rec-
onciled by considering the orbital-selective quantization 
as shown in Fig. 1a. In the present case, the quasi-1D 
electronic states are realized in the dyz/dzx-derived sub-
bands by the further reduction of dimensionality (from 
2D to 1D) due to the quantum confinement. DOS in 1D 
systems is proportional to 1/√E, where E is the energy 
measured from the band edge. Thus, the β n within the 
quasi-1D dyz/dzx subbands will be proportional to [D(EF)]

2 
∝ 1/En, which is the opposite behavior of the three-
dimensional case ([D(EF)]

2 ∝ En). Indeed, the experi-
mental results are adequately reproduced by the curve 
fitting assuming the quasi-1D state as shown in Fig. 2d.
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Interface Structure between Graphene and Metal Substrates 
Determined by Total-Reflection High-Energy Positron Diffraction 
(TRHEPD)

We have investigated the interface structure between graphene and metal substrates using the total-reflection high-
energy positron diffraction (TRHEPD) technique. The spacing between the graphene and a Co(0001) substrate is 
determined to be 2.06 Å whereas that for a Cu(111) substrate is 3.34 Å. The former indicates the formation of chemi-
cal bonds between the Co and C atoms. The latter indicates weak interaction with the Cu substrate due to the Van der 
Waals force.

Recently, graphene is attracting much attention be-
cause of its extremely high carrier mobility and many 
other promising features such as high thermal conduc-
tivity and robust mechanical properties. The contact of 
graphene with other materials brings about significant 
changes in its properties. For example, the calculated 
electronic band structures of graphene on Al(111) and 
Pt(111) substrates exhibit the existence of the Dirac 
cone while that for Co(0001) substrate does not [1]. 
Moreover, theoretical calculations demonstrate that the 
electronic structure of graphene is closely related to 
the interface structure, especially the spacing between 
graphene and the metal substrate [1]. Therefore, deter-
mination of the spacing between graphene and the sub-
strate is crucial to elucidate the origin of the electronic 
property of graphene adsorbed on the metal substrate. 
However, the spacing had not been investigated experi-
mentally, except for the case of an Ni substrate. In this 
study, we determined the spacing between graphene 
and substrates of Co(0001) and Cu(111) using the total-

reflection high-energy positron diffraction (TRHEPD) 
technique [2].

TRHEPD is best suited for structure determina-
tions of two-dimensional atomic sheets suspended on 
a substrate. Since the positron has a positive charge, 
opposite to the electron, the crystal potential acts as a 
potential barrier. When the positron beam is incident 
on the surface at a low glancing angle, total reflection 
occurs. The penetration depth of the positron beam 
under the total reflection condition corresponds to about 
the thickness of one atomic layer. On incidence with a 
glancing angle slightly beyond the critical angle of total 
reflection, the positron beam reaches the layer imme-
diately beneath the topmost layer. Thus, TRHEPD is 
a surface-sensitive tool owing to the positive charge of 
positrons. TRHEPD apparatus using a linac-based in-
tense positron beam has been constructed at the Slow 
Positron Facility, through collaboration between JAEA 
and KEK. It has already been used to reveal the struc-
ture of silicene on an Ag(111) substrate [3].

Figure 1: TRHEPD rocking curves of 00 (specular) spots for graphene on (upper part) Co(0001) and (lower part) Cu(111) substrates. Circles 
indicate experiments and lines are curves calculated using the optimum values.
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The TRHEPD rocking curves (diffracted intensity vs 
glancing angle) observed for graphene on Co(0001) and 
Cu(111) substrates represent different shapes, depend-
ing on the substrate material (Fig. 1). From analysis 
based on dynamical diffraction theory, the spacing for 
the Co substrate was determined to be 2.06 Å, which is 
much smaller than the layer distance in solid graphite. 
In the case of the Cu substrate, the spacing was found 
to be 3.34 Å, which is nearly the same as the layer dis-
tance in graphite. Therefore, the results indicate that the 
interaction with the Co(0001) substrate is much greater 
than that for the Cu case. No buckling was observed in 
the graphene for both substrates.

The value of the spacing determined for the Co sub-
strate is in good agreement with the theoretical predic-
tion [1]. The value for the Cu substrate is between the 
results of density functional theory (DFT) calculations 
[1] and van der Waals DFT calculations [4]. As pointed 
out in the previous theoretical study [1], the spacing be-

tween the graphene and the substrate is closely related 
to the hybridization with d-states of the substrate mate-
rial.
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Structure Determination of the Rutile-TiO2(110)-(1×2) Surface 
Using Total-Reflection High-Energy Positron Diffraction 
(TRHEPD)

The exact structure of the rutile-TiO2(110)-(1×2) surface, which had been under debate for the past 30 years, was in-
vestigated using total-reflection high-energy positron diffraction (TRHEPD). The rocking curves of the 00-spot obtained 
from the experimental diffraction patterns were compared with the curves for various models. The rocking curves 
matched those for the model consisting of a Ti2O3 composition, originally suggested by Onishi and Iwasawa [1], but with 
a further modification of atomic positions close to the ones proposed by Wang et al. [2].

Titania (TiO2) is a transition metal-oxide used in 
a variety of applications including photo-catalysts, 
metal-nanoparticle catalyst supports, gas sensors and 
corrosion-protective coating materials [3-5]. In addition, 
it is used as a standard material [6] to test the catalytic 
processes of metal oxides. Knowledge of the structure 
of the surface where the catalytic processes occur is 
crucial for studying the fundamentals of the reactivity 
and reaction mechanisms of solid catalysts [7].

In the present study, we successfully used total-
reflection high-energy positron diffraction (TRHEPD) 
[8-11], which is the positron counterpart of reflection 
high-energy electron diffraction (RHEED), to determine 
the atomic arrangement of the rutile-TiO2(110)-(1×2) 
surface [11]; the detailed structure of the surface of the 
well-known photocatalyst had been under debate for the 
past 30 years [6].

To prepare the TiO2 samples [11], the rutile-TiO2 
(110)-(1×1) surface, which is thermodynamically the 

most stable phase of this material, was created under 
an ultra-high vacuum, and then converted to a (1×2) 
structure by heating to ~1200 K. A high-intensity posi-
tron beam was directed onto this surface at a small 
glancing angle (θ = 0–6°) to obtain a diffraction pattern. 
Rocking curves were then obtained by plotting the in-
tensity of the mirror-reflected (00) spot of the pattern 
against the glancing angle, followed by a prediction cal-
culation with the proposed structural models [1, 2, 12-
15] so that the experimental results could be explained 
by any of them.

The open circles in Fig. 1a show the experimental 
data [11] for the (1×2) surface in the one-beam condi-
tion; the 00-spot intensity in this case almost solely 
depends on the z coordinates of the atomic positions. 
The calculated rocking curves, using the atomic coordi-
nates proposed in Refs. 1, 2 and 12-15 are also shown 
and are denoted as follows: the red solid curve for the 
asymmetric-Ti2O3 model [2], the blue broken curve for 
the symmetric-Ti2O3 model [1, 12]; the green dotted 
curve for the Ti2O model [13]; the orange double-dotted-
broken curve for the missing-row model [14]; and the 
purple single-dotted-broken curve for the Ti3O5 model 
[15].
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Figure 1: TRHEPD rocking curves for the rutile-TiO2(110)-(1×2) 
surface. Open circles in (a) and (b) are the same experimental 
data, obtained under a one-beam condition. Those in (c) and 
(d) are the data obtained under many-beam conditions; (c) for 
the [001] direction and (d) for the [11

_
0] direction. The solid (red), 

broken (blue), dotted (green), double-dotted-broken (orange) and 
single-dotted-broken (purple) curves are calculated results for the 
asymmetric-Ti2O3 [2], the symmetric-Ti2O3 [12], the Ti2O [13], the 
missing-row [14] and the Ti3O5 [15] models, respectively, using the 
atomic coordinates (a) proposed in the original studies and (b)-(d) 
adjusted to give better R values.

Neither the missing-row (orange double-dotted-
broken curve) model nor the Ti3O5 (purple single-dotted-
broken curve) model reproduces the peak shape in 
the total-reflection region around θ = 1.5°, giving poor 
values of a reliability factor (R) [11], 7.1% and 6.9%, re-
spectively. Therefore, these models were eliminated as 
possible candidates and are not discussed further.

The asymmetric-Ti2O3 (red solid curve), the symmet-
ric-Ti2O3 (blue broken curve), and the Ti2O (green dotted 
curve) models, giving R values of 3.1%, 4.6% and 5.3%, 
respectively, have a peak in the total-reflection region. 
Taking these three as the more likely contenders, their 
rocking curves were recalculated to give better (smaller) 
R values by adjusting the atomic coordinates from those 
originally proposed [2, 12, 13]; the results are shown 
in Fig. 1b, using the same keys as in Fig. 1a. The R 
values for the adjusted coordinates are 1.3% for the 
asymmetric-Ti2O3 model, 1.7% for the symmetric-Ti2O3 
model, and 3.1% for the Ti2O model. The R values for 
both the Ti2O3 compositional models are small enough 
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Figure 2: Schematic top and side views of the rutile-TiO2(110)-(1×2) surface; (a) the optimized asymmetric-Ti2O3 model and (b) the optimized 

symmetric-Ti2O3 model. The dotted rectangle indicates a (1×2) unit cell. Red and blue circles represent Ti and O atoms, respectively. In the 

top view, Ti and O atoms at higher positions are depicted by circles with larger diameters.

The corresponding R values in the case of the [110] 
direction (Fig. 1d) are almost the same (~1.8%) for both 
the optimized models, while that in the case of the [001] 
direction (Fig. 1c) for the asymmetric-Ti2O3 model, 1.9%, 
is better than that for the symmetric-Ti2O3 model, 2.4%. 
As already mentioned in the case of the one-beam con-
dition (Fig. 1b), that for the asymmetric-Ti2O3 model, 
1.3%, is better than that for the symmetric-Ti2O3 model, 
1.7%.

If we inspect the optimized structures more carefully, 
the topmost Ti-O bonds in the symmetric-Ti2O3 model 
(Fig. 2b) are too stretched to be an energetically stable 
structure. Our preliminary DFT calculation [11] shows in 
fact that the optimized asymmetric-Ti2O3 model is more 
stable by ~1.5 eV per (1×2) unit cell than the optimized 
symmetric-Ti2O3 model, and is also more stable by ~0.2 
eV than the original symmetric-Ti2O3 model [1, 12].

From the results of the present TRHEPD analysis 
[11] and the theoretical prediction by Wang et al. [2] 
using the global optimization method, called USPEX, 
allowing for both structural and compositional optimiza-

tions of the surface, it is concluded that the asymmetric-
Ti2O3 model is the correct structure for the rutile-TiO2 
(110)-(1×2) surface.
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to be considered as good candidates for the (1×2) 
structure, while that for the Ti2O model is not enough, 
reflecting the mismatch around θ  = 2.0° and 3.5°. Thus, 
it is concluded that the “Ti2O3” composition, originally 
suggested by Ohnishi and Iwasawa [1], is essential for 
a correct (1×2) structure.

The open circles in Fig. 1c and Fig. 1d show the 
experimental data [11] obtained under many-beam con-
ditions with incident beams set along the [001] and [110] 
directions, respectively; the 00-spot intensity in such a 
case depends on the in-plane coordinates of atomic po-
sitions, as well as the z coordinates which are already 
settled by the one-beam analysis. The optimized curves 
are also shown, using the same keys as in Fig. 1a. The 
schematic top and side views of these optimized config-
urations are shown in Fig. 2a for the asymmetric-Ti2O3 
model and in Fig. 2b for the symmetric-Ti2O3 model.
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Structure of the Most Catalytically Active Platinum Cluster (Pt19)

Structures of platinum metal subnanoparticles exhibiting significant catalytic activity for oxygen reduction reaction were 
studied by transmission and in-situ fluorescence mode XAFS in the electrochemical condition. In combination with other 
structural studies (HAADF-STEM, ESI-TOF-MS, DFT calculation), it was revealed that a common structural motif (atomic 
edge) was indicated as the highly active sites. We now describe that the structure and catalytic activity of these metal 
clusters are completely different from those of larger nanoparticles, and are quite sensitive to the atomicity because 
their structure strongly depends on the total atomicity.

Platinum nanoparticles are one of the most impor-
tant materials for catalytic applications. Higher surface-
to-volume ratio is desirable because the catalytic reac-
tion takes place only at the nanoparticle surface. In 
principle, all atoms in a particle appear on the surface 
when the particle diameter is smaller than 1 nm. How-
ever, most previous studies indicated a dilemma that 
very small platinum nanoparticles lose their catalytic 
activities. The reason for this deactivation has been 
thought to be changes in the surface adsorption prop-
erty caused by the different electronic property (d-band 
center) or different surface index profiles.

What is the structure of these platinum “subnanopar-
ticles”? The structure of larger particles contains the 
face-centered-cubic (fcc) lattice which is easily deter-
mined by the X-ray diffraction method. However, the 
subnanoparticle does not exhibit such diffraction be-
cause the periodic lattice no longer exists. It has been 
found that the structure becomes amorphous due to 
the disappearance of the lattice pattern. With respect 
to catalytic applications, this change is unfavorable 
because the catalytic site is mainly related to specific 
surface indexes such as (100) or (111). This is thought 
to be another reason why very small nanoparticles are 
not suitable for catalytic applications. However, recent 
advances in single-atom catalysis clearly suggest that 
the lattice is not a requirement for efficient catalysis. 
Surprisingly, the science of subnanoparticles – an in-
termediate species between the nanoparticle and the 
single atom – is still a frontier at present.

We have developed a method of synthesizing metal 
subnanoparticles using a dendrimer reactor [1, 2]. This 
method allows the preparation of “one-atom” precise 
subnanoparticles based on the stoichiometric assembly 
of metal-complex precursors within a nanospace acting 
as a nano-size reactor [3]. In the case of platinum sub-
nanoparticle synthesis, PtCl4 is used for the precursor 
material, which could be reduced by NaBH4 as a reduc-
ing agent. The reduced subnanoparticles produced 
within the dendrimer reactor have been determined by 
HAADF-STEM (high-angle-annular-dark-field scanning 
transmission electron microscope) observation or ESI-
TOF-MS (electronspray-ionization time-of-flight mass 
spectrum). The HAADF-STEM observations indicated 
that the particle size is monodisperse. The atomicity of a 
subnanoparticle completely agreed with the equivalent 
amount of [PtCl4]/[dendrimer]. When the equivalent was 
12, only Pt12 was formed.

Recently, our study revealed that Pt19 is the best 
catalyst for the oxygen reduction reaction [4]. Although 
an increase of the equivalent to 19 resulted in a slight 
deviation from the monodisperse composition, the main 
product was still Pt19 and the standard deviation was 
still ca. 1 atom. Direct observation of Pt19 by aberration-
corrected HAADF-STEM indicated the formation of a 
triangle-shaped subnanoparticle, which was predicted 
by a DFT calculation (Fig. 1).

Figure 1: (A) High resolution HAADF-STEM images of a Pt19 particle with the calculated model and simulated image, (B) ESI-TOF-MS of Pt19 
measured after the protection by carbonyl ligand (CO). The mass spectrum without any size control is also shown.

(A)

(B)
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X-ray absorption fine structure (XAFS) analysis 
provides access to the structural information of non-
crystalline compounds. As noted earlier, metal sub-
nanoparticles are diffraction-silent. Therefore, XAFS 
is the only analysis technique providing atomic-scale 
structural information. Pt-L3 extended X-ray absorption 
fine structure (EXAFS) analysis of these platinum sub-
nanoparticles elucidated that these compositions still 
have metal–metal bonds of which the average distance 
(2.74 Å) is slightly shorter than that of the corresponding 
bulk metal (2.77 Å). The subnanoparticles with different 
atomicities (Pt12, Pt13, Pt17 and Pt19) were not so different 
in terms of the metal–metal distances, suggesting that 
the electronic and bonding characters are almost identi-
cal. A small difference in the coordination number was 
confirmed, reflecting the difference in particle size (Fig. 
2A).

It is curious that the catalytic activities of oxygen 
reduction reaction were significantly different between 
the platinum subnanoparticles with different atomici-
ties despite the similar structures and electronic states. 
The highest activity was observed at Pt19, exhibiting 
more than three times higher activity than that of Pt13 
as the stable “magic-number” cluster [4]. One possible 
reason is the difference in stability between the active 
and stable subnanoparticles. If Pt19 was changed to 
other species during the catalysis, the difference could 
be explained. To confirm this assumption, in-situ XAFS 
measurement under the electrochemical condition was 
carried out (Fig. 2B, 2C). When the higher potential was 
applied to Pt19, the Pt-L3 and -L2 XANES exhibited an 
obvious increase of the white line, suggesting oxidation. 
It is important to note that this XANES spectral change 
was reversible. When the applied potential was returned 
to 0 V vs. Ag/AgCl where platinum becomes a zero-va-
lent metal, the initial XANES spectrum reappeared. This 

fact negates the explanation that the apparent catalytic 
activity was controlled by the subnanoparticle stability. 
It was confirmed that the intrinsic activities of the sub-
nanoparticles differ with the atomicity.

Figure 2: (A) Fourier transforms of the Pt-L3 EXAFS by transmission mode measurements of Pt12, Pt13, Pt17, Pt19 and Pt-foil. (B) Pt-L3 and -L2 
XANES spectra of Pt17 and Pt19 by fluorescence mode measurements taken in the in-situ electrochemical condition. The applied potential was 
changed between 0.00 V and 1.40 V vs. Ag/AgCl by the measurements. (C) A conceptual diagram and photograph of the in-situ cell.

The DFT calculation and HAADF-STEM suggested 
that the subnanoparticles with different atomicity have a 
specific surface structure, which was quite different from 
that of the bulk surface such as Pt(111) or Pt(100). It 
was indicated that sharp V-shaped edges act as highly 
active sites for oxygen reduction reaction due to the 
suitable oxygen-binding energy.

The present result suggests that the character of 
subnanoparticles is quite different from that of the larger 
analogues and is strongly dependent on the atomicity. 
From this fact, it is predicted that the addition of second 
and third metals to the subnanoparticles might provide 
more significant modulation of properties than those of 
larger bimetallic or trimetallic alloy nanoparticles. These 
investigations are currently under way.
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Anomalous Structural Behavior in the Magnetic and Structural 
Transition of FeRh Thin Films from a Local Viewpoint

The antiferromagnetic-to-ferromagnetic (AFM-to-FM) transition of FeRh thin films was investigated by Fe and Rh K-
edge X-ray absorption fine structure spectroscopy (XAFS) in order to clarify the correlation between its global mag-
netism and local electronic/geometrical structures. A strong Fe-Rh hybridization, which decreases from AFM to FM 
phases, was revealed. Moreover, only the Fe-Fe Debye-Waller factor in the AFM phase was observed to be enhanced 
in comparison with that in the FM phase. This behavior suggests the importance of the interplay between the local spin 
and Fe-Fe distance fluctuations near the phase transition.

Recently, CsCl-type ordered FeRh alloy near the 
equiatomic stoichiometry is attracting renewed interest 
in view of its potential application to various magnetic 
devices. Upon increasing its temperature, it shows an 
antiferromagnetic-to-ferromagnetic (AFM-to-FM) phase 
transition accompanied with a nearly 1% volume expan-
sion at ~350 K [1]. Owing to this magnetic and structural 
phase transition occurring at mild temperature, FeRh 
is a promising material for thermally-assisted magneto-
recording, antiferromagnetic memory, and electric-field-
induced magnetism switching [2-4]. Therefore, it is im-
portant to elucidate the origin of the phase transition in 
FeRh not only from the viewpoint of basic research, but 
also for device development. Despite many studies on 
its phase transition, the physical origin and the essen-
tial interactions involved are still hot topics. Especially, 
the relationship between spin, structure, and electronic 
state, which all change through the phase transition, is a 
key issue. In this study, FeRh thin film was investigated 
by using X-ray absorption fine structure (XAFS) spec-
troscopy. XAFS spectroscopy is a powerful method for 

detecting both atomic-dependent and bond-dependent 
local structures. According to the change in the X-ray 
absorption near-edge structure (XANES) and Debye-
Waller factors of Fe-Rh and Fe-Fe, we consider that 
the local Fe-Fe distance and the spin fluctuations act as 
precursors. These fluctuations play an important role in 
driving the phase transition.

100-nm-thick Fe49Rh51 thin film was epitaxially grown 
on a single crystal MgO(001) substrate by magnetron 
co-sputtering of Fe and Rh targets. The occurrence of 
AFM-to-FM phase transition at 385 K, consistent with 
the previously known transition temperature of FeRh/
MgO(001) thin film, was verified by using a supercon-
ducting quantum interference device (SQUID, Quantum 
Design MPMS-7) DC magnetometer at 300 Oe and by 
using the longitudinal magnetic optical Kerr effect. Fur-
ther details of the sample preparation and evaluations 
are described in reference [5]. The XAFS spectra for Fe 
and Rh K edges were obtained at beamlines BL-9A and 
AR-NW10A, respectively, in fluorescence yield mode by 
using a multi-element Ge solid state detector.

Figure 1: (a) 300 K (AFM) and 450 K (FM) XANES of Fe and Rh K edges of pure metals and FeRh. (b) Comparison of the XANES spectral 
intensity at 7120.5 eV (filled blue circles) with the magnetic moment M (open black circles).
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Figure 1a shows the XANES spectra at Fe and Rh 
K edges of FeRh at 300 K (AFM) and 450 K (FM), re-
spectively, together with those of pure Fe and Rh metal 
foils. Compared with pure foils, it can be seen that the 
Fe K edge of FeRh is shifted to higher energy, whereas 
the Rh K edge shifts oppositely. This suggests electron 
transfer from Fe to Rh due to their strong hybridiza-
tion and their difference in electronegativity. Moving on 
to the difference spectra of FeRh between 450 K and 
300 K in Fig. 1a, we could observe a slight yet distinct 
increase in the spectral weight at around 7112.5 and 
7120.5 eV in the Fe K-edge XANES spectrum. The 
temperature evolution of the intensity of these peaks de-
picts hysteresis loops similar to the magnetization (Fig. 
1b). The suppression of the Fe-Rh hybridization would 
result in the decrease of the spectral intensity at these 
energies across the phase transition.

Figure 2 shows the Debye-Waller factors C2 near 
the transition temperature extracted from the Fe K-edge 
extended XAFS oscillations. The Debye-Waller factor 
of Fe-Rh exhibits a normal behavior even during the 
phase transition: increasing monotonically with tempera-
ture rise due to the enhancement of the usual thermal 
vibrations. In contrast, the Debye-Waller factor of Fe-Fe 
shows a decrease during heating from the AFM to FM 
phases in the phase separation region. Since the phase 
separation would give a maximum static fluctuation near 
the middle point of the transition, the present finding 
indicates that the maximum Fe-Fe distance fluctuation 
is due to the inherent nature of the AFM phase near the 
phase transition. 

According to a recent theoretical study, the AFM ex-
change interaction between two nearest-neighboring Fe 
atoms depends more strongly on volume change than 
the FM exchange interaction between nearest Fe and 
Rh atoms [6]. The balance of these exchange interac-
tions is expected to determine the global magnetic state. 
At a small volume the AFM state is exclusively favored, 
and the local spin fluctuation would be coupled with the 
Fe-Fe distance fluctuation. Thus, the anomalous behav-
ior of the Fe-Fe Debye-Waller factor could be ascribed 
to the dynamic fluctuations of local distances and spins 
in the AFM phase near the phase transition. On the 
contrary, the FM state is expected to allow for the spin 
fluctuation more easily because of the weakening of the 
Fe-Fe AFM exchange interaction due to a longer Fe-
Fe distance [6], resulting in a rather small Fe-Fe Debye-
Waller factor. Therefore, the anomalous behavior found 
in the Fe-Fe Debye-Waller factor indicates that the local 
Fe-Fe distance and the spin fluctuations play an impor-
tant role in driving the phase transition.

Figure 2: Enlarged view from 300 to 450 K for the Fe-Rh and 
Fe-Fe Debye-Waller factors extracted from Fe K-edge extended 
XAFS.
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In situ NEXAFS Analysis of the Formation of Carbon Nanotubes 
by Thermal Decomposition of SiC(0001) Surface

We performed in situ carbon K-edge NEXAFS (near-edge X-ray absorption fine structure) measurements at high tem-
peratures to clarify the process of formation of carbon nanotubes (CNTs) by thermal decomposition of the SiC(0001) 
surface. Above 1000°C, Si atoms desorbed, and subsequent graphitization of the remaining carbon atoms occurred. 
Upon heating above 1300°C, the graphene flakes were initially oriented parallel to the surface, but their orientations 
changed toward the surface normal during the progression of CNT formation. In addition, at the initial stage, aromatic 
fragments composed of a few carbon hexagons were present parallel to the surface. These results suggest that the 
graphitization to CNTs occurred above 1000°C with the desorption of Si atoms utilizing the dangling bonds of carbon 
atoms on the SiC surface.

Synthesis of aligned carbon nanotube (CNT) films 
on an SiC(0001) surface by thermal decomposition 
is a unique technique because high-density zigzag-
type multi-walled CNTs can be selectively produced by 
simply heating the SiC(0001) surface in vacuum [1]. At 
the beginning of the CNT growth, cap-like structures 
comprising hemispherical graphene layers, i. e., “car-
bon nanocaps,” are formed on the SiC surface [2, 3]. 
Although these carbon nanocaps determine the CNT 
diameters, their formation mechanism has been poorly 
understood. In this study, we performed in situ carbon 
K-edge near-edge X-ray absorption fine structure (NEX-
AFS) measurements and clarified the true process of 
formation of CNTs.

The carbon K-edge NEXAFS measurements were 
performed at BL-7A . After HF etching, 6H-SiC(0001) C-
face substrates were introduced into the NEXAFS anal-
ysis chamber and heated to the target temperature in H2 

at a pressure of 1 × 10−2 Pa, and then NEXAFS mea-
surements were performed in ultra-high vacuum (UHV). 
A schematic temperature rise diagram for the NEXAFS 
measurements is shown in Fig. 1a. The samples were 
heated using a PBN heater, and the temperature of the 
sample surface was monitored with an infrared pyrom-
eter. A photograph of the sample heated at 1300°C in 
the analysis chamber is shown in Fig. 1b. 

The NEXAFS spectra were obtained in the Auger 
electron yield detection mode by monitoring the KLL 
carbon Auger peak by a hemispherical electron energy 
analyzer (Gammadata Scienta SES-200) because it is 
highly surface sensitive and suitable for the detection 
of thin carbon layers on the SiC surface. A schematic 
diagram of the location of the sample relative to the syn-
chrotron radiation beam is shown in Fig. 1c. 

Figure 1: (a) Schematic diagram of the temperature rise process for the NEXAFS measurements. (b) Photograph of the sample in the 
analysis chamber. (c) Schematic diagram of the geometry of the sample and analyzer in the NEXAFS chamber.

To investigate the orientation of the C−C bonds uti-
lizing the photon linear polarization, we performed the 
NEXAFS measurements at two incident angles ( ), 30° 
and 90°. In addition, X-ray photoelectron spectroscopy 
(XPS) measurements were performed just before and 
soon after each NEXAFS measurement with a photon 
energy of 430 eV for investigating the surface composi-
tion and estimating the thickness of the CNT layers on 
the SiC surface.

(a)

(b) (c)
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nanocaps are formed with a further progression of de-
sorption of Si atoms. As the CNT formation proceeds, 
the cylindrical parts of the CNTs become longer, and 
the ratio of graphene sheets perpendicular to the sur-
face increases. This formation process was consistent 
with a recent density-functional tight-binding molecular 
dynamics (DFTB/MD) simulation [7], and the orientation 
change toward the surface normal is considered to be 
caused by the dangling bonds of residual carbon atoms 
on the SiC surface. Our result shows the possibility 
of controlling the diameter and the number of walls of 
CNTs through the decomposition process, which might 
lead to fabrication of CNT devices.
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The in situ carbon K-edge NEXAFS spectra for the 
SiC C-face are shown in Fig. 2 [4]. Figure 2a shows 
the difference spectra, in which the NEXAFS spectra 
for the pristine SiC C-face were subtracted from those 
at 1050°C. A sharp p* resonance peak with a negligible 
weak s* resonance feature appeared at    = 30°, and the 
former disappeared at   = 90°. Taking into account the 
NEXAFS spectra of molecules with conjugated bonds 
on solid surfaces [5], this spectral shape suggests the 
formation of aromatic fragments composed of a few 
carbon hexagons parallel to the SiC surface soon after 
desorption of Si atoms by heating. Figure 2b-d show 
the in situ NEXAFS spectra for the SiC C-face at 1120, 
1320, and 1380°C. At 1120°C, the p* resonance peaks 
appeared for both incidence angles, indicating that car-
bon materials composed of sp2 orbitals accumulated on 
the SiC surface. The p* resonance peak for    = 30° was 
higher than that for   = 90°, which was similar to that for 
graphite [6], indicating that crystallization occurred to 
form graphene-like layers, which were mostly parallel 
to the surface. At 1320°C, the spectral shapes became 
approximately the same for the two incidence angles, 
and when the sample temperature rose to 1380°C, the 
intensity of the p* resonance peak at   = 90° was stron-
ger than that at   = 30°. These spectra show that the 
orientation of the C−C bonds changed with the increase 
in temperature, and that a majority of the graphene-
like carbon is oriented perpendicular to the surface at 
1380°C.

Taking into account the NEXAFS results and the 
CNT length estimated from the XPS measurements, 
simplified images of the proposed growth process of 
CNTs on the SiC C-face are shown in Fig. 2e. At the 
beginning of desorption of Si atoms, the graphene lay-
ers parallel to the surface corresponding to the top 
layers of carbon nanocaps are formed. Then, carbon 

 

 
 

 
 

 

Figure 2: C K-edge NEXAFS spectra of SiC C-face during heating at (a) 1050°C, (b) 1120°C, (c) 1320°C, and (d) 1380°C. For heating at 
1050°C, the difference spectra after subtraction of the pristine SiC C-face spectra, are shown. All spectra were measured at two incident 
angles,    = 30° and 90°. (e) The growth process images of CNTs on the SiC C-face by thermal decomposition. 
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Anomalous Structural Behavior in the Magnetic and Structural 
Transition of FeRh Thin Films from a Local Viewpoint

The antiferromagnetic-to-ferromagnetic (AFM-to-FM) transition of FeRh thin films was investigated by Fe and Rh K-
edge X-ray absorption fine structure spectroscopy (XAFS) in order to clarify the correlation between its global mag-
netism and local electronic/geometrical structures. A strong Fe-Rh hybridization, which decreases from AFM to FM 
phases, was revealed. Moreover, only the Fe-Fe Debye-Waller factor in the AFM phase was observed to be enhanced 
in comparison with that in the FM phase. This behavior suggests the importance of the interplay between the local spin 
and Fe-Fe distance fluctuations near the phase transition.

Recently, CsCl-type ordered FeRh alloy near the 
equiatomic stoichiometry is attracting renewed interest 
in view of its potential application to various magnetic 
devices. Upon increasing its temperature, it shows an 
antiferromagnetic-to-ferromagnetic (AFM-to-FM) phase 
transition accompanied with a nearly 1% volume expan-
sion at ~350 K [1]. Owing to this magnetic and structural 
phase transition occurring at mild temperature, FeRh 
is a promising material for thermally-assisted magneto-
recording, antiferromagnetic memory, and electric-field-
induced magnetism switching [2-4]. Therefore, it is im-
portant to elucidate the origin of the phase transition in 
FeRh not only from the viewpoint of basic research, but 
also for device development. Despite many studies on 
its phase transition, the physical origin and the essen-
tial interactions involved are still hot topics. Especially, 
the relationship between spin, structure, and electronic 
state, which all change through the phase transition, is a 
key issue. In this study, FeRh thin film was investigated 
by using X-ray absorption fine structure (XAFS) spec-
troscopy. XAFS spectroscopy is a powerful method for 

detecting both atomic-dependent and bond-dependent 
local structures. According to the change in the X-ray 
absorption near-edge structure (XANES) and Debye-
Waller factors of Fe-Rh and Fe-Fe, we consider that 
the local Fe-Fe distance and the spin fluctuations act as 
precursors. These fluctuations play an important role in 
driving the phase transition.

100-nm-thick Fe49Rh51 thin film was epitaxially grown 
on a single crystal MgO(001) substrate by magnetron 
co-sputtering of Fe and Rh targets. The occurrence of 
AFM-to-FM phase transition at 385 K, consistent with 
the previously known transition temperature of FeRh/
MgO(001) thin film, was verified by using a supercon-
ducting quantum interference device (SQUID, Quantum 
Design MPMS-7) DC magnetometer at 300 Oe and by 
using the longitudinal magnetic optical Kerr effect. Fur-
ther details of the sample preparation and evaluations 
are described in reference [5]. The XAFS spectra for Fe 
and Rh K edges were obtained at beamlines BL-9A and 
AR-NW10A, respectively, in fluorescence yield mode by 
using a multi-element Ge solid state detector.

Figure 1: (a) 300 K (AFM) and 450 K (FM) XANES of Fe and Rh K edges of pure metals and FeRh. (b) Comparison of the XANES spectral 
intensity at 7120.5 eV (filled blue circles) with the magnetic moment M (open black circles).
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Figure 1a shows the XANES spectra at Fe and Rh 
K edges of FeRh at 300 K (AFM) and 450 K (FM), re-
spectively, together with those of pure Fe and Rh metal 
foils. Compared with pure foils, it can be seen that the 
Fe K edge of FeRh is shifted to higher energy, whereas 
the Rh K edge shifts oppositely. This suggests electron 
transfer from Fe to Rh due to their strong hybridiza-
tion and their difference in electronegativity. Moving on 
to the difference spectra of FeRh between 450 K and 
300 K in Fig. 1a, we could observe a slight yet distinct 
increase in the spectral weight at around 7112.5 and 
7120.5 eV in the Fe K-edge XANES spectrum. The 
temperature evolution of the intensity of these peaks de-
picts hysteresis loops similar to the magnetization (Fig. 
1b). The suppression of the Fe-Rh hybridization would 
result in the decrease of the spectral intensity at these 
energies across the phase transition.

Figure 2 shows the Debye-Waller factors C2 near 
the transition temperature extracted from the Fe K-edge 
extended XAFS oscillations. The Debye-Waller factor 
of Fe-Rh exhibits a normal behavior even during the 
phase transition: increasing monotonically with tempera-
ture rise due to the enhancement of the usual thermal 
vibrations. In contrast, the Debye-Waller factor of Fe-Fe 
shows a decrease during heating from the AFM to FM 
phases in the phase separation region. Since the phase 
separation would give a maximum static fluctuation near 
the middle point of the transition, the present finding 
indicates that the maximum Fe-Fe distance fluctuation 
is due to the inherent nature of the AFM phase near the 
phase transition. 

According to a recent theoretical study, the AFM ex-
change interaction between two nearest-neighboring Fe 
atoms depends more strongly on volume change than 
the FM exchange interaction between nearest Fe and 
Rh atoms [6]. The balance of these exchange interac-
tions is expected to determine the global magnetic state. 
At a small volume the AFM state is exclusively favored, 
and the local spin fluctuation would be coupled with the 
Fe-Fe distance fluctuation. Thus, the anomalous behav-
ior of the Fe-Fe Debye-Waller factor could be ascribed 
to the dynamic fluctuations of local distances and spins 
in the AFM phase near the phase transition. On the 
contrary, the FM state is expected to allow for the spin 
fluctuation more easily because of the weakening of the 
Fe-Fe AFM exchange interaction due to a longer Fe-
Fe distance [6], resulting in a rather small Fe-Fe Debye-
Waller factor. Therefore, the anomalous behavior found 
in the Fe-Fe Debye-Waller factor indicates that the local 
Fe-Fe distance and the spin fluctuations play an impor-
tant role in driving the phase transition.

Figure 2: Enlarged view from 300 to 450 K for the Fe-Rh and 
Fe-Fe Debye-Waller factors extracted from Fe K-edge extended 
XAFS.
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In situ NEXAFS Analysis of the Formation of Carbon Nanotubes 
by Thermal Decomposition of SiC(0001) Surface

We performed in situ carbon K-edge NEXAFS (near-edge X-ray absorption fine structure) measurements at high tem-
peratures to clarify the process of formation of carbon nanotubes (CNTs) by thermal decomposition of the SiC(0001) 
surface. Above 1000°C, Si atoms desorbed, and subsequent graphitization of the remaining carbon atoms occurred. 
Upon heating above 1300°C, the graphene flakes were initially oriented parallel to the surface, but their orientations 
changed toward the surface normal during the progression of CNT formation. In addition, at the initial stage, aromatic 
fragments composed of a few carbon hexagons were present parallel to the surface. These results suggest that the 
graphitization to CNTs occurred above 1000°C with the desorption of Si atoms utilizing the dangling bonds of carbon 
atoms on the SiC surface.

Synthesis of aligned carbon nanotube (CNT) films 
on an SiC(0001) surface by thermal decomposition 
is a unique technique because high-density zigzag-
type multi-walled CNTs can be selectively produced by 
simply heating the SiC(0001) surface in vacuum [1]. At 
the beginning of the CNT growth, cap-like structures 
comprising hemispherical graphene layers, i. e., “car-
bon nanocaps,” are formed on the SiC surface [2, 3]. 
Although these carbon nanocaps determine the CNT 
diameters, their formation mechanism has been poorly 
understood. In this study, we performed in situ carbon 
K-edge near-edge X-ray absorption fine structure (NEX-
AFS) measurements and clarified the true process of 
formation of CNTs.

The carbon K-edge NEXAFS measurements were 
performed at BL-7A . After HF etching, 6H-SiC(0001) C-
face substrates were introduced into the NEXAFS anal-
ysis chamber and heated to the target temperature in H2 

at a pressure of 1 × 10−2 Pa, and then NEXAFS mea-
surements were performed in ultra-high vacuum (UHV). 
A schematic temperature rise diagram for the NEXAFS 
measurements is shown in Fig. 1a. The samples were 
heated using a PBN heater, and the temperature of the 
sample surface was monitored with an infrared pyrom-
eter. A photograph of the sample heated at 1300°C in 
the analysis chamber is shown in Fig. 1b. 

The NEXAFS spectra were obtained in the Auger 
electron yield detection mode by monitoring the KLL 
carbon Auger peak by a hemispherical electron energy 
analyzer (Gammadata Scienta SES-200) because it is 
highly surface sensitive and suitable for the detection 
of thin carbon layers on the SiC surface. A schematic 
diagram of the location of the sample relative to the syn-
chrotron radiation beam is shown in Fig. 1c. 

Figure 1: (a) Schematic diagram of the temperature rise process for the NEXAFS measurements. (b) Photograph of the sample in the 
analysis chamber. (c) Schematic diagram of the geometry of the sample and analyzer in the NEXAFS chamber.

To investigate the orientation of the C−C bonds uti-
lizing the photon linear polarization, we performed the 
NEXAFS measurements at two incident angles ( ), 30° 
and 90°. In addition, X-ray photoelectron spectroscopy 
(XPS) measurements were performed just before and 
soon after each NEXAFS measurement with a photon 
energy of 430 eV for investigating the surface composi-
tion and estimating the thickness of the CNT layers on 
the SiC surface.

(a)

(b) (c)
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nanocaps are formed with a further progression of de-
sorption of Si atoms. As the CNT formation proceeds, 
the cylindrical parts of the CNTs become longer, and 
the ratio of graphene sheets perpendicular to the sur-
face increases. This formation process was consistent 
with a recent density-functional tight-binding molecular 
dynamics (DFTB/MD) simulation [7], and the orientation 
change toward the surface normal is considered to be 
caused by the dangling bonds of residual carbon atoms 
on the SiC surface. Our result shows the possibility 
of controlling the diameter and the number of walls of 
CNTs through the decomposition process, which might 
lead to fabrication of CNT devices.
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The in situ carbon K-edge NEXAFS spectra for the 
SiC C-face are shown in Fig. 2 [4]. Figure 2a shows 
the difference spectra, in which the NEXAFS spectra 
for the pristine SiC C-face were subtracted from those 
at 1050°C. A sharp p* resonance peak with a negligible 
weak s* resonance feature appeared at    = 30°, and the 
former disappeared at   = 90°. Taking into account the 
NEXAFS spectra of molecules with conjugated bonds 
on solid surfaces [5], this spectral shape suggests the 
formation of aromatic fragments composed of a few 
carbon hexagons parallel to the SiC surface soon after 
desorption of Si atoms by heating. Figure 2b-d show 
the in situ NEXAFS spectra for the SiC C-face at 1120, 
1320, and 1380°C. At 1120°C, the p* resonance peaks 
appeared for both incidence angles, indicating that car-
bon materials composed of sp2 orbitals accumulated on 
the SiC surface. The p* resonance peak for    = 30° was 
higher than that for   = 90°, which was similar to that for 
graphite [6], indicating that crystallization occurred to 
form graphene-like layers, which were mostly parallel 
to the surface. At 1320°C, the spectral shapes became 
approximately the same for the two incidence angles, 
and when the sample temperature rose to 1380°C, the 
intensity of the p* resonance peak at   = 90° was stron-
ger than that at   = 30°. These spectra show that the 
orientation of the C−C bonds changed with the increase 
in temperature, and that a majority of the graphene-
like carbon is oriented perpendicular to the surface at 
1380°C.

Taking into account the NEXAFS results and the 
CNT length estimated from the XPS measurements, 
simplified images of the proposed growth process of 
CNTs on the SiC C-face are shown in Fig. 2e. At the 
beginning of desorption of Si atoms, the graphene lay-
ers parallel to the surface corresponding to the top 
layers of carbon nanocaps are formed. Then, carbon 

 

 
 

 
 

 

Figure 2: C K-edge NEXAFS spectra of SiC C-face during heating at (a) 1050°C, (b) 1120°C, (c) 1320°C, and (d) 1380°C. For heating at 
1050°C, the difference spectra after subtraction of the pristine SiC C-face spectra, are shown. All spectra were measured at two incident 
angles,    = 30° and 90°. (e) The growth process images of CNTs on the SiC C-face by thermal decomposition. 
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The Appearance of Jahn-Teller Distortion in the Spinel Structure 
with Compression

The Jahn-Teller effect of Cu2+ in cuprospinel (CuFe2O4) was investigated by the high-pressure single-crystal X-ray dif-
fraction technique. With increasing pressure, the CuO6 octahedron in the spinel structure is isotropically compressed 
and approaches a regular configuration up to 3.8 GPa. This leads to an increase of electrostatic repulsion between the 
3dz2 orbital of Cu2+ and the surrounding oxygen ions. At 4.6 GPa, a phase transition from cubic to tetragonal occurs due 
to the appearance of Jahn-Teller distortion in which the two Cu-O bonds are stretched parallel to the c-axis compared 
with the four Cu-O bonds parallel to the ab-plane. 

The mantle transition zone in the Earth is an anoma-
lous region between about 400 and 750 km depth in 
which density and seismic velocity increase much more 
steeply than in the surrounding mantle, with particularly 
sharp changes noted near depths of 410, 520, and 660 
km. The 660 km seismic discontinuity divides the upper 
and lower mantle, and is usually attributed to the spinel 
to post-spinel transition boundary where ringwoodite 
with the spinel structure decomposes to bridgmanite 
and ferropericlase in a peridotite mantle composition. 
Seismological studies, however, suggest that its depth 
varies considerably in different regions [1-6]. One of 
the effects proposed to explain these seismic observa-
tions is chemical heterogeneity within the mantle [7-10]. 
Spinels can crystallize over a wide range of conditions 
from mafic and ultramafic magma, and also exhibit a 
wide range of solid solution. The spinel structure with 
a cubic close-packed arrangement of atoms with two 
tetrahedral and one octahedral sites can maintain the 
cubic symmetry even when transition metal cations with 
Jahn-Teller effect are incorporated into the structure. In 
this study, we investigated the pressure-induced phase 
transition due to the appearance of Jahn-Teller distor-
tion [11].

To investigate the Jahn-Teller effect on the spinel 
structure, synthetic cuprospinel (CuFe2O4) with cubic 
structure was used in the study. A single crystal of cu-

Figure 1: Variations of (a) the unit cell volume and (b) the unit cell parameters with pressure. The errors are smaller than the symbols used 
in the figure. 

a lattice parameter of 8.325(5) Å was obtained by least 
squares refinement of the observed peak positions. 
The measured pressure-volume curve shows a slight 
discontinuity at this pressure. Miller indices for the cubic 
F-lattice are reassigned to those corresponding to a te-
tragonal I-lattice. Unit cell parameters for the tetragonal 
lattice were a = 5.882(1) Å (the pseudo-cubic a-axis 
length multiplied by   2 was 8.318 Å), c = 8.337(1) Å,  

prospinel synthesized from a mixture of Fe2O3 and Cu 
was polished carefully to a thickness of 35 µm, and then 
mounted in a diamond anvil cell. A high-pressure single-
crystal synchrotron X-ray diffraction study was carried 
out using a high-resolution, vertical-type four-circle dif-
fractometer and scintillation counter. A total of 6 high-
pressure data collections were carried out. To clarify the 
structural changes before and after the phase transition 
caused by Jahn-Teller distortion, intensity data were 
collected and used for the structure refinement at 0.0, 
1.8, 2.7, and 4.6 GPa. Ab initio quantum chemical cal-
culation was also performed for the electronic structure 
of the cuprospinel.

The variations in volume and unit cell parameters 
with pressure are shown in Fig. 1. In order to provide 
a convenient reference between cubic and tetragonal 
structures, the volume of the tetragonal lattice is dou-
bled in Fig. 1a. The a unit cell parameter in the tetrago-
nal lattice is multiplied by  2 in Fig. 1b. At 4.6 GPa, the  
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and V = 288.5(1) Å3. The unit cell parameter of 8.337(4) 
Å at 3.8 GPa was also recalculated by the Miller indices 
of the tetragonal I-lattice. However, the obtained unit 
cell parameters a = 5.895(1) Å (the pseudo-cubic a-axis 
length, a' =  2a, was 8.337 Å) and c = 8.340(1) Å were 
approximately equal to the unit cell parameter of the 
cubic lattice, 8.337(4) Å, within the standard deviation. 
Accordingly, it can be concluded that the phase transi-
tion from cubic to tetragonal occurs between 3.8 and 4.6 
GPa. 

With compression, both tetrahedral and octahedral 
sites in the cuprospinel are isotropically compressed and 
approach a regular configuration up to 3.8 GPa. This 
leads to an increase of electrostatic repulsion between 
the 3dz2 orbital of Cu2+ and the surrounding oxygen ions. 
At 4.6 GPa, the appearance of the Jahn-Teller distor-
tion of Cu2+ leads to distorted tetrahedral and octahe-
dral coordinations. In the octahedral site, the two Cu-O 
bonds parallel to the c-axis are stretched to 2.070(9) Å 
compared with the four Cu-O bonds of 2.017(1) Å paral-
lel to the ab-plane. Figure 2 gives the results of the ab 
initio calculation, showing the electronic orbitals in the 
distorted coordination environment around Cu2+ at 4.6 
GPa. In tetragonally distorted cuprospinel, the electronic 
orbitals are much more localized on the octahedral envi-
ronment of the Cu2+ than the tetrahedral environment of 
the Fe3+. It is important to mention that there is a strong 
orbital interaction between the 3dz2 orbitals of Cu2+ and 
2p orbitals of O2-, which has a completely antibonding 
orbital character. Hence, the elongated octahedral ge-

ometry observed by the X-ray diffraction measurement 
is ascribed to the repulsive interaction between the large 
positive and negative phases of the wave functions of 
Cu2+ and O2-, respectively.

Figure 2: Electronic orbitals in the tetragonally distorted cuprospinel at 4.6 GPa calculated by the ab initio method. The red, pink, and purple 
spheres represent oxygen, copper, and ferrous iron atoms, respectively. The brown and green colors indicate positive and negative phases in 
the wave function. 
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Post-Cotunnite Phase Transition in Zirconia at High Pressure

A post-cotunnite phase transition in zirconia was investigated up to 200 GPa and 3000 K by a diamond anvil cell and 
synchrotron X-ray diffraction measurements. The experiments demonstrated that the cotunnite phase was stable up to 
170 GPa and 2000 K, and the Fe2P-type phase appeared in association with the cotunnite phase above 3000 K. This 
is the first experimental evidence of the cotunnite to Fe2P-type phase transition in zirconia. The close structural relation-
ship of two phases can be well explained using the oxygen-zircon polyhedra, and the cotunnite to Fe2P-type phase 
transition is a common trend in many dioxides under high pressure.

Zirconia (ZrO2) is well known as an important class 
of material because of its attractive ceramic properties. 
The high-pressure behavior of zirconia has also been 
the focus of considerable study in order to understand 
the densification mechanism in dioxides as an analogue 
of important terrestrial dioxides such as silica. Zirconia 
transforms to the cotunnite phase at 13 GPa and the 
post-cotunnite phase transition has been examined in 
the past decade. However, no transition has been found 
at least up to 100 GPa [1]. Recently, ab initio calcula-
tions have predicted that the cotunnite phase transforms 
to the Fe2P-type phase in titania, and this transition was 
experimentally demonstrated at 200 GPa and 4000 K 
[2]. Zirconium belongs to the same group as titanium in 
the periodic table, while it has a larger ionic radius. This 
suggests that zirconia should behave as a low-pressure 
analogue of titania. This work investigated the post-
cotunnite phase transition in zirconia up to 200 GPa and 
3000 K [3].

Experiments were performed by a laser heated dia-
mond anvil cell combined with synchrotron radiation X-
ray diffraction measurements. Beveled anvils with 100–
300 µm culets were mainly used. Zirconia powder with 
a small amount of platinum, which acts as a pressure 
marker, was placed in the gasket hole with NaCl pellets. 
Heating was conducted using focused fiber lasers from 
both sides of the sample. Angle-dispersive X-ray diffrac-
tion measurements using monochromatic X-ray radia-
tion at 30 keV were taken in situ at high pressure and 
room temperature after heating.

In the first run, the cotunnite phase was still ob-
served at 148 GPa and room temperature after heating 
(Fig. 1a). In the second run, the cotunnite phase was 
also observed at 170 GPa and room temperature after 
heating at 2000 K, while new X-ray diffraction lines ap-
peared by heating above 3000 K. All the peaks of the X-
ray diffraction pattern at 171 GPa after heating can be 
indexed by the mixture of the cotunnite and Fe2P-type 
phases (Fig. 1a). This is the first experimental evidence 
of the cotunnite to Fe2P-type phase transition in zirco-
nia. The X-ray diffraction patterns of this sample were 
also obtained during decompression with heating, and 
the coexistence was observed down to 76 GPa after 
heating. Under 50 GPa, the Fe2P-type phase disap-

Figure 1: (a) Representative X-ray diffraction patterns of the 
cotunnite phase (red line) and the Fe2P-type phase (green line) 
at high pressure and room temperature after heating. (b) Volume 
change of the cotunnite phase (red circles) and the Fe2P-type 
phase (green squares) and its difference (open blue squares). 

(b)

(a)
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peared and only the cotunnite phase remained. In the 
third run, the sample was compressed to 200 GPa and 
then heated at 3000 K. The Fe2P-type phase appeared, 
while the cotunnite phase still remained. This sample 
was recovered to the ambient condition without heat-
ing, and both phases were maintained. This is the first 
example of an Fe2P-type oxide quenched to ambient 
conditions.

The unit cell volume of the Fe2P-type phase was 
consistently smaller than that of the cotunnite phase 
(Fig. 1b), indicating that the Fe2P-type phase is the 
higher pressure phase. Indeed, the Fe2P-type phase 
disappeared earlier than the cotunnite phase during 
decompression with heating. However, the volume dif-
ference was quite small (~ 0.6% ΔV) and both phases 
coexisted over a wide pressure range (Fig. 1b). These 
are attributable to slow kinetics by a structural similarity. 
Although the crystal structures of both phases consist 
of a network among the ZrO9 polyhedra (Fig. 2), it is 
difficult to show the structural difference on this basis. 
Therefore, we propose that the structures should in-
stead be drawn using oxygen-zircon polyhedra rather 
than zirconium-oxygen polyhedra. Using this descrip-
tion, the structural unit can be described as OZr4 tet-
rahedra and OZr5 pyramids (Fig. 2). The arrangement 
of polyhedra is different between the structures, while 
the Fe2P-type structure can be derived from the cotun-

nite structure by simple operation: the 1/2 shift of the 
zirconium lines in the cotunnite structure parallel to the 
b-axis of the cotunnite-type cell (Fig. 2). The structural 
similarity may result in slow kinetics for the phase transi-
tion, explaining why coexistence was observed over a 
wide pressure range. The cotunnite to Fe2P-type phase 
transition was experimentally demonstrated in zirconia 
[3] (this study) and titania [2], and predicted in germania 
[4] and silica [5], suggesting that it is a common trend in 
many dioxides under high pressure.

Figure 2: The structures of the cotunnite and Fe2P-type phases. The structures are drawn using oxygen-zircon polyhedra to assist visual 
understanding of the differences. The models using standard zirconium-oxygen polyhedra are also shown on the left side for comparison. 
The Fe2P-type structure model can be derived by the 1/2 period shift of several zirconium lines (marked by crosses) parallel to the cotunnite 
b-axis.
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Role of Microorganisms on the Transformation of Lanthanides 
during the Biooxidation of Divalent Manganese

We found for the first time that the biomolecule released from Acremonium strictum KR21-2 during the formation of 
MnO2 specifically binds tetravalent Ce. This Ce-binding biomolecule was not found to associate with any other trivalent 
lanthanides tested or with Fe. The oxidation states of Mn and Ce in the biogenic MnO2 were determined to be IV by 
XANES measurements. Most of the desorbed Ce was in the colloidal phase and associated with a biomolecule pro-
duced by the active fungus. The biomolecule was characterized as ca. 4700 Da in size, and contained saccharides that 
differed from those non-nuclide-specific organic substances released from resting cells, as reported previously.

Ce oxidation and reduction reactions were found 
to play an important role in Ce mobility on the mineral 
surface. Mn(II)-oxidizing microorganisms strongly affect 
the migration of Ce because they can produce biogenic 
Mn oxide in the subsurface [1, 2]. We assessed how 
the presence of lanthanides affects the oxidation rate of 
Mn(II) as well as the production of cellular secretions by 
Mn-oxidizing microorganisms, and determined the influ-
ence on lanthanide mobility at the solid/liquid interface. 
To accomplish this, active fungus A. strictum KR21-2 
was incubated under various conditions to compare the 
oxidation rate of Mn(II), the sorption rate of lanthanides, 
and the production of cellular secretions.

The HAY medium (50 mL), which initially contained 
0–1 mmol/L Mn(II), 0–100 mg/L of each lanthanide 
element, and 0–100 mL spore suspension, was con-
tacted with A. strictum KR21-2 at pH 7.0. To determine 
the oxidation state of Ce in the solid phase, Ce K-edge 
XANES (X-ray-absorption near-edge structure) analysis 

was carried out at AR-NW10A. The spectra of CeCl3 
and Ce(SO4)2⋅nH2O were collected as references. The 
chemical shift of the absorption edge for Ce(III) (40,442 
eV) and Ce(IV) (40,453 eV) is 11 eV, which can be 
used to quantify the Ce oxidation state in solid phases 
[3]. We used LCF fitting for quantifying the Ce oxidation 
state. The analysis procedure was similar to that in our 
previous work [4]. It was confirmed that the samples 
were not damaged by repeated X-ray irradiation.

When fungal spores were added, more than 
99% of the lanthanides were removed from the liquid 
phase after 24 h (Fig. 1a). The sorption of all the light 
lanthanides (La, Pr - Gd) except Ce was almost con-
stant up to 72 h. The sorbed Ce started to be desorbed 
after 32 h and desorption increased with increasing 
time. The desorption behavior of Ce was markedly dif-
ferent from that of its neighboring elements, and the 
large desorption of Ce resulted in the formation of a 
negative Ce anomaly.

Figure 1: Change in lanthanide removal fraction with time (a), and SEC-UV-ICP-MS chromatograms in the liquid phase (b).
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The SEC-UV-ICP-MS chromatograms of the liquid 
phase are shown in Fig. 1b. A new intense SEC-ICP-
MS peak for Ce was observed at a retention time of 
15.9 min. This intense Ce peak corresponded to Ce 
desorbed from the solid phase containing the fungal 
cells and Mn oxides. The SEC-UV peak (marked with 
an asterisk in Fig. 1b) accompanying the Ce1 peak 
was more intense than in the control test without the 
fungus. These results suggest that the fungal cell may 
have released a biomolecule with a retention time of 
15.9 min that formed a complex with Ce in solution. The 
estimated molecular size of this biomolecule was 4700 
Da; therefore, we refer to this Ce-binding biomolecule 
as “CB4700”. Quantitative determination of total carbo-
hydrates by a colorimetric method showed that the car-
bohydrate content for CB4700 and whole medium was 
53 and 103 mg/g, whereas the uronic acid content was 
3 and 27 mg/g, respectively. The direct observation of 

saccharide-containing compounds produced by Mn-ox-
idizing fungi and their potential effects on the scaveng-
ing of Ce(IV) has never been reported before. Protein 
was not detected from CB4700, although A. strictum 
releases a variety of proteins into solution [1].

The XANES spectrum of Ce in the solid phase with-
out Mn(II) (HY-Ln) showed an absorption edge similar 
to CeCl3 (Fig. 2), indicating that the fungus did not oxi-
dize Ce(III) to Ce(IV) in the absence of Mn, even under 
metabolically active conditions. The absorption edge 
of Ce in the solid phase was shifted to a higher energy 
compared with that of HY-Ln, indicating that a fraction of 
Ce was present in the tetravalent state. The estimated 
Ce(IV) content obtained by linear combination fitting 
was 36%.

To our knowledge, this is the first report of the 
release of a biomolecule with specific affinity for Ce(IV) 
as an adaptive response of fungi to lanthanides. The 
findings of this study will be helpful for understanding 
lanthanide cycling in the environment, and for long-term 
management of nuclear waste sites, where microbial 
activity is involved in Mn oxide formation and radionu-
clide migration.

Figure 2: Ce K-edge XANES spectra of the solid phase after 100 
h incubation (CI-0). The spectra of CeCl3 and Ce(SO4)2 are also 
plotted as references. Blue dashed line is linear combination fitting 
using Ce(SO4)2 and CeCl3 standards.
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Crystal Structure of the CRISPR-Cas RNA Silencing Complex

CRISPR-Cas constitutes a prokaryotic adaptive immune system against invading genetic elements. The crRNA and 
Cas protein(s) form an interference complex that degrades invading nucleic acid complementary to the crRNA guide. 
The type III Cmr interference complex comprises six Cas proteins and a crRNA, and degrades target RNA. The crystal 
structure of the Cmr complex bound to a target analog was determined. The complex recognizes the crRNA 5’-tag and 
deforms the guide-target duplex at 6-nt intervals. The structure reveals the periodic RNA cleavage mechanism by the 
Cmr complex, and provides insights into the evolution of the type I and III interference complexes.

The CRISPR-Cas system is a prokaryotic RNA-
based defense system against mobile genetic elements 
[1]. The Cas proteins and the crRNA, which is derived 
from the CRISPR locus, form the interference complex 
for target degradation, in a base-complementary man-
ner of the crRNA guide [2]. The interference complexes 
are classified into three major types (I, II, and III) [3]. 
The type I and II complexes target foreign DNA for deg-
radation, and their mechanisms of action were revealed 
by crystallography [4, 5]. In contrast to these DNA-
targeting complexes, the type III interference complex 
cleaves RNA [6]. However, the RNA degrading mecha-
nism of the type III complex remains elusive, because of 
the lack of structural information.

We reconstituted the Cmr complex (one of the type 
III complexes) that comprises six Cas proteins (Cmr1–
Cmr6) and a crRNA which has an eight-nucleotide 
(nt) tag at the 5’-region followed by a guide sequence. 
A subsequent biochemical experiment revealed that 
five protein subunits (Cmr2–Cmr6) and the crRNA 
are enough for the RNA cleavage activity despite the 
absence of Cmr1. To reveal the crRNA-guided RNA-
silencing mechanism, we solved the crystal structure 

of the Cmr1-deficient Cmr complex (CmrD1) bound to 
the target analog (ssDNA complementary to the crRNA 
guide) by the MR-SAD method [7, 8].

The CmrD1 comprises eight protein subunits with 
their stoichiometry of Cmr2 : Cmr3 : Cmr4 : Cmr5 : 
Cmr6 = 1 : 1 : 3 : 2 : 1 (Fig. 1a). Cmr2 and Cmr3 form 
the base region of the complex, and contact the crRNA 
5’-tag. The crRNA guide is located in the groove formed 
by the three Cmr4 and two Cmr5 molecules. Cmr6 caps 
the Cmr4 and Cmr5 stacks at the opposite end of the 
base region. The target analog is recognized by the 
crRNA guide in a base-complementary manner in the 
groove.

The crRNA 5’-tag is recognized by Cmr3, where its 
main-chain carbonyl and amide of Thr196 and Gly198, 
respectively, form specific hydrogen bonds with U2 of 
the crRNA (Fig. 1b). The importance of these interac-
tions was confirmed by the U2A mutation of the crRNA. 
Furthermore, the sugar-phosphate moieties of the 5’-
tag form extensive hydrogen bonds with the proteins. 
Intriguingly, the 5’-terminal OH group of the crRNA is 
recognized by the main chain atom of Gly58 from Cmr3 
(Fig. 1b).

Figure 1: Crystal structure of the target analog bound Cmr complex. (a) Overall structure of the complex. (b) The mechanism of the crRNA 
5’-tag recognition by Cmr3 in the complex. (c) Interaction between Cmr4 stack and crRNA-target duplex. (d) Structure of the crRNA-target 
duplex in the Cmr complex.

(a) (b)

(c)

(d)
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The crRNA guide is bound to the groove through the 
interaction mainly with three Cmr4 subunits in a non-
sequence-specific manner. Although the crRNA guide 
and ssDNA form a duplex, they adopt an unwound 
ribbon-like structure instead of the canonical helix. This 
is caused by the intercalations of the idiosyncratic loops 
of three Cmr4 subunits into the duplex at 6-nt intervals 
(Fig. 1c). Therefore, the periodic intercalations deform 
the guide-target duplex at positions 14, 20, and 26 from 
the 5’ end of the crRNA, suggesting the destabilization 
of these three sites in the target strand for cleavage 
reaction. Consistent with this, our biochemical experi-
ment demonstrated that the Cmr complex cleaves the 
target RNA at these three sites deduced from the struc-
ture. We also identified the catalytic residue of Asp31 in 
Cmr4 as a possible general acid catalyst to protonate 
the 5’ terminus of the cleavage product during the reac-
tion. The Cmr complex recognizes the crRNA 5’-tag and 

defines the binding site for its 5’ terminal group (Fig. 
1b). Therefore, the Cmr complex degrades the target 
RNA by using the 5’ ruler mechanism, with which the 
target cleavage sites in 6-nt intervals are strictly speci-
fied in length from the 5’ end of the crRNA (Fig. 1d).

Structural comparison revealed that the overall 
structure of the type III Cmr complex resembles that 
of the type I interference complex [5] (Fig. 2). Intrigu-
ingly, the structural and functional roles of Cmr3 and 
Cmr4 in the type III complex are quite similar to those of 
Cas5 and Cas7, respectively, in the type I complex [5]. 
Therefore, these interference complexes interact with 
the crRNAs in a similar fashion, and the target strands 
are recognized in a similar mechanism by these interfer-
ence complexes, despite the fact that these complexes 
target different kinds of nucleic acid, RNA and DNA, 
respectively. These findings show the occurrence of di-
vergent evolution from a common ancestral complex in 
the CRISPR-Cas system.

In conclusion, this study revealed the mechanisms 
of Cmr complex assembly and target cleavage site 
specification, and also paves the way for understanding 
the molecular evolution of the CRISPR-Cas interference 
complex.

Figure 2: Structural similarity between the types I (a) and III (b) 
interference complexes. The overall structures (left panels) and the 
schematic diagrams (right panels) of each complex. 
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Structural Basis of Spacer Acquisition in CRISPR-Cas System

Bacteria and archaea use CRISPR-Cas systems to recognize and destroy foreign genetic elements. To acquire memo-
ry of invaders, Cas1-Cas2 protein complex incorporates invasive DNA segments into the host CRISPR array as a new 
spacer. We solve structures of Cas1-Cas2-dual-forked DNA complexes in order to understand how the protospacer is 
sampled prior to insertion into the CRISPR locus. We identified the protospacer DNA bound to the Cas1-Cas2 complex, 
consisting of two Cas1 dimers sandwiching a Cas2 dimer. The protospacer DNA adopts a dual-forked form, with a 23-
bp duplex flanked by two 3’ overhangs. The PAM-complementary sequence in the 3' overhang is recognized by Cas1 
catalytic subunits in a base-specific manner. 

Bacteria and archaea regularly face the threat of 
invading foreign DNA such as phages, plasmids and 
so on. To protect themselves from the invading genetic 
elements, prokaryotes have evolved many strategies. 
One of the most widespread is the clustered regularly 
interspaced short palindromic repeats-CRISPR associ-
ated protein (CRISPR-Cas) adaptive immune systems 
[1]. The CRISPR-Cas system defends against invasive 
nucleic acids from phages or plasmids in three steps 
[2]. In the first step called adaptation or spacer acquisi-
tion, new spacers are captured from foreign DNA and 
integrated into the host CRISPR locus generating immu-
nological memories [3]. Second, the CRISPR locus is 
transcribed and processed to produce mature CRISPR 
RNA (crRNA) that binds to Cas proteins and forms a 
surveillance complex [4]. Finally, the foreign nucleic acid 
containing sequence complementary to the crRNA is 
recognized and degraded by the surveillance complex 
[5]. Although the molecular mechanisms of expression 
and interference steps are now well elucidated, the ad-
aptation step still awaits detailed analysis.

Cas1 and Cas2 are the only two Cas proteins con-
served across all CRISPR-Cas systems [6]. In Esch-
erichia coli, Cas1 and Cas2 form the integrase complex 
responsible for capturing 33 base pair (bp) segments of 
foreign DNA, as new spacers [7]. Recent studies have 
shown that the protospacer-adjacent motif (PAM) is criti-
cally important for the recognition and selection of proto-
spacers during adaptation. In E. coli, the last nucleotide 
of the new repeat is derived from the first nucleotide 
of the incoming spacer, which is the last nucleotide of 
the PAM sequence [8]. To understand the molecular 
mechanisms of spacer acquisition, we determined the 
crystal structure of E. coli Cas1-Cas2 bound to dual-
forked DNA [9].

To obtain a crystal of the Cas1-Cas2-DNA complex, 
we co-crystallized the protein complex with various 
DNAs and identified that the dual-forked DNA is closely 
related to the in vivo substrate used by Cas1-Cas2. In 
the structure of Cas1-Cas2-dual-forked DNA complex, 
four copies of Cas1 form two dimers sandwiching a 
Cas2 dimer, generating a flat surface on the top and an 
arch-shaped surface on the opposite face. The dual-
forked DNA lies on the flat surface of Cas1-Cas2, and 

the two 3' overhangs thread through the C-terminal do-
mains of two Cas1, respectively (Fig. 1A). The central 
segment of the duplex is stabilized by charge-charge 
interactions via its phosphate backbone with the posi-
tively charged residues of Cas2, including Arg14, Arg16, 
Arg77 and Arg78. Each end of the duplex forms hydro-
gen bonds via its phosphate groups with the interface 
of Cas1 dimer. The first and last base pair of the duplex 
stack on the side chain of Tyr22 of two Cas1, respec-
tively, generating duplex single-strand junctions. Thus, 
these two tyrosines from the symmetry-related Cas1 
subunits serve as a caliper to measure a 23-bp duplex 
segment of the bound DNA.

In our structure, the two 3' overhangs thread into 
the C-terminal domains of two Cas1. The phosphate 
group of nucleotide 29 is positioned in the catalytic 
pocket, comprising His208, Glu141 and Asp221 of 
Cas1, forming a hydrogen bond with the side chain of 
His208. This suggests that Cas1 cleaves the phospho-
diester bond between nucleotides 28 and 29, resulting 
in a 5-nucleotide (nt) 3' overhang DNA product. The 
5-nt 3' overhangs at both ends together with the 23-bp 
duplex form the 33-nt length DNA cleavage product as 
a protospacer (Fig. 1C).

In E. coli, spacers are chosen from the protospacer 
containing a 5'-AAG-3' PAM sequence, and it was 
shown that the protospacer is cleaved between G-1 
and A-2 within the PAM and that G-1 is inserted into 
the CRISPR locus along with the protospacer. In our 
structure, the cleavage is found between nucleotides 
28 and 29 as described before, suggesting that nucleo-
tides 28–30 in the 3' overhang are complementary (5’-
CTT-3’) to the PAM sequence. We gained insights into 
the molecular mechanism of PAM recognition by Cas1 
by solving the crystal structure of Cas1-Cas2 bound 
to DNA containing the PAM-complementary 5'-CTT-3' 
sequence. The pyrimidine ring of C28 forms a hydrogen 
bond with the side chain of Lys211 of Cas1 and is sand-
wiched between the side chains of Tyr217 and Ile291 
residues. The base of T29 stacks on the side chain of 
Gln287 and forms a base-specific hydrogen bond with 
the backbone oxygen of Arg138. T30 is recognized in a 
sequence-specific manner by Tyr165 of Cas1 (Fig. 1B).
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In this structural study, we reveal the precise nature 
of the DNA substrate of Cas1-Cas2. Furthermore, we 
provide evidence that the architecture of Cas1-Cas2 
predetermines the length of the newly acquired spacer, 
and the complex undergoes large conformational 
change upon the DNA binding, just like a butterfly drop-
ping its wings from “wings-up” to “wings-down”. Lastly, 
we identify the mechanism of PAM-complementary 
sequence recognition by Cas1. Together, our results 
provide critical insights into the molecular mechanism of 
the adaptation, which will significantly facilitate research 
on the CRISPR-Cas system.

Figure 1: Crystal structure of E. coli Cas1-Cas2-dual-forked DNA complex. (A) Orthogonal views of the crystal structure of the complex of 
Cas1-Cas2 bound to the dual-forked DNA. (B) The sequence-specific interactions between Cas1 and PAM-complementary sequence. The 
DNA cleavage site is indicated by a red arrow. (C) Schematic diagram of Cas1 cleavage product.
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Structure of PI5P4Kβ-Nucleotide Complexes Uncover GTP-
Sensing Function in Mammalian Cells

Structural biology is not only to provide a structural explanation for known cellular functions but also to unveil unknown 
cellular functions and identifying the underlying molecular mechanism. Especially, the combination of atomic resolution 
structures of proteins with reverse genetic approaches, which we named the structural reverse genetics approach, can 
directly connect a biochemical activity of proteins to biological function(s). Utilizing this approach, we have revealed the 
presence and significance of the GTP-sensing function in mammalian cells. Structure determination of the PI5P4Kβ-
nucleotide complexes and the structure-based development of a GTP-insensitive mutant was the key to demonstrating 
that PI5P4Kβ is a GTP sensor that is critical for tumorigenesis.

In order to maintain and control concentrations of 
energy molecules, such as ATP and GTP, in response 
to cellular status, cells have energy sensor proteins that 
monitor the concentration of specific energy molecule(s) 
and evoke concentration-dependent signaling for cel-
lular responses [1, 2]. Such energy sensors have been 
found for ATP and other metabolites, but not for GTP 
in spite of its importance in protein synthesis and cell 
signaling. Accumulated lines of evidence have indicated 
the presence of a GTP bioenergetic system that actively 
responds to GTP depletion in mammalian cells [3], how-
ever, the GTP sensor that receives the GTP concen-
tration as a biological cue and converts it into cellular 
signaling has not been identified.

Recently, we discovered that the lipid kinase 
PI5P4Kβ is the unknown energy sensor for cellular GTP 
concentration [4]. Our cell biological and biochemical 
analyses have revealed that PI5P4Kβ is a unique GTP-
utilizing kinase with KM value (88 μM) for GTP that is 
suitable to be regulated by physiological changes of the 
cellular GTP concentration (100–500 μM). These bio-
chemical features, however, only imply that PI5P4Kβ is 

a candidate GTP sensor and do not necessarily mean 
that the GTP-dependent activity of PI5P4Kβ has in 
vivo significance. Since PI5P4Kβ has both ATP- and 
GTP-dependent kinase activities (Fig. 1A), conven-
tional reverse genetic approaches, such as knockout or 
knockdown, cannot be exploited to solve this issue (Fig. 
1B). To overcome this problem and reveal the in vivo 
significance of the GTP-dependent activity of PI5P4Kβ 
as a GTP sensor, we decided to solve the structures of 
the PI5P4Kβ-nucleotide complexes in order to rationally 
develop a GTP-insensitive mutant that lacks the GTP-
dependent kinase activity, while having the intact ATP-
dependent activity (Fig. 1C).

Although the structure of apo PI5P4Kβ has already 
been solved at 3.0 Å resolution [5], we need higher 
resolution structures of nucleotide complexes to distin-
guish the GTP and ATP binding modes. The previously 
reported crystallization method was insufficient to obtain 
high resolution diffraction data from PI5P4Kβ-nucleotide 
complexes, thus we applied our newly developed multi-
step soaking method to improve the resolution [6]. The 
sequential soaking in less invasive polyvinylpyrrolidone 

Figure 1: Connecting the GTP-dependent activity of PI5P4Kβ to the GTP-sensing function by the structural reverse genetics approach. 
(A) Schematic representation showing that two biochemical activities of PI5P4Kβ drive distinct associated biological functions. (B) The 
conventional reverse genetics strategy affects the whole biochemical activities of PI5P4Kβ and thus all functions associated with PI5P4Kβ are 
lost. (C) With structural information, the structural reverse genetics approach removes only the GTP-dependent activity of PI5P4Kβ and thus 
the in vivo phenotypic significance of the associated GTP-sensing function is revealed. Top middle: the whole structure of PI5P4Kβ in complex 
with GTP analog, GMPPNP (PDB ID: 3X04). Top right: the GTP-insensitive mutation (F205L) disrupted the tumorigenic phenotype associated 
with WT PI5P4Kβ.

(A)

(B)

(C)



47HIGHLIGHTS

K. Takeuchi1, 2, M. Senda3, Y.-H. Lo3, S. Kofuji4, Y. Ikeda4, A. 
T. Sasaki4 and T. Senda3, 5 (1AIST 2JST, PRESTO, 3KEK-IMSS-
PF/SBRC, 4Univ. of Cincinnati College of Medicine, 5The 
Graduate Univ. of Advanced Studies (SOKENDAI) )

K15 and then ethylene glycol for better diffraction signifi-
cantly improved the average resolution of the PI5P4Kβ 
crystals. The resolutions of the final structures reached 
2.60 Å, 2.15 Å, 2.45 Å, 2.70 Å, and 2.60 Å for the apo, 
AMP, GMP, AMPPNP, GMPPNP complexes, respec-
tively, from the diffraction data obtained at AR-NE3A . 
These structures demonstrated clear differences in the 
GTP and ATP binding modes of PI5P4Kβ.

The crystal structures suggested that Thr-201, Asn-
203, and Phe-205 are specialized for GTP recognition 
in PI5P4Kβ (Fig. 2), which enabled us to introduce ra-
tional mutations to these residues. After confirming that 
the individual structures of the PI5P4Kβ mutants were 
almost identical to that of the wild-type (WT) PI5P4Kβ, 
NMR as well as biochemical experiments were car-
ried out to show the effect of mutation on the GTP- 
and ATP-dependent activities. The analyses revealed 
that the PI5P4KβF205L mutant showed a decrease in the 
GTP-dependent kinase activity, without having any per-
turbation of the ATP-dependent activity, thus we used 
the mutant to further reveal the in vivo significance of 
the GTP-dependent activity of PI5P4Kβ.

Isogenic cells lines that express the PI5P4KβF205L 
mutant and the wild-type (WT) PI5P4Kβ were estab-
lished by introducing the mutant and WT PI5P4Kβ to 
the PI5P4Kβ knockout cell line and the GTP-sensing 
functions of these two cell lines were compared. The 
comparison demonstrated that PI5P4Kβ’s lack of GTP-
sensing activity disrupted the GTP-dependent change 
of the lipid PI(5)P levels. In addition, two thirds of the 
metabolites could not faithfully change their level in 
response to a GTP depletion. These results clearly indi-
cate that PI5P4Kβ is a GTP sensor and provide, for the 
first time, clear evidence of the presence of the GTP-
sensing function in mammalian cells. Furthermore, the 
cells expressing the PI5P4KβF205L mutant abolished the 
tumorigenic activity observed for the mouse embryonic 
fibroblast cells expressing WT PI5P4Kβ in mouse xeno-
graft models. It has been shown that the cellular GTP 
concentration is relatively high in certain cancer cells [7]. 

The data imply that some cancer cells are taking advan-
tage of the GTP-sensing function for their tumorigenic 
activity. This knowledge may lead to a new approach to 
cancer therapy.

As we demonstrated here, the combination of atom-
ic resolution structures of proteins with reverse genetic 
approaches, which we termed the structural reverse 
genetics approach, can directly connect a biochemical 
activity of proteins to biological function(s) [8]. With the 
recent advances in structural biological methods and 
genome editing technologies, the structural reverse ge-
netics approach has come of age.

Figure 2: Difference in (A) GTP and (B) ATP recognition by PI5P4Kβ. In each panel, the positions of counterpart nucleotides are shown by 
line representation for comparison. Both nucleotide analogs form hydrogen bonds with PI5P4Kβ (green dotted lines) but in distinct connecting 
patterns. In addition, Phe-205 is in close proximity only for the GTP analog GMPPNP. The residues that are specialized for GTP recognition 
are highlighted in red in (A). 
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Crystal Structure of a Human Immune Receptor in Complex with 
the Fc Region of the IgG Antibody

Receptors of the Fc region of immunoglobulin-G (IgG) are key mediators of the immune response. In particular, human 
Fcγ receptor I (hFcγRI) is the immune receptor with the highest affinity for IgG. To understand the molecular basis of 
interaction with antibodies, we determined the crystal structure of the complex between hFcγRI and human IgG-Fc at 
high resolution (1.80 Å). The structure reveals a deep and hydrophobic pocket explaining the strong affinity for IgG an-
tibodies. We propose a general model for binding of IgG to Fc receptors on the cell surface. Our findings have implica-
tions for the development of novel therapeutic approaches involving hFcγRI.

Fcγ receptors are a major family of IgG receptors 
modulating the immune response. In particular, hFcγRI 
is a high-affinity receptor expressed on the surface of 
macrophages, monocytes, neutrophils, eosinophils, and 
dendritic cells. Numerous studies have revealed the key 
roles of hFcγRI for the immune response, and its con-
nection to autoimmune diseases [1]. Specifically, hFcγRI 
(also termed CD64) is a transmembrane glycoprotein of 
72 kDa binding with high affinity to IgG1, IgG3 and IgG4 
(but not IgG2), and the only receptor of the Fcγ family 
displaying three immunoglobulin-like domains. No crys-
tal structure of the complex between the Fc region of 
IgG and hFcγRI was reported until recently [2-4], limiting 
our understanding of this major immune complex, and 
potentially preventing the development of innovative 
therapies against autoimmune diseases.

Single crystals of the complex between the extracel-

lular region of hFcγRI and IgG1-Fc were obtained in a 
solution containing 0.1 M sodium acetate, 0.1 M zinc 
acetate, 4% (v:v) 1,4-butanediol, and 12% PEG 4,000 
(pH 4.6). Data collection was carried out at BL-5A under 
cryogenic conditions at a resolution of 1.8 Å. Coordi-
nates and structure factors are deposited in the PDB 
under accession code 4W4O.

In the complex, one dimer of Fc binds asymmetrical-
ly to one molecule of receptor (Fig. 1a). We termed the 
interaction surfaces subsite 1 and subsite 2 (Fig. 1b, c). 
Subsite 1 occupies 654 Å2 of contact interface with high 
shape complementarity (Sc = 0.86), and is hydrophobic. 
Subsite 2 displays a smaller contact footprint with IgG1-
Fc (494 Å2) and presents lower shape complementarity 
(Sc = 0.78). The glycans attached to Fc and hFcγRI 
make little contribution to the interaction, an observation 
that was corroborated in a second study [4].

Figure 1: High-resolution crystal structure of the complex between hFcγRI and IgG1-Fc. (a) Overall structure of the complex. (b) Close-
up view of subsite 1. The surface of hFcγRI is shown in cyan. Residues of IgG1-Fc interacting with the receptor are depicted with sticks. 
The red line highlights the novel hydrophobic pocket for Leu235. (c) Close-up view of subsite 2. (d) Schematic representation of the novel 
hydrophobic pocket. (e) Interaction surface in subsite 1 for various Fcγ receptors. (f) Orientation of the hinge. The red ribbon corresponds 
to IgG1-Fc bound to hFcγRI. Violet or yellow ribbons correspond to the same region of IgG1-Fc bound to other types of Fcγ receptors. The 
surface of hFcγRI is shown in cyan. The figure was adapted from Kiyoshi et al. [2].
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Detailed examination reveals important differences 
with other human Fcγ receptors [5]. First, residue 
Leu235 of one chain of IgG1-Fc is buried in a deep 
hydrophobic pocket of the receptor (Fig. 1b, d). This 
cavity is not observed in other Fcγ receptors. Why is this 
pocket only present in hFcγRI? The reason is because 
hFcγRI has a unique deletion of one residue in its pri-
mary sequence precisely where the pocket exists, gen-
erating an empty space on the surface of the receptor 
suitable for the insertion of Leu235 of IgG1-Fc [2, 4]. In 
other Fcγ receptors, the additional residue in its primary 
sequence (Ile or Val) fills up this pocket, hindering the 
insertion of Leu235 of IgG1-Fc. The existence of this 
hydrophobic pocket in the complex IgG-1-hFcγRI in-
creases the total buried surface area (BSA) with respect 
to other Fcγ receptors, explaining its high affinity (Fig. 
1e).

The second major difference with other Fcγ recep-
tors is related to the conformation of the lower hinge 
which connects IgG1-Fc and Fab. Because of the 

unique hydrophobic pocket described above, the ori-
entation of the lower hinge of IgG1-Fc bound to hFcγRI 
changes with respect to all other receptors (Fig. 1f). The 
unique orientation of the lower hinge may influence how 
IgG is presented on the surface of immune cells, espe-
cially that of the Fab region responsible for recognizing 
antigens (Fig. 2). We propose that the geometry of the 
IgG-Fcγ receptor complex governs the engagement of 
antibodies with antigens and/or facilitates the clustering 
of receptors on the cell surface, thereby modulating the 
immune response.

In summary, we have determined the recognition 
mechanism between human IgG1 and the major im-
mune receptor hFcγRI. This discovery of a high-affinity 
and potentially druggable pocket in hFcγRI not present 
in other Fcγ receptors may lead to novel therapeutic ap-
proaches to combat autoimmune diseases.
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Fab

IgG + FcγRIIgG + FcγRII or III

FabFab

FcγRII or III FcγRID2
D3
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Figure 2: Models of recognition of IgG by Fcγ receptors on the 
cell surface. The orientation of the Fab region of IgG is different in 
hFcγRI with respect to other receptors (adapted from Kiyoshi et al. 
[2]).

REFERENCES
[1] C. E. van der Poel, R. M. Spaapen, J. G. van de Winkel and 

J. H. Leusen, J. Immunol. 186, 2699 (2011).
[2] M. Kiyoshi, J. M. M. Caaveiro, T. Kawai, S. Tashiro, T. Ide, 

Y. Asaoka, K. Hatayama and K. Tsumoto, Nat. Commun. 6, 
6866 (2015).

[3] J. Lu, J. Chu, Z. Zou, N. B. Hamacher, M. W. Rixon and 
P. D. Sun, Proc. Natl. Acad. Sci. U.S.A. 112, 833 (2015).

[4] V. Oganesyan, Y. Mazor, C. Yang, K. E. Cook, R. M. Woods, 
A. Ferguson, M. A. Bowen, T. Martin, J. Zhu, H. Wu and 
W. F. Dall’Acqua. Acta Cryst. Sect. D 71, 2354 (2015).

[5] J. M. M. Caaveiro, M. Kiyoshi and K. Tsumoto, Immunol. Rev. 
268, 201 (2015).

BEAMLINE
BL-5A



HIGHLIGHTS50

 5   Life Science          

Crystal Structures of the Ups1-Mdm35 Complex Reveal the 
Mechanism of Phospholipid Transfer in Mitochondria

Ups1, a conserved mitochondrial intermembrane-space protein, mediates phosphatidic acid (PA) transfer between 
the outer and inner mitochondrial membranes in cooperation with Mdm35. We determined the crystal structures of the 
Ups1-Mdm35 complex with and without PA. The Ups1-Mdm35 complex constitutes a single domain that has a deep 
pocket, which encloses a PA molecule, and a flexible Ω-loop lid. Structure-based mutational analyses revealed that ba-
sic residues at the bottom and near the entrance of the pocket and the lid of Ups1 play essential roles in its PA transfer 
activity and that dissociation of Mdm35 from Ups1 aids membrane binding and PA transfer. 

Normal functions of mitochondria rely on optimal 
levels of phospholipids in the mitochondrial outer mem-
brane (OM) and inner membrane (IM), including a 
mitochondrial signature phospholipid cardiolipin (CL). 
CL is synthesized through several steps of conversion 
and modification of phosphatidic acid (PA) by a chain 
of enzymes localized in the mitochondrial IM. Since 
PA is synthesized on the endoplasmic reticulum (ER) 
membrane, PA needs to be transported from the ER 
membrane to the mitochondrial IM by crossing the mito-
chondrial OM for CL biosynthesis.

Recently, Connerth et al. reported that Ups1, a yeast 
member of the conserved mitochondrial intermembrane 
space (IMS) proteins, mediates PA transfer between 
the mitochondrial OM and IM [1]. Ups1 is synthesized 
in the cytosol and imported into the IMS with the aid 
of Mdm35, a soluble protein in the IMS that forms a 
stable complex with Ups1 and assists the PA transfer 
by Ups1. However, the precise mechanisms of the PA 
transfer through the aqueous IMS by Ups1 and Mdm35 
remained unclear.

To address this problem, we determined the crystal 
structure of the Ups1-Mdm35 complex at 1.40 Å reso-
lution (Fig. 1a) [2]. Ups1 contains two α-helices and a 
seven-stranded antiparallel β-sheet, which is folded into 
a half-barrel structure, and has an Ω-loop formed be-
tween the β3 and β4 strands. Ups1 is structurally related 
to START (StAR-related lipid transfer) domains, which 

are found in several lipid transfer proteins [3, 4]. Mdm35 
in the complex with Ups1 comprises an antiparallel 
α-hairpin and a C-terminal short α-helix. Mdm35 em-
braces Ups1 using the hydrophobic regions of the three 
α-helices. Thus, Ups1 and Mdm35 form a heterodimer 
as a single-domain-like structure. Like other START do-
mains, Ups1 contains a positively charged deep pocket 
to which lipid molecules could bind. The entrance of the 
pocket is virtually closed by the flexible Ω-loop, suggest-
ing that the Ω-loop may function as a lid that regulates 
lipid binding to the pocket. To further investigate the role 
of the pocket of Ups1 in the PA transfer, we determined 
the crystal structure of the Ups1-Mdm35 complex with 
DLPA (PA with 12:0-12:0 acyl chains) at 3.20 Å resolu-
tion (Fig. 1b). The bound DLPA molecule is completely 
enclosed in the pocket of Ups1, with the phosphate 
head positioned at the bottom of the pocket and the 
acyl-chain tails oriented toward the entrance of the 
pocket. On the basis of these structural characteristics, 
in vitro PA transfer activities of several Ups1 mutants 
were measured by a fluorescent-based lipid transfer as-
say. Interestingly, substitution of the basic residues at 
the bottom or near the entrance of the pocket with acidic 
glutamate residues or deletion of the Ω-loop lid abol-
ished the PA transfer activities, suggesting that these 
basic residues and the Ω-loop lid play essential roles in 
the PA transfer activity of the Ups1-Mdm35 complex.

Figure 1: Crystal structures of the Ups1-Mdm35 complex as an apo form (a) and a DLPA-bound form (b). Ups1 and Mdm35 are colored in 
light brown and pink, respectively, and the Ω-loop of Ups1 in blue. The DLPA molecule is shown as a stick model with C yellow, O red, and P 
orange.
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Previously, Mdm35 was found to dissociate from 
Ups1 upon binding to the membrane containing acidic 
phospholipids [1], yet it is not clear if this Mdm35 disso-
ciation is prerequisite for the Ups1 binding to the mem-
brane for PA transfer. We thus constructed a covalently 
tethered Ups1-Mdm35 complex, in which Mdm35 disso-
ciation from Ups1 is prevented. The liposome flotation 
assay and lipid transfer assay using these Ups1-Mdm35 
tethering mutants demonstrated that dissociation of the 
Ups1-Mdm35 complex is important for stable binding of 
Ups1 to the membrane and its PA transport.

Taken together, we propose the following model of 
the PA transfer between the OM and IM by the Ups1-
Mdm35 complex. Transient dissociation of the Ups1-
Mdm35 complex allows Ups1 to bind to the OM (Fig. 
2a), then opening of the Ω-loop lid promotes loading of 
PA from the OM into the pocket of Ups1. Closure of the 
pocket by the Ω-loop lid hides the hydrophobic PA from 
the aqueous environment and re-binding of Mdm35 
to Ups1 allows Ups1 with loaded PA to leave the OM 
(Fig. 2b). The Ups1-Mdm35 complex with concealed 
PA in the pocket crosses the IMS, an aqueous divide 
between the OM and IM, to reach the IM. To release 

PA from the pocket of Ups1 into the IM, Mdm35 dissoci-
ates from Ups1 again to facilitate Ups1 binding to the 
IM rich in acidic CL, and the Ω-loop lid opens the pocket 
again (Fig. 2c). After PA is unloaded and released into 
the IM, Ups1 forms a complex with Mdm35 and leaves 
the IM (Fig. 2d). In conclusion, the crystal structures of 
the Ups1-Mdm35 complex with and without PA provide 
a mechanistic insight into the PA transfer between the 
mitochondrial OM and IM.

Mdm35

Ω-loop

Ups1

OM

Cytosol

Matrix

PA

CL

IMS

IM

Mitochondria

(a)(b)

(d)(c)

Figure 2: Model of the PA transfer between the mitochondrial OM and IM by the Ups1-Mdm35 complex. Ups1 and Mdm35 are shown by 
surface diagram and ribbon diagram, respectively, and PA and CL in space-filling form. The Ω-loop lid of Ups1 is indicated in dark blue.
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X-Ray and Cryo-EM Structures Reveal Mutual Conformational 
Changes of KIF5C and GTP Microtubules upon Binding

The molecular motor KIF5C is an ATP-driven intracellular transporter, moving preferentially along GTP microtubules 
in axons. However, the initial state of KIF5C stepping on GTP microtubules has yet to be solved and how KIF5C dis-
tinguishes microtubules is poorly understood at the atomic level. We herein present the crystal structure of nucleotide-
free KIF5C, and the cryo-electron microscopic structure of nucleotide-free KIF5C with GTP microtubules. Structural and 
functional analyses collectively reveal that the charged hydrophobic residues in KIF5C loop11 induce conformational 
changes and enable higher specificity to GTP microtubules than to GDP microtubules, explaining the preferential bind-
ing of KIF5C to GTP microtubules and the mechanism of directional transport.

Kinesin superfamily proteins (KIFs) are molecular 
motors that are responsible for transporting various 
molecular cargoes along microtubule (MT) tracks from 
one region of the cell to each of the destinations [1]. Our 
previous study revealed that GTP-MTs are enriched in 
the axon compared with dendrites [2]. The motor do-
main of the conventional type of KIF, KIF5C, selectively 
moves towards the axon and plays significant roles in 
axonal transport [3, 4]. KIFs convert chemical energy of 
ATP into mechanical stepping towards the MT plus-end. 
In dimeric KIF5C, two motor domains are linked to each 
other by a neck-linker, and alternatively attach to and 
detach from MTs through the cycle of ATP hydrolysis 
[5-10]. Detachment occurs in collaboration with the hy-
drolysis of ATP, and attachment occurs by the release 
of ADP, i.e. in the nucleotide-free state. To elucidate the 
molecular mechanisms of processive stepping of KIF5C 
on MT, it is necessary to clarify the KIF5C structure in 
the nucleotide-free state. We therefore set out to solve 
the crystal structure of KIF5C without any bound nucleo-
tide. 

We crystallized the KIF5C motor domain (mouse 
KIF5C residues 1–334 with a 7-His-tag in C-terminal) 
and determined the structure at the resolution of 2.9 Å 
(Fig. 1A) [11]. After trials of several additives such as 
EDTA or apyrase, we finally found that the C-terminal 
peptide of KIF5C accelerates the release of ADP from 

the nucleotide-binding pocket. In comparison with the 
previously solved structures, the switch II and neck-
linker of the nucleotide-free KIF5C adopts a conforma-
tion that is similar to that of KIF5 in the ATP state (ATP-
like conformation), whereas the switch I conformation 
adopts an ADP-like conformation (Fig. 1B) and is slight-
ly different from the ATP-like conformation (Fig. 1C) [5, 
12]. In the ADP-AlF4 bound state (red model), switch I 
completely closes the nucleotide-binding pocket with 
the formation of Mg-stabilizer between Arg191 in switch 
I and Asp232 in switch II, which retains the nucleotide 
in the pocket. In the nucleotide-free state (gray model), 
however, switch I helix α3 rotates 12 degrees so that 
the C-terminal region of α3 and the following loop L9 
move away from the nucleotide-binding pocket (arrows). 
The rotation of α3 and L9 breaks the Mg-stabilizer, thus 
Mg-ADP is destabilized, and the pocket is opened to 
facilitate the exchange of ADP with Mg-ATP [13]. 

Figure 1: (A) Overall crystal structure of nucleotide-free KIF5C. (B, C) Close-up view of nucleotide-binding pocket of nucleotide-free KIF5C 
(gray), in comparison with ADP-like structure (blue; PDB ID: 1BG2) (B) and ATP-like structure (red; PDB ID: 4HNA) (C).

In silico docking of this crystal structure into the cryo-
EM structure of KIF5C complexed with MT solved by 
the real space helical reconstruction method [14], at 8.1 
Å resolution, revealed the mutual conformational chang-
es of KIF5C and MT (Fig. 2A). Nucleotide-free KIF5C 
complexed with MT polymerized with GTP non-hydro-
lyzable analogue GMPCPP (GMPCPP-MT) acquires a 
new conformation where switch II helix α4 exists distal 
from the nucleotide-binding pocket and switch I, coupled 
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with the elongation of L11 (Fig. 2B, green arrow). The 
direct binding of KIF5C L11 pushes the surface do-
mains of α-tubulin and β-tubulin downward (Fig. 2B, red 
arrows), in comparison with the naked GMPCPP-MT 
structure [15]. These conformational changes affect the 
interaction of both inter-tubulin-dimer contact and intra-
tubulin-dimer contact, stabilizing the longitudinal lattice 
of GMPCPP-MT. These observations may provide the 
structural key to solving the molecular mechanism of 
the cooperative binding of KIFs to MTs [16]. Functional 
experiments of KIF5C using L11 mutants revealed that 
the binding between charged hydrophobic residues in 
L11 and the specific surface structure in the GMPCPP-
MT accomplishes a higher specificity than that with 
GDP-MT (Figs. 2C and 2D), suggesting L11 is essential 
in preferential transport of KIF5C to axons where GTP-
MT is enriched over GDP-MT. To further understand 
the molecular mechanism and structural background of 
the fundamental relationship between KIFs and MTs, 
elucidation of the structures at higher resolution is nec-
essary. 

Figure 2: (A) Cryo-EM map of nucleotide-free KIF5C and GMPCPP-MT complex (gray), and the docked models. (B) Mutual conformational 
changes of KIF5C and GMPCPP-MT upon their binding. (C) Binding assays of KIF5C to MTs. The affinity of KIF5C for GMPCPP-MT (solid 
line) was approximately three times higher (Kd = 190 ± 70 nM) than that for GDP-MT (Kd = 500 ± 170 nM). However, mutant KIF5C with L11 
of KIF1A (swap mutant) completely abolished the substrate specificity, reflected in the similar dissociation constants for GMPCPP- and GDP-
MT (Kd = 590 ± 170 nM vs. Kd = 730 ± 210 nM, respectively) (broken line). These results showed that KIF5C uses L11 to discriminate MT 
structures. The mean and SEM were measured from 120 MTs at each point. (D) ATPase activities of the wild-type KIF5C (red), the L11 swap 
mutant (blue), and the Ala mutant (a triple alanine mutation introduced into the three charged regions in L11) (green), with GMPCPP-MT (solid 
lines) and taxol stabilized GDP-MT (broken lines). The swap mutation abolished the difference between GMPCPP-MT and GDP-MT and 
the Ala mutation lessened the difference, suggesting that at least one of these residues contributes to substrate specificity. Also, the alanine 
mutations increased the KM, MT for both GMPCPP-MT and GDP-MT, indicating that one, if not all, of these residues is involved in the interface 
common to GMPCPP-MT and GDP-MT.
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Crystal Structure of the HypA-HypB Complex for [NiFe] 
Hydrogenase Maturation

Ni-metallochaperone, HypA, and GTPase/ATPase, HypB, are involved in the insertion of a Ni ion into the catalytic cen-
ter of [NiFe]-hydrogenases in an unknown manner. We have determined the crystal structures of a transient complex 
formed between HypA and ATPase-type HypB (HypBAT) together with Ni ions. The structure reveals that complex for-
mation of HypA with HypBAT induces large conformational changes of HypA, resulting in the formation of a Ni binding 
site. Consequently, the Ni binding affinity of HypA is enhanced from the micromolar to nanomolar range. These results 
indicate that HypA and HypBAT perform an ATP-dependent Ni acquisition cycle for [NiFe]-hydrogenase maturation.

[NiFe]-hydrogenases catalyze reversible H2 produc-
tion with a complex cofactor, NiFe(CN)2CO, in their 
active site [1]. Biosynthesis of the NiFe(CN)2CO cofac-
tors is a complicated process, in which six Hyp proteins 
(HypABCDEF) play important roles [2]. First, four Hyp 
proteins (HypCDEF) catalyze the biosynthesis of CN 
ligand and incorporate the Fe(CN)2CO group into the 
large subunit of the hydrogenase. After the incorporation 
of Fe(CN)2CO, HypA and HypB perform the insertion 
of the Ni ion into the hydrogenase large subunit. HypA 
functions as a Ni-metallochaperone, which consists of 
a Ni-binding domain (NiBD) and a Zn-binding domain 
(ZnBD). NiBD binds to a Ni ion with micromolar affinity 
by using a highly conserved MHE motif. HypB proteins 
are classified into the GTPase type and the ATPase 
type (HypBAT), which share a similar overall structure, 
despite their low sequence similarity. HypA and HypB 
form a transient complex in the Ni insertion process. 
However, the functional relationship between HypA and 
HypB for the maturation process remains unclear. To 

elucidate the molecular details of the HypA-HypB com-
plex, we determined the crystal structures of the HypA-
HypBAT complex from Thermococcus kodakarensis at 
1.63–3.10 Å resolution with and without Ni ions in the 
presence of ATPγS or AMPPCP [3]. Data collection was 
performed at BL-1A and AR-NE3A.

The structure of the HypABAT complex reveals that 
two HypA molecules are bound to the opposite surface 
of the ATP-binding site of the HypBAT dimer (Fig. 1a). 
The structure of the complex consists of three molecular 
interfaces (Fig. 1b-d). At interface 1, N-terminal resi-
dues of HypBAT assume β-strand conformations, inter-
acting with a hydrophobic patch between the α1 helix 
and β6 strand in the HypA-NiBD (Fig. 1b). At interface 2, 
hydrophobic interactions and several hydrogen bonds 
are formed between the α helices in the HypA-ZnBD 
and the β6-α4 and α3-β4 loops of HypBAT (Fig. 1c). At 
interface 3, residues surrounding the HypA zinc finger 
motif form hydrogen bonds with the α helices of the 
other monomer HypBAT (Fig. 1d).

Figure 1: Structure of the HypA-HypBAT complex. (a) Overall structure of the HypA-HypBAT complex. Blue and light blue: HypA molecules, with 
Zn (cyan) and Ni (orange) atoms. Green and yellow: monomers in the HypBAT dimer. Three interfaces are indicated by red dashed-circles. (b) 
Close-up view of interface 1. (c) Close-up view of interface 2. (d) Close-up view of interface 3.
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The complex formation induces large conformational 
changes of HypA (Fig. 2a, b). Upon complex formation, 
the ZnBD substantially rotates and several 310 helices 
are moved toward HypBAT (Fig. 2a). This rotation dis-
rupts a hydrophobic core in the ZnBD and results in the 
formation of the α3 and α4 helices. In addition, a con-
served His residue (HypA-His98) is brought close to the 
conserved MHE motif. As a result, the amine nitrogen 
of Met1, the amide nitrogen and Nδ of His2, and Nε of 
His98 bind a Ni ion with a nearly square-planar geome-
try (Fig. 2b). The Oε of Glu3 also makes van der Waals 
contacts with the Ni ion. ITC experiments showed that 
complex formation increases the Ni-binding affinity of 
HypA from the micromolar to nanomolar range by the 
formation of the Ni-binding site in the HypA-HypBAT 
complex.

Conformational changes induced by ATP hydro-
lysis of HypBAT regulate the interaction of HypBAT with 
HypA. In the HypABAT complex, the hydrophobic cleft at 
interface 2 traps hydrophobic residues of HypA. Upon 
ATP hydrolysis, the Walker A and B motifs of HypBAT 
rotate and the α4 helix and β6-α4 loop are shifted (Fig. 
2c). As a result, the hydrophobic cleft of interface 2 in 

the ADP-bound HypBAT is changed into a flat molecular 
surface (Fig. 2d). Furthermore, the ADP-bound HypBAT 
dimer adopts a more open conformation, affecting inter-
face 3. Therefore, conformational changes induced by 
ATP hydrolysis abolish interfaces 2 and 3, leading to the 
release of HypBAT from HypA. These findings indicate 
that there is an ATP-dependent Ni acquisition cycle for 
[NiFe]-hydrogenase maturation, wherein HypBAT regu-
lates the Ni-binding affinity of HypA.

Figure 2: Conformational changes of HypA and HypBAT. (a) Comparison of the ZnBD of HypA in the complex (blue) and in the isolated state 
(wheat). (b) Detail of the Ni-binding site. (c) Superposition of the Cα backbone of the ATP-bound (pink) and ADP-bound (cyan) states of 
HypBAT. Curved arrows represent conformational changes induced by ATP hydrolysis. (d) Comparison of the molecular surface of the ATP-
bound and ADP-bound states of HypBAT. Residues at interface 2 are shown in green.
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C r y s t a l  S t r u c t u r e  o f  D i p e p t i d y l  P e p t i d a s e  1 1  f r o m 
Porphyromonas gingivalis: the Molecular Basis of Substrate 
Specificity among the Family S46 Peptidases

Porphyromonas gingivalis is a major pathogen associated with the chronic form of periodontitis. Dipeptidyl peptidase 
11 belongs to the family S46 of serine peptidases and preferentially cleaves substrates with Asp/Glu at the P1 position. 
Crystal structure analyses of DPP11 from P. gingivalis (PgDPP11) revealed that the positively-charged side chain of 
Arg673 in the S1 subsite is essential for recognition of the negatively-charged Asp/Glu side chain at the P1 position of 
the bound substrate. The present structural analyses could be useful templates for the design of specific inhibitors of 
DPP11s from pathogenic organisms.

Periodontitis is a bacterially-induced inflammatory 
disease that destroys the periodontal tissues, eventu-
ally leading to tooth loss. Porphyromonas gingivalis is 
a major pathogen associated with the chronic form of 
periodontitis. Because P. gingivalis is an asaccharolytic 
bacterium that gains its metabolic energy by fermenting 
amino acids, peptidases of P. gingivalis that provide di- 
and tripeptides are essential for the metabolism of the 
bacterium, and much attention has been paid to dipepti-
dyl peptidases (DPPs) from P. gingivalis. The dipeptidyl 
peptidase 11 from P. gingivalis (PgDPP11) belongs to 
the family S46 of serine peptidases and preferentially 
cleaves substrates with Asp/Glu at the P1 position 
(NH2-P2-P1-P1’-P2’-…, where the P1-P1’ bond is the 
scissile bond). The molecular mechanism underlying 
the substrate specificity of PgDPP11 is unknown. In this 
study, we determined the crystal structure of PgDPP11 
and the crystal structure analyses clearly explain the 
molecular basis of the Asp/Glu specificity of PgDPP11, 
which is determined by the conserved Arg residue in the 
S1 subsite [1].

Wild-type and Se-Met substituted PgDPP11 was 
expressed and purified as described elsewhere [1]. The 
purified PgDPP11 was crystallized using the hanging-
drop method. Crystals of PgDPP11 were also obtained 
using a counter-diffusion crystallization method under a 
microgravity environment in the Japanese Experimental 
Module “Kibo” at the International Space Station (ISS). 
Diffraction data were collected by the rotation method 
at 100 K using an ADSC Quantum CCD detector at BL-
17A. The crystal structure of PgDPP11 was determined 
using the multi-wavelength anomalous diffraction meth-
od at 2.5 Å resolution by analyzing a Se-Met substituted 
PgDPP11 crystal. The final model was obtained from a 
native data set using a space-grown crystal. The final R 
and Rfree values were 0.188 and 0.226, respectively, at 
1.66 Å resolution. A protomer of PgDPP11 was situated 
in the asymmetric unit. Two protomers of PgDPP11 
were related by a crystallographic twofold axis of the 
C2221 crystal and formed a dimer (Fig. 1, left). Each 
subunit contains a catalytic double β-barrel domain har-
boring the Asp227-His85-Ser655 catalytic triad and an 

Figure 1: Overall structure of PgDPP11.
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α-helical domain that caps the active site and is neces-
sary for exopeptidase activity (Fig. 1, right). Arg673 in 
PgDPP11, a crucial residue for the Asp/Glu specificity 
of PgDPP11, is located in the wall of the S1 subsite. In 
silico docking of a Leu-Asp dipeptide into the active site 
of PgDPP11 suggested particular interactions between 
the bound dipeptide and the S1 subsite of PgDPP11. 
To test the role of Arg673 in substrate binding by Pg-
DPP11, we replaced the Arg residue with alanine and 
tested the enzymatic activity of the mutant protein on 
synthetic substrates with Asp/Glu at the P1 position. 
The mutation resulted in complete loss of activity. This 
result suggests that Arg673 in PgDPP11 is responsible 
for the recognition of the Asp/Glu residue at the P1 posi-
tion of the substrate peptide. Thus, the crystal structure 
analyses, in silico docking studies, and site-directed 
mutagenesis studies clearly explain the molecular basis 
of the Asp/Glu specificity of PgDPP11, which is deter-
mined by the conserved Arg residue (Arg673) in the S1 
subsite.

It is interesting to note that Arg673 in PgDPP11 is 
structurally equivalent to Val216 in elastase, a clan PA 
family S1 endopeptidase specific for small, uncharged 
residues. These residues infill the S1 subsite of each 
enzyme and prevent the access of longer or bulky side 

chains at the P1 position of the substrate peptide (Fig. 
2, upper panels). In contrast, the corresponding posi-
tions are occupied by Gly in DAP BII (another enzyme 
in family S46) and chymotrypsin (family S1), which can 
accommodate longer or bulky side chains at the P1 
position of the substrate peptide (Fig. 2, lower panels). 
Thus, the family S46 exopeptidases and the family S1 
endopeptidases adopt structurally equivalent mecha-
nisms in which the side chains located at the wall of 
the S1 subsite regulate the depth of their S1 subsite, 
although the peptide digestion patterns are quite differ-
ent between these peptidase families: “exo” for S46 and 
“endo” for S1.

Figure 2: Molecular basis for the substrate specificities of clan PA peptidases.
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Structural Basis of Rho GTPase Recognition by C3 Exoenzyme

C3 exoenzyme is a mono-ADP-ribosyltransferase (ART) that catalyzes the transfer of an ADP-ribose moiety from NAD+ 
to RhoA. C3 has long been used to study the diverse regulatory functions of Rho GTPases, however, the substrate 
recognition and reaction mechanism are poorly understood. We report crystal structures of C3-RhoA complex. These 
structures reveal that C3 recognizes RhoA via switch I, switch II and interswitch regions. The ARTT-loop of C3 is the 
key to target recognition. Based on the structural information, we successfully changed Cdc42 to active substrate with 
combined mutations in the C3-Rho GTPase interface. The structures serve to bridge the gap among independent stud-
ies of Rho GTPases and C3.

ADP-ribosylation is an important post-translational 
protein modification known to be catalyzed by bacterial 
toxins as well as eukaryotic endogenous ARTs. Based 
on their target specificity, bacterial ARTs are traditionally 
classified into several types. C3 exoenzyme and binary 
toxin enzymatic unit (Ia) ADP-ribosylate RhoA and ac-
tin, respectively, however, there is prominent structural 
similarity between C3 and Ia. Han et al. proposed that 
the bipartite ADP-ribosylating toxin turn-turn (ARTT)-
loop, which consists of turn 1 and turn 2, is responsible 
for substrate recognition, and is thus crucial for the ART 
activity of C3-like exoenzymes and binary toxins [1]. 
However, the recognition by ARTT-loop of C3 has never 
been directly verified, because the structure of a C3-like 
ART in complex with a protein substrate has never been 
determined. 

We determined the crystal structure of apo (NAD+-
free)-C3 (Bacillus cereus: C3cer) complexed with 
human RhoA(GTP). By then soaking the apo-C3-
RhoA(GTP) crystal with NADH, we obtained the struc-

ture of NADH-bound C3-RhoA(GTP) (Fig. 1A) [2]. Using 
the same approach with C3-RhoA(GTP), we obtained 
the structure of NADH-C3-RhoA(GDP). C3 recognizes 
RhoA via switch I, switch II and interswitch regions (Fig. 
1A). Interestingly, within the structures of both NADH-
C3-RhoA(GTP) and NADH-C3-RhoA(GDP) complexes, 
the switch regions adopted the same conformations as 
the switch I of GDP conformation and switch II of GTP 
conformation, respectively. This explains that bacte-
rial C3 exoenzyme ADP-ribosylates both the GTP- and 
GDP-bound forms of RhoA and utilizes the flexibility of 
the switch regions of RhoA. 

Within the ARTT-loop of C3-like ARTs, (i) a con-
served aromatic residue (C3bot1:Phe169/C3cer:Tyr180) 
in turn 1 has been thought to recognize substrate RhoA 
via a hydrophobic patch around the acceptor amino acid 
residue in RhoA (Asn41), and (ii) Gln (C3bot1:Gln172/
C3cer:Gln183) in turn 2 has been thought to be essen-
tial for interaction with Asn41 (Fig. 1B). Actually, within 
the complex’s structure, Tyr180 of C3cer interacts with a  

BA

C

C3cer        TAYPGQYE

ARTT-loop

C3bot1       SAFAGQLE
Ia           PGYAGEYE
C2-I         SGFQDEQE

Turn 1 Turn 2

Figure 1: (A) Structure of NADH-C3-RhoA(GTP) complex, (B) Sequence alignment of the ARTT-loop of RhoA-specific C3 exoenzymes and 
actin-specific ARTs (Ia and C2-I), (C) Tyr180 on ARTT-loop recognizes the hydrophobic patch of RhoA. Gln183 on ARTT-loop recognizes the 
modified residue Asn41 of RhoA.
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hydrophobic patch on RhoA composed of Val43, Ala56 
and Trp58, and the hydroxyl group of Tyr180 forms a 
hydrogen bond with the main-chain carbonyl group of 
Leu57 (Fig. 1C). Importantly, Asn41 formed a hydrogen 
bond with Gln183 in the QXE-motif within the ARTT-
loop of C3cer (Fig. 1C). This interaction was conserved 
in all forms, apo C3-RhoA, NADH-C3-RhoA(GTP), and 
NADH-C3-RhoA (GDP). This is the first experimental 
evidence that the glutamine of the QXE-motif directly 
selects Asn for the ADP-ribosylation. 

In Ia and C3-like ARTs, a common mechanism has 
been proposed by which the target protein is recog-
nized using the ARTT-loop: a turn 2 residue (Glu378 
in Ia’s EXE-motif and Gln183 in C3cer’s QXE-motif) 
interacts with the target residue (Arg177 in actin and 
Asn41 in RhoA) and an aromatic residue (Tyr375 in Ia 
and Tyr180 in C3cer) in turn 1 interacts with the region 
of actin or RhoA (Fig. 1B) [1]. However, the recognition 
by the ARTT-loop has not been observed within the Ia-
actin complex [3, 4]. For Ia, the ARTT-loop recognition 
may occur transiently during the ADP-ribosylation and 
the transition from the pre- to post-ADP-ribosylation 
state.

C3-like ARTs modify RhoA but not Cdc42 or Rac1, 
despite their high amino acid identities. The interaction 
between the modified Asn41 of RhoA and Gln183 of 
C3cer is crucial for binding, but Asn41 does not explain 

the specificity of the C3-RhoA interaction because not 
only RhoA but also Rac1 and Cdc42 contain asparagine 
at the same position. Based on the complex structure, 
we successfully changed Cdc42 to an active substrate 
of C3cer by introducing four combined mutations (D40E/
A43V/T54E/F58W) on switch I and interswitch regions 
(Fig. 2). 

These findings are also useful for understanding the 
interaction with their substrate of other bacterial ARTs 
including cholera toxin, mammalian mono-ARTs and 
mammalian poly-ARTs.
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Figure 2: (A) Sequence alignment of RhoA, Rac1 and Cdc42, (B) ADP-ribosylation of RhoA single point mutations, (C) ADP-ribosylation of 
Cdc42 combined mutations. 
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A Key Enzyme for Biofuel Production: “Missing Link” between 
Oxidative Cellulose Degradation and Ethanol Fermentation by 
Microbes

Cellulose is the most abundant renewable biopolymer on Earth, and the establishment of cellulosic biomass degrada-
tion systems has attracted significant attention. Cellobionic acid phosphorylase is a recently-discovered enzyme that 
can catalyze the decomposition of a major product of oxidative cellulose degradation and increase the efficiency of mi-
crobial bioethanol production. We have determined the crystal structure of cellobionic acid phosphorylase. The enzyme 
has a unique binding site for the gluconic acid moiety of the substrate. This study provides a molecular insight into the 
energetically efficient metabolic enzyme for oxidized sugars that may overcome the bottleneck of current biofuel pro-
duction systems.

The development of cost-efficient systems for de-
grading and converting cellulosic biomass is a chal-
lenging but essential task for establishing a sustainable 
society. Therefore, microbial cellulases have attracted 
significant research attention for a long time. The recent 
discovery of lytic polysaccharide mono-oxygenase, 
which oxidatively cleaves glycosidic bonds of cellulose, 
has changed the paradigm of this research area [1]. 
Oxidative enzymes such as lytic polysaccharide mono-
oxygenase and cellobiose dehydrogenase synergisti-
cally act with orthodox hydrolytic enzymes such as 
cellobiohydrolase and endoglucanase to significantly 
enhance the degradation speed of the recalcitrant crys-
talline cellulose (Fig. 1), providing the most effective 
biomass degradation system to date. One of the main 

products of the joint cellulose degradation system is 
cellobionic acid (glucose-β1,4-gluconic acid). However, 
Saccharomyces cerevisiae and other yeasts generally 
cannot utilize cellobionic acid for ethanol fermentation. 
Nihira et al. recently discovered cellobionic acid phos-
phorylase (CBAP, EC 2.4.1.321) [2], which provides an 
effective enzymatic means of overcoming the bottleneck 
of current biomass degradation systems. CBAP cata-
lyzes phosphorolysis (cleavage of the glycosidic bond 
by addition of inorganic phosphate) of cellobionic acid 
to produce α-D-glucose 1-phosphate and D-gluconic 
acid. Involvement of the phosphorolytic enzyme has 
an energy advantage in microbial catabolism because 
CBAP produces the phosphorylated sugar (α-D-glucose 
1-phosphate) without consuming ATP.

Figure 1: Schematic drawing of oxidative cellulose degradation system and the reaction of cellobionic acid phosphorylase.
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We solved the crystal structures of CBAP from 
the cellulolytic marine bacterium Saccharophagus de-
gradans. Structures of ligand-free and complex forms 
with cellobionic acid and gluconic acid were determined 
at resolutions up to 1.6 Å using BL-17A and AR-NW12A  
[3]. The active site is located near the dimer interface 
(Fig. 2, left). The glucose and gluconic acid moieties of 
cellobionic acid are recognized by subsite –1 and +1, re-
spectively. Arg609 and Lys613 are key residues for the 
recognition of the carboxylate group of gluconic acid at 
subsite +1 (Fig. 2, right). Additionally, Gln190 from the 
neighboring subunit is involved in the recognition of the 
carboxylate group. A mutational analysis revealed that 
these residues are crucial for the substrate binding and 
catalysis. Structural analysis and sequence comparison 
with other phosphorolytic enzymes in the same enzyme 
family indicated that CBAP has a unique subsite +1 with 
a distinct amino acid residue conservation pattern at this 
site. 

Our study provides the first structural basis of the 
key enzyme that connects the “missing link” of the oxi-

dative cellulose degradation and downstream pathways. 
The conservation pattern of the three key residues at 
subsite +1 is a good indicator for finding more effective 
CBAP enzymes from microbial sources. In addition, the 
three-dimensional structure of CBAP will contribute to 
the future design and engineering of glycoside phos-
phorylases, which have the potential for application in 
large-scale production of functional oligosaccharides [4].

Lys613

Arg609
Gln190

Cellobionic
acid

Sulfate
(phosphate analog)

Gluconic acid
group (+1)

Glucose group (–1)

Asp427
(catalytic residue)

Figure 2: Overall structure (left) and the active site (right) of cellobionic acid phosphorylase.

REFERENCES
[1] S. Fushinobu, Nat. Chem. Biol. 10, 88 (2014).
[2] T. Nihira, Y. Saito, M. Nishimoto, M. Kitaoka, K. Igarashi, 

K. Ohtsubo and H. Nakai, FEBS Lett. 587, 3556 (2013).
[3] Y.-W. Nam, T. Nihira, T. Arakawa, Y. Saito, M. Kitaoka, 

H. Nakai and S. Fushinobu, J. Biol. Chem. 290, 18281 (2015).
[4] M. Kitaoka, Appl. Microbiol. Biotechnol. 99, 8377 (2015).

BEAMLINES
BL-17A and AR-NW12A



HIGHLIGHTS62

 5   Life Science          

A New Approach to Investigate Cell-Cycle Modification Using 
Synchrotron X-Ray Microbeam 

Fluorescent ubiquitination-based cell-cycle indicator (FUCCI) HeLa cells were exposed to a synchrotron X-ray micro-
beam. The cells were irradiated at the G1 (red color) and S/G2 (green color) phases selectively in the same microscop-
ic field. Live-cell images of the cells were obtained 24 h after irradiation. The G1 irradiated cells indicated the progress 
of the cell cycle, while the S/G2 irradiated cells arrested the cell-cycle. These results show that the new method com-
bining FUCCI cells, X-ray microbeam and live-cell imaging is a useful technique to elucidate selectively the effects of 
irradiation on the cell cycle.

It is well known that the cell cycles of eukaryotic 
cells delay or arrest after exposure to ionizing radiation 
because the irradiated cells need time to repair DNA 
damage, such as base lesions and strand breaks. The 
delay or arrest of the cell cycle is controlled by cell-cycle 
checkpoints, which are one of the mechanisms that de-
termine the fate of the cell. To investigate the cell-cycle 
arrest, flow cytometry methods have been typically 
applied using the cells detached from a culture dish. 
The results of such methods can be used for statisti-
cal trend analyses of cell populations, but the data are 
not enough to track in detail the fate of irradiated single 
cells. 

Live-cell imaging techniques enable us to observe 
the fate of cells in real time. This technique makes it 
possible to track a single cell under microscopic obser-
vation. Recently, the fluorescent ubiquitination-based 
cell-cycle indicator (FUCCI) has been developed to vi-
sualize the cell cycle as live-cell images (Fig. 1a, b) [1]. 

The functional proteins in the nucleus existing in a spe-
cific phase fuse with fluorescence proteins. The color of 
the nucleus of FUCCI cells changes with each phase of 
the cell cycle because of the differences in the express-
ing functional proteins. Thus, the cell cycle can be dis-
tinguished easily by observing the color of the nucleus.

To investigate the cell-cycle modification caused by 
ionizing radiation using FUCCI cells, this study used an 
X-ray microbeam, which is a powerful tool to sharpshoot 
a single cell on a culture dish. The method that com-
bines the FUCCI technique and the X-ray microbeam 
can selectively irradiate the cell-cycle phase on a dish 
without chemical treatment of cell-cycle synchronization.

In this study, we introduced a new experimental sys-
tem for observing the effects of radiation on eukaryotic 
cells depending on the cell cycle (Fig. 1c). The system 
consists of three constituent parts, FUCCI cells, X-ray 
microbeam and live-cell imaging technique. FUCCI 
HeLa cells were irradiated with a monochromatic X-

Figure 1: (a) Image of FUCCI HeLa cells, (b) schematic diagram of cell cycle of FUCCI and (c) concept of new experimental system using 
FUCCI cells, X-ray microbeam and live-cell imaging.

Figure 1： (a) Image of FUCCI HeLa cells, (b) schematic diagram for cell cycle of FUCCI and (c) 
Concept of new experimental system using FUCCI cells, X-ray microbeam and live-cell imaging.
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ray microbeam having a fixed energy of 5.35 keV. The 
absorbed dose corresponds to 5 Gy. The cells in G1 
or S/G2 phase were selectively irradiated, then live-cell 
images were obtained for 24 h after irradiation. Histone 
H2AX phosphorylation (γ-H2AX) was also detected by 
the fluorescence immunostaining method to confirm the 
DNA damage caused by X-ray microbeam irradiation.

To observe the delay or arrest of the cell cycle, the 
46 irradiated FUCCI HeLa cells were tracked for 24 
h after irradiation by live-cell imaging (Fig. 2). For the 
87% of cells irradiated at the G1 phase (red color), the 
cell-cycle progression was observed and the change of 
nucleus color from red to green was also confirmed at 
18–20 h after irradiation. On the other hand, as to the 
59% of cells irradiated at the S/G2 phase (green color), 
the nucleus color did not change from green to red 
during the 24 h. 20% of cells irradiated at S/G2 phase 
burst, indicating cell death (Fig. 3) [2]. 

Figure 2: Results of temporal observation over 24 h for the cells labelled (I), (II), (III) and (IV). (I) and (II) cells were observed as controls (not 
irradiated), while (III) and (IV) cells were irradiated using an X-ray microbeam.

Figure 3: Transition of cells irradiated by X-ray microbeam 
observed under a microscope for 24 h. As to G1 and S/G2 
irradiation, 46 cells were tracked. The red bar shows cells 
irradiated at the G1 phase and the green bar indicates those 
irradiated at the S/G2 phase.

Histone γ-H2AX foci were clearly observed in the 
nucleus irradiated at the G1 and S/G2 phases. This 
means that DNA double-strand breaks were formed de-
spite the difference of irradiated phase. Related to the 
checkpoint between G1 and S phases, p53 controls the 
pathway through activating p21 and CDK2/Cycline E 
complex. In the case of HeLa cells, the G1-S checkpoint 
does not function completely due to the lack of p53 [3]. 
It is expected that the G1 irradiated cells are able to 
pass the G1-S checkpoint, but the cells do not progress 
any further into the cell cycle.

In the present study, we demonstrated the cell cycle 
modification of FUCCI HeLa cells irradiated by X-ray mi-
crobeam using live-cell imaging. This new technique will 
be a useful tool to elucidate the behavior of irradiated 
single cells after irradiation, not just a population aver-
age.
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In Vivo Synchrotron Radiation Coronary Micro-angiography in 
the Rat

Previously in our laboratory, synchrotron radiation coronary micro-angiography (SRCA) using Langendorff-perfused rat 
hearts succeeded in visualizing a coronary artery of 50 μm in diameter. However, in vivo rat SRCA poses the problem 
of compromised temporal resolution due to the rapid heart rate. As a countermeasure, we have established a simple 
method of in vivo rat SRCA with induced bradycardia. A catheter for angiography was inserted into the carotid artery. 
SRCA was performed after the bradycardic agent was given intravenously. As a result, our SRCA system could detect 
a coronary artery of 45 μm in diameter in the in vivo rat.

Clinical X-ray angiography can provide images of 
coronary arteries having a minimum diameter of 300 
μm. However, the proliferation of collateral arteries 
in ischemic heart disease and of new blood vessels 
in regenerative medicine occurs at smaller arteriole 
sizes. Previously, we reported that the application of 
synchrotron radiation in coronary micro-angiography 
using Langendorff-perfused rat hearts could visualize 
a coronary artery of 50 μm in diameter [1]. However, in 
vivo rat SRCA had the problem that the rapid heart rate 
of rats degraded the temporal resolution. Therefore, the 
purpose of this study was to establish a simple method 
of in vivo rat SRCA with high temporal resolution.

SRCA was performed at AR-NE7A. Synchrotron ra-
diation consists of a wide range of wavelengths emitted 
by charged particles with speeds close to that of light 
when their orbits are bent by a magnetic field. Synchro-
tron radiation was obtained from a 6.5-GeV electron 
beam and converted to 33.3-KeV monochromatic X-
rays by 13-degree reflection from a silicon crystal. Im-
ages were taken using a two-dimensional recording 
system consisting of a high-sensitivity CCD camera. 
This SRCA system has the high resolution of 9 μm per 
pixel, and its visual field is 36 mm × 24 mm. The high 
temporal resolution allows the setting of arbitrary SRCA 
exposure times, and the high-density resolution can dif-
ferentiate slight variations in density. The exposure time 
used in this study was 30 milliseconds, and the maxi-
mum acquisition rate was 3 images per second.

Wistar rats were anesthetized. A micro polyethylene 
catheter for angiography was inserted into the carotid 
artery. Temporary bradycardia was induced with an 
intravenous bolus injection of 5 mg of ATP. SRCA was 
performed after ATP injection [2].

Figure 1 shows an image obtained by in vivo SRCA 
in a rat with a normal heart rate (300 beats per minute). 
The image is blurred due to the movement caused by 
the rapid heart rate. As a solution to this, we induced 
temporary bradycardia with ATP. This simple technique 
involves just lowering the heart rate and maintaining 
bradycardia for a few minutes. An electrocardiogram 
was recorded during SRCA. After ATP administration, 
the average heart rate decreased from about 380 to 
about 70 beats per minute. As a result, our SRCA sys-
tem could visualize a coronary artery as small as 45 μm 
in diameter in an in vivo rat (Fig. 2).

Figure 1: In vivo rat SRCA obtained in a preliminary experiment.
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ATP is used clinically to treat paroxysmal supraven-
tricular tachycardia. In addition, ATP is sometimes used 
to induce temporary heart asystole to permit precise 
endograft placement during thoracic endovascular aor-
tic repair. Because our simple method slows the motion 
of the rat heart, clear images with high spatial, density, 
and temporal resolutions can be obtained from in vivo 
rat SRCA. This method can evaluate the coronary ar-
teries of small animals with rapid heart rates, such as 
rats and mice. However, ATP has a vasodilator action 
and therefore this method is unsuitable for evaluation of 
vasodilatory potency. Nevertheless, we believe that our 
method is extremely useful for morphologic evaluation 
of the coronary arteries in small animals. We plan next 
to use in vivo rat SRCA to compare coronary arteries 
between normal and diabetic rats. These data could be 
helpful in evaluating endothelial dysfunction in diabetic 
rats. Clinically, this new technology may help research-
ers to investigate the proliferation of collateral arteries 
in ischemic heart disease and of new blood vessels in 
regenerative medicine in the near future. 

In conclusion, our results demonstrate the effective-
ness of SRCA for visualizing the coronary artery in an in 
vivo rat. Our method of using a bradycardic agent was 
simple and could improve the temporal resolution of 
SRCA.

Figure 2: In vivo rat SRCA using ATP. White arrow shows a small branch which is 45 μm in diameter.
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Observation of Clathrate Hydrate Grown in Interparticle Spaces

The phase-contrast X-ray imaging technique with synchrotron X-ray radiation is a unique way of identifying gas hy-
drates coexisting with ice and water. In this study, we successfully observed THF hydrate grown in interparticle spaces 
at temperatures below and above ice point (273 K). This nondestructive imaging method without any contrast dye can 
be used to observe natural gas hydrates formed under natural settings.

Clathrate hydrate (so-called gas hydrate) is an ice-
like crystal which is a host-guest inclusion compound 
containing water molecules as host. Natural gas hy-
drate, which contains natural gas as guest, exists at the 
bottom of the ocean or in permafrost layers, and is con-
sidered to be an unconventional natural gas resource. 
To predict the occurrence of natural gas hydrate in the 
natural setting, nondestructive observation of gas hy-
drate in sediments is a valid and feasible approach. X-
ray absorption coefficients for the hydrates are almost 
the same as those of ice and water, and so natural gas 
hydrates coexisting with ice (or water) have not been 
distinguished using conventional non-destructive imag-
ing techniques. Thus, earlier studies focused on the dis-
tribution of icy materials (mixture of gas hydrate and ice) 
in sediments. The magnetic resonance imaging (MRI) 
technique allows identification of gas hydrates coexist-
ing with liquid water, but it has not been used for a sys-
tem coexisting with ice. In contrast, the phase contrast 
X-ray imaging technique is unique in that it can identify 
gas hydrates coexisting with both liquid water and ice 
[1, 2]. In this study, we performed in-situ observation of 
tetrahydrofuran (THF) hydrate growth as a substitute for 
natural gas hydrate in interparticle pore space using a 
phase contrast X-ray imaging method by means of X-
ray interferometer imaging (XII) with a spatial resolution 
of about 40 μm [3]. 

For the experiments, THF solution of about 19 wt%, 
which corresponds to the stoichiometric ratio of THF (1 
mol) to H2O (17 mol), was introduced into a cylindrical-
shaped sample cell (f 12 mm) made from polypropyl-
ene filled with polyethylene (density: ~0.95 g/cm3) beads 
of 3.2 mm in diameter (see Fig. 1a). The sample cell 
was mounted into a cryo-chamber equipped with an X-

ray imaging system, and then THF hydrate was formed 
in the cryo-chamber at 253 K. Phase contrast X-ray im-
aging was performed at a vertical wiggler beamline (BL-
14C) at the Photon Factory using 35-keV monochro-
matic synchrotron X-rays. To obtain a phase contrast X-
ray CT image, gas hydrate samples were rotated 180° 
in 0.72° steps. More experimental details are reported 
elsewhere [3].

Figure 1b shows a three-dimensional (3D) XII 
image of Fig. 1a, after processing to clarify the THF 

Figure 1: (a) Cylindrical-shaped sample cell containing 
polyethylene beads and its cross section image, (b) Phase 
contrast X-ray CT image of THF hydrate grown in interparticle 
pore at 253 K.
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hydrate grown. The image shows that the ice region, 
where THF hydrate did not grow, is randomly distribut-
ed. Figure 2 shows the cross section of the cylindrical-
shaped sample cell at different temperatures. Here, 
circles correspond to the cross section of the beads. 
The black spotty areas correspond to the area with the 
smallest density, which corresponds to ice (density: 0.92 
g/cm3). In contrast, the white spotty areas correspond to 
the area with the largest density, which corresponds to 
liquid water (density: 1.00 g/cm3). Accordingly, the inter-
mediate gray-colored areas correspond to THF hydrate 
(density: 0.97 g/cm3). Comparing Fig. 2a measured at 
253 K and Fig. 2b measured at 276 K, it is clear that 
the ice area melted and changed into water without any 
change in texture of THF hydrate. After the measure-
ment of Fig. 2b, the temperature of the sample was in-
creased up to 283 K for the dissociation of THF hydrate. 
Then, it was cooled to 253 K for the re-growth of THF 
hydrate. As a result, needle-like THF hydrate crystals 
grew as shown in Fig. 2c. 

In this study, we used polyethylene beads, but not 
silica (~2.2 g/cm3) beads, for the XII imaging. As a re-
sult, we succeeded in visualizing THF coexisting with 
ice and water in interparticle space. So far, we have 
succeeded in visualizing CH4 hydrate or natural gas 
hydrate coexisting with ice even though the density 

differences are less than 0.01 g/cm3. Therefore, the 
experimental method reported here can be applied 
to the CH4 hydrate system. To the best of our knowl-
edge, this is the first visualization of gas hydrates from 
a temperature below and above 273 K with the same 
experimental method. Accordingly, the method using XII 
imaging reported in this study paves the way for visual-
izing the distribution of gas hydrates, which is important 
for understanding the physical properties of natural gas 
hydrate sediments.

Figure 2: THF hydrate grown in interparticle pore measured at (a) 253 K. The temperature of the sample was increased to (b) 276 K to melt 
the ice coexisting with THF hydrate. Then it was heated to 283 K for the dissociation of THF hydrate, and was cooled to (c) 253 K for the re-
growth of THF hydrate.
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Artefact Suppression Algorithm in X-Ray Phase-Contrast 
Computed Tomography

Phase-contrast X-ray CT using refraction angle analyzer crystal can delineate biological soft tissues with a much higher 
contrast than conventional absorption-contrast CT. However, if the tissue specimen includes bones or calcifications, 
they generate extensive artefacts due to the large difference in the refractive index, leading to suboptimal visualization. 
In order to improve the visualization of an object composed of hard and soft tissues, we proposed an iterative recon-
struction algorithm with artefact suppression and demonstrated its efficacy using data acquired on a murine model of 
rheumatoid arthritis.

X-ray phase-contrast imaging (XPCI) explores an 
alternative mechanism of interaction between the X-ray 
wave and tissue, namely phase alteration or bending of 
X-rays due to electron clouds of various materials. Even 
though different types of soft tissues have very similar 
attenuation, they have widely varying refractive index 
which is responsible for markedly different phase altera-
tions imparted by different types of soft tissues. This can 
be picked up by a variety of phase sensitive methods 
such as X-ray interferometry, in-line holography, angle 
analyzer in crystal optics and grating optics. As a result, 
XPCI can provide high image contrast for soft tissue 
structures. 

A key technical limitation of analyzer-based phase 
imaging systems is that they cannot accurately recon-
struct a tomographic slice when the X-ray propagation 
suffers a large change in direction. The reason for this 
limitation is as follows: Phase-contrast X-ray tomogra-
phy, just as in conventional attenuation-based tomo-
graphic reconstructions, requires that the intensity in the 
projection images represents a Radon transform of the 
differential refractive index map of the object being im-
aged. The intensity in the projection images varies with 
the beam deflection only for a limited range. Within this 
range, the propagation direction falls within the measur-
able region of the rocking curve of the analyzer in crys-

tal optics. However, for a large change in direction at a 
tissue boundary, this condition breaks down because 
the direction deviates from the measurable region of the 
analyzer, resulting in a degenerate condition.

Soft-tissue structures are weakly refracting because 
the real part of their complex refractive index, the com-
ponent that is responsible for phase alteration of the 
wave front, is very close to 1.0 for X-rays. Therefore, 
they cause only a small amount of bending in the X-ray 
wave front and the relationship between the intensity 
and angle of refraction is one-to-one. As a result, an ac-
curate phase map can be obtained for soft tissues by 
applying the inverse Radon transform to the acquired 
projection images. On the other hand, dense struc-
tures such as bones and calcifications result in a large 
change in direction and violate the one-to-one condition: 
the amount of phase change can no longer be properly 
reproduced from the intensity in the acquired phase pro-
jection using the rocking curve. As a result, when stan-
dard methods for obtaining the inverse Radon transform 
are applied, the resulting phase image has extensive 
artefacts in the vicinity of dense structures. In their gen-
esis, these artefacts are similar to the metal and beam-
hardening artefacts seen in traditional attenuation-based 
X-ray computed tomography even though they tend to 
be more severe and have a different physical basis.

Figure 1: Block diagram of the artefact suppression algorithm.
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The absorption or attenuation image, on the other 
hand, depicts calcification well and this artefact is pres-
ent only in the phase image. Since the attenuation 
image provides a map of the areas where the voxels 
responsible for phase aberrations reside, one can po-
tentially suppress them using an iterative tomographic 
reconstruction algorithm. Based on this idea, we first 
proposed an iterative reconstruction algorithm that goes 
back and forth between a tomogram and its sinogram 
through the Radon transform and the inverse Radon 
transform while imposing a priori information in indi-
vidual regions as shown by Fig. 1 [1]. However, there is 
a drawback that this algorithm accumulates noise with 
each iterative step. These noises were suppressed by 
an improved reconstruction algorithm including a de-
noising step based on the total variation [2].

In order to evaluate the efficacy of the algorithm, we 
scanned a rat foot with a model of rheumatoid arthritis 
(Fig. 2a) using XPCI implemented via dark field imag-
ing [3]. Figures 2b-d show maximum intensity projec-
tion (MIP) images reconstructed from the CT volume of 
the arthritic rat foot using absorption-contrast b, phase-
contrast with bone artefact c, and phase-contrast with 
bone artefact removed using the proposed algorithm d, 
respectively. As expected, the absorption-contrast im-
age (Fig. 2b) shows only the bony details and has very 
little contrast in the bone destroyed by arthritis. On the 
other hand, the phase-contrast images (Fig. 2c and d) 
show the detailed morphology of the affected joints and 

the surrounding soft tissues up to the skin surface. This 
figure also demonstrates the areas of signal loss due to 
large phase change in beam direction caused by dense 
structures. As can be seen in the regions marked by ar-
rows in Fig. 2c, there is near-complete signal drop-out 
due to artefacts. The proposed algorithm dramatically 
improves the detail within these regions (Fig. 2d). In 
Ref. [2], a separate body of work that is not presented 
here, the proposed algorithm was also applied to human 
blood vessels and demonstrated the superior capability 
of soft tissue recovery as well.

(a) (b) (c) (d)

Figure 2: A photograph (a) and MIP images (b)-(d) of a rat model of human rheumatoid arthritis. Absorption (b), phase contrast with bone 
artefact (c), and phase contrast using the proposed algorithm (d).
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OPERATION and PROPOSALS

1. Outline of the Accelerators

Two electron storage rings, namely the PF ring and 
the PF-AR, have been stably operated as dedicated 
light sources at the Photon Factory. The KEK linear ac-
celerator with a maximum electron energy of 8 GeV is 
employed to inject electron beams into the rings. The 
full energy injection at 2.5 GeV is carried out at the 
PF ring, while it is necessary to ramp up the injection 

 PF ring PF-AR

Energy 2.5 GeV 6.5 GeV

Natural emittance 34.6 nm rad 293 nm rad

Circumference 187 m 377 m

RF frequency 500.1 MHz 508.6 MHz

Bending radius 8.66 m 23.2 m

Energy loss per turn 0.4 MeV 6.66 MeV

Damping time

 Vertical 7.8 ms 2.5 ms

 Longitudinal 3.9 ms 1.2 ms

Natural bunch length 10 mm 18.6 mm

Momentum compaction factor 0.00644 0.0129

Natural chromaticity

 Horizontal -12.9 -14.3

 Vertical -17.3 -13.1

Stored current 450 mA 60 mA 

Number of bunches 252 1

Beam lifetime 20-25 h (at 450 mA) 20-25 h (at 60 mA)

energy of 3 GeV to the operation energy of 6.5 GeV at 
the PF-AR.

The machine parameters of the rings and the cal-
culated spectral performances are listed in Table 1 and 
Table 2, respectively. The spectral distributions of syn-
chrotron radiation (SR) from the bending magnets and 
the insertion devices are shown in Fig. 1.

 

 Table 1: Principal beam parameters of the PF ring and PF-AR.
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Figure 1: Synchrotron radiation spectra available at the PF ring (2.5 GeV) and the PF-AR (6.5 GeV). Brilliance of the radiation vs. photon 
energy is denoted by red curves for the insertion devices, SGU#01, U#02-1 & 02-2, SGU#03, MPW#05, U#13, VW#14, SGU#15, U#16-1 & 
16-2, SGU#17, Revolver#19-B and U#28, and the bending magnets (PF-Bend) at the PF ring. Blue curves denote those for the insertion 
devices, EMPW#NE01, U#NE03, U#NW02, U#NW12, U#NW14-36 and U#NW14-20, and the bending magnets (AR-Bend) at the PF-AR. 
The name of each source is listed in Table 2. The spectral curve of each undulator (or undulator mode of multipole wiggler) is the locus of the 
peak of the first harmonic within the allowance range of K parameter. For SGU#01 and SGU#15, the first harmonic regions are shown. For 
SGU#03, the third harmonic region is shown. For SGU#17, the fifth harmonic region is shown. Spectra of Revolver#19 for surface B is shown.

2. Operation Summary

The operation schedule of the PF ring and PF-AR 
in FY2015 is shown in Fig. 2. The user time was se-
cured in the winter period from February to March 2016. 
The statistics of the accelerator’s operation for the past 
decade are shown in Fig. 3. The actual user times in 
both rings increased by about 800 hours compared with 
those in FY2014.

In the PF ring, more detailed operation statistics and 
the number of failures from FY2005 to FY2015 are list-
ed in Table 3 and Table 4, and a pie chart of the down 
time in FY2015 is shown in Fig. 4. The mean time be-
tween failures (MTBF) was shorter than 150 hours due 
to an increase of troubles of the magnet and injection, 

but the failure rate was maintained at 0.5% because re-
covery from the troubles was carried out quickly.

  In the PF-AR, similar statistics are listed in Table 5 
and Table 6, and a pie chart of the down time in FY2015 
is shown in Fig. 5. The MTBF was as long as 150 hours 
and the failure rate was 1.1%, which was improved from 
the rate of 1.9% in FY2014. In addition, troubles due 
to the dust trap have been drastically decreased since 
FY2013 and occurred only once in FY2015. Stable op-
eration has been carried out in FY2015 compared with 
the ordinary annual operations.

In the PF ring, two new polarized undulators (U#13 
and U#28) have been smoothly operated. Accelerator 
components for the new beam transport line to the PF-
AR are being prepared and installation will start in June 
2016.
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Figure 2: Operation schedule of PF ring and PF-AR in FY2015.

Timetable of the Machine Operation in FY 2015
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Figure 3: Total operation time for PF ring and PF-AR.
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Figure 4: Pie chart of down time for PF ring in FY2015.

Table 3: Operation statistics for PF ring from FY2005 to FY2015.

Table 4: Number of failures for PF ring from FY2005 to FY2015.

Fiscal Year 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Total operation time (h) 3720 5272 5104 5000 4976 5064 4728 4416 4176 3024 3888
Scheduled user time (h) 2640 4248 4296 4032 4008 4080 2832 3792 3504 2328 3048
Ratio of user time (%) 71.0 80.6 84.2 80.6 80.5 80.6 59.9 85.9 83.9 77.0 78.4
No. of failures 33 25 23 18 24 18 18 23 22 15 23
Total down time (h) 27.5 44.6 91.1 23.8 42.7 29.2 14.9 37.6 52.1 11.4 14.4
Failure rate (%) 1.0 1.0 2.1 0.6 1.1 0.7 0.5 1.0 1.5 0.5 0.5
MTBF (h) 80.0 169.9 186.8 224.0 167.0 226.7 157.3 164.9 159.3 155.2 132.5
MDT (h) 0.8 1.8 4.0 1.3 1.8 1.6 0.8 1.6 2.4 0.8 0.6

Fiscal Year 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
RF 6 7 4 5 12 13 5 10 8 1 1
Magnet 3 3 2 3 4 0 2 0 2 4 7
Injection 1 2 3 4 0 1 0 0 1 3 6
Vacuum 1 2 1 0 0 0 0 0 0 0 1
Dust trap 11 0 1 0 1 0 0 0 0 0 0
Insertion Devices 5 3 4 3 1 1 4 3 0 1 1
Control/ Monitor 1 1 0 0 3 0 1 6 5 3 3
Cooling water 0 1 0 1 1 0 0 0 0 0 0
Safety/ Beamline 2 2 2 1 2 2 1 1 1 3 2
Earthquake 3 0 2 1 0 0 4 3 1 0 2
Electricity 0 4 4 0 0 1 1 0 4 0 0
Total 33 25 23 18 24 18 18 23 22 15 23

分類 時：分

RF 0:16 1.8%
Magnet 7:15 50.2%
Injection 1:36 11.1%
Vacuum 1:30 10.4%
ID 0:09 1.0%
Control/M 1:40 11.5%
Safety/Be 0:26 3.0%
Earthqua 1:34 10.9%
Total 14:26 100.0%

RF 
2% 

Magnet 
50% 

Injection 
11% 

Vacuum 
10% 

ID 
1% 

Control/Monitor 
12% 

Safety/Beamline 
3% 

Earthquake 
11% 

Total down time:14.3 hours 

Fiscal Year 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Total operation time (h) 3720 5272 5104 5000 4976 5064 4728 4416 4176 3024 3888
Scheduled user time (h) 2640 4248 4296 4032 4008 4080 2832 3792 3504 2328 3048
Ratio of user time (%) 71.0 80.6 84.2 80.6 80.5 80.6 59.9 85.9 83.9 77.0 78.4
No. of failures 33 25 23 18 24 18 18 23 22 15 23
Total down time (h) 27.5 44.6 91.1 23.8 42.7 29.2 14.9 37.6 52.1 11.4 14.4
Failure rate (%) 1.0 1.0 2.1 0.6 1.1 0.7 0.5 1.0 1.5 0.5 0.5
MTBF (h) 80.0 169.9 186.8 224.0 167.0 226.7 157.3 164.9 159.3 155.2 132.5
MDT (h) 0.8 1.8 4.0 1.3 1.8 1.6 0.8 1.6 2.4 0.8 0.6

Fiscal Year 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
RF 6 7 4 5 12 13 5 10 8 1 1
Magnet 3 3 2 3 4 0 2 0 2 4 7
Injection 1 2 3 4 0 1 0 0 1 3 6
Vacuum 1 2 1 0 0 0 0 0 0 0 1
Dust trap 11 0 1 0 1 0 0 0 0 0 0
Insertion Devices 5 3 4 3 1 1 4 3 0 1 1
Control/ Monitor 1 1 0 0 3 0 1 6 5 3 3
Cooling water 0 1 0 1 1 0 0 0 0 0 0
Safety/ Beamline 2 2 2 1 2 2 1 1 1 3 2
Earthquake 3 0 2 1 0 0 4 3 1 0 2
Electricity 0 4 4 0 0 1 1 0 4 0 0
Total 33 25 23 18 24 18 18 23 22 15 23
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Fiscal Year 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Total operation time (h) 5313 5016 4561 4969 5063 4608 4080 4080 3912 2352 3336
Scheduled user time (h) 4456 4032 3624 4344 4392 4032 2904 3672 3478 1992 2784
Ratio of user time (%) 83.9 80.4 79.5 87.4 86.7 87.5 71.2 90.0 88.9 84.7 83.5
No. of failures 79 51 60 40 41 74 49 33 47 22 18
Total down time (h) 69.3 55.1 45.2 41.7 91.0 73.7 38.7 29.7 99.6 37.0 31.0
Failure rate (%) 1.6 1.4 1.2 1.0 2.1 1.8 1.3 0.8 2.9 1.9 1.1
MTBF (h) 56.4 79.1 60.4 108.6 107.1 54.5 59.3 111.3 74.0 90.5 154.7
Mean down time (h) 0.9 1.1 0.8 1.0 2.2 1.0 0.8 0.9 2.1 1.7 1.7

Fiscal Year 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
RF 12 10 1 4 8 10 5 4 5 2 1
Magnet 4 1 1 2 2 10 8 3 4 9 4
Injection 4 3 8 9 1 6 4 3 18 7 1
Vacuum 2 6 2 0 2 1 0 1 0 0 1
Dust trap 37 24 39 15 16 24 20 13 3 2 1
Insertion Devices 0 1 0 0 0 0 0 0 0 0 0
Control/ Monitor 4 0 1 1 1 2 1 2 8 0 0
Cooling water 5 1 0 3 4 4 1 0 2 0 0
Safety/ Beamline 9 4 5 5 7 17 3 4 3 1 8
Earthquake 2 0 1 0 0 0 5 3 1 0 2
Electricity 0 1 2 1 0 0 2 0 3 1 0
Total 79 51 60 40 41 74 49 33 47 22 18

Fiscal Year 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Total operation time (h) 5313 5016 4561 4969 5063 4608 4080 4080 3912 2352 3336
Scheduled user time (h) 4456 4032 3624 4344 4392 4032 2904 3672 3478 1992 2784
Ratio of user time (%) 83.9 80.4 79.5 87.4 86.7 87.5 71.2 90.0 88.9 84.7 83.5
No. of failures 79 51 60 40 41 74 49 33 47 22 18
Total down time (h) 69.3 55.1 45.2 41.7 91.0 73.7 38.7 29.7 99.6 37.0 31.0
Failure rate (%) 1.6 1.4 1.2 1.0 2.1 1.8 1.3 0.8 2.9 1.9 1.1
MTBF (h) 56.4 79.1 60.4 108.6 107.1 54.5 59.3 111.3 74.0 90.5 154.7
Mean down time (h) 0.9 1.1 0.8 1.0 2.2 1.0 0.8 0.9 2.1 1.7 1.7

Fiscal Year 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
RF 12 10 1 4 8 10 5 4 5 2 1
Magnet 4 1 1 2 2 10 8 3 4 9 4
Injection 4 3 8 9 1 6 4 3 18 7 1
Vacuum 2 6 2 0 2 1 0 1 0 0 1
Dust trap 37 24 39 15 16 24 20 13 3 2 1
Insertion Devices 0 1 0 0 0 0 0 0 0 0 0
Control/ Monitor 4 0 1 1 1 2 1 2 8 0 0
Cooling water 5 1 0 3 4 4 1 0 2 0 0
Safety/ Beamline 9 4 5 5 7 17 3 4 3 1 8
Earthquake 2 0 1 0 0 0 5 3 1 0 2
Electricity 0 1 2 1 0 0 2 0 3 1 0
Total 79 51 60 40 41 74 49 33 47 22 18

RF 
14% 

Magnet 
20% 

Injection 
7% Vacuum 
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1% 
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Earthquake 
10% 

Total down time:30.6 hours 

Figure 5: Pie chart of down time for PF-AR in FY2015.

Table 5: Operation statistics for PF-AR from FY2005 to FY2015.

Table 6: Number of failures for PF-AR from FY2005 to FY2015.
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3. Experimental Stations

 Fifty-two experimental stations are operated at the 
PF ring, the PF-AR and the slow positron facility (SPF), 
as shown in Figs. 6, 7 and 8. Thirty-five stations are 
dedicated to research using hard X-rays, 14 stations for 

Figure 6: Plan view of the PF experimental hall, showing hard X-ray experimental stations (blue), and VUV and soft X-ray experimental 
stations (red).

studies in the VUV and soft X-ray energy regions, and 
3 stations for studies using slow positrons. Tables 7, 8 
and 9 summarize the areas of research carried out at 
the experimental stations at the PF ring, PF-AR and 
SPF. 

:Experimental Stations for Hard X-rays
:Experimental Stations for VUV and Soft X-rays
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Table 7: List of experimental stations available for users at the PF ring.

Experimental Station

BL-1

A

BL-2

BL-4

BL-5

BL-6

BL-7

BL-8

BL-9

BL-10

A

A

A

B2

C

A

A

  Macromolecular crystallography 

  (Short Gap Undulator)

B

BL-3

  (Undulator)

  Soft X-ray spectroscopy

  Soft X-ray spectroscopy

N. Matsugaki 

Person in Charge 

  X-ray diffraction and scattering station for materials science

  VUV and soft X-ray spectroscopy (♠)

  Characterization of X-ray optical elements/White X-ray magnetic diffraction

  (A: Short Gap Undulator)

H. Kumigashira

H. Kumigashira 

H. Nakao

K. Edamoto [Rikkyo Univ.], 
J. Yoshinobu [The Univ. Tokyo], 
K. Mase   

K. Hirano

  Trace element analysis, X-ray microprobe (♠)

  High resolution powder diffraction (♠)

  X-ray diffraction and scattering

Y. Takahashi [The Univ. Tokyo] , 

M. Kimura, Y. Niwa

H. Uekusa [Tokyo Inst. Tech.], 

H. Nakao

H. Nakao

  (Multipole Wiggler)

  Macromolecular crystallography N. Matsugaki

C

  Small-angle X-ray scattering 

  Macromolecular crystallography (♠) M. Okube [Tokyo Inst. Tech.*], 
H. Kawata

  Soft X-ray spectroscopy (♦)

  X-ray spectroscopy and diffraction 

J. Okabayashi [RSC, The Univ. 
Tokyo], K. Amemiya

H. Sugiyama 

  Weissenberg camera for powder/Single-crystal measurements under extreme conditions

  Weissenberg camera for powder/Single-crystal measurements under extreme conditions

H. Sagayama

H. Sagayama

 A

 C

 A

 B

 A   XAFS

  XAFS 

H. Abe

H. Abe

 A

 C

  X-ray diffraction and scattering (♠)

  Small-angle X-ray Scattering

A. Yoshiasa [Kumamoto Univ.],
R. Kumai 

N. Shimizu

BL-11

 A

 B

 D

  Soft X-ray spectroscopy

  Soft X-ray spectroscopy

  Characterization of optical elements used in the VSX region♠

Y. Kitajima 

Y. Kitajima 

K. Mase

BL-12

 C   XAFS H. Nitani

B

C

N. Igarashi

 C



78 OPERATION AND PROPOSALS

♠   User group operated beamline

♦   External beamline 

◊   Operated by University 

 

RCS:   Research Center for Spectrochemistry, the University of Tokyo 

SINP:   Saha Institute of Nuclear Physics 

Experimental Station

BL-13

Person in Charge 

  A/B   VUV and soft X-ray spectroscopies

  (Undulator)

K. Mase

BL-14 

 C

 B

 A

  (Vertical Wiggler)

  Crystal structure analysis and detector development

  High-precision X-ray optics

  Medical applications and general purpose (X-ray)

S. Kishimoto

K. Hirano

K. Hyodo

BL-15

   A1

   A2

  Semi-microbeam XAFS

  High brilliance small-angle X-ray scattering

H. Nitani
N. Shimizu

BL-16

  A

  (Variable Polarization Undulator)

  Soft X-ray spectroscopies with circular and linear polarization K. Amemiya 

BL-17 

 A

  (Short Gap Undulator)

  Macromolecular crystallography Y. Yamada 

BL-18

 C

  B   Multipurpose monochromatic hard X-ray station (♦)

  High pressure X-ray powder diffraction (DAC) (♠)

A. Singh [SINP], R. Kumai

H. Kagi [The Univ. Tokyo], 
T. Kikegawa

BL-20

  B

  A

 

  VUV spectroscopy (◊)

  White & monochromatic X-ray topography and X-ray diffraction experiment

N. Kouchi [Tokyo Inst. Tech],

H. Sugiyama

J. Adachi 

BL-27

  B

  A   (Beamline for radioactive samples)

  Radiation biology, soft X-ray photoelectron spectroscopy

  Radiation biology, XAFS

N. Usami

N. Usami

BL-28

  A   High-resolution VUV-SX beamline for angle-resolved photoemission

  (Elliptical  / Helical Undulator)

K. Ono

  High-resolution VUV-SX spectroscopy

  (Short Gap Undulator)

  B K. Ono

* Current affiliation: Tohoku Univ. 



79OPERATION AND PROPOSALS

NW2A

QC1
QC6

QC7NW14A

NW10A

NW-hall
N-hall

NE-hallNW12A

U#NW12

U#NW2 EMPW#NE1 U#NE3

10m

NE3A

NE1A

NE5C

NE7A

Table 8: List of experimental stations at the PF-AR.

   

Experimental Station

AR-NE1

Person in Charge 

A  Laser-heating high pressure X-ray diffraction and nuclear resonant scattering (DAC)

 (Multipole Wiggler)

T. Kikegawa

T. Kikegawa

K. Hyodo

 

AR-NE3

A  Macromolecular crystallography

 (Undulator)

Y. Yamada

AR-NE5

C  High pressure and high temperature X-ray diffraction (MAX-80)

AR-NE7

A  High pressure and high temperature X-ray diffraction (MAX-III), X-ray imaging

AR-NW2

A  Time-resolved Dispersive XAFS/XAFS/X-ray Diffraction

 (Undulator)

AR-NW10

A H. Nitani XAFS

AR-NW12

A

 (Undulator)

 Macromolecular crystallography

AR-NW14

A

 (Undulator)

 Time-resolved X-ray diffraction, scattering and absorption S. Nozawa

Y. Yamada

Y. Niwa

Figure 7: Plan view of beamlines in the PF-AR north-east, north, and north-west experimental halls.
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Figure 8: View of beamlines in the Slow Positron Facility.

Experimental Station

SPF-A3

Person in Charge 

 Total-reflection high-energy positron diffraction T. Hyodo

SPF-B1  General purpose (Positronium negative ion) T. Hyodo

 Positronium time-of-flight T. HyodoSPF-B2

Table 9: List of experimental stations at the Slow Positron Facility.

3. Summary of User Proposals
 
The Photon Factory accepts experimental propos-

als submitted by researchers mainly at universities and 
research institutes inside and outside Japan. The PF 
Program Advisory Committee (PF-PAC) reviews the 
proposals, and the Advisory Committee for the Institute 
of Materials Structure Science formally approves those 
that are favorably recommended. The number of ac-
cepted proposals over the period 2004–2015 is shown 
in Table 10, where S1/S2, U, G, P, MP denote Special, 
Urgent, General, Preliminary, and Multi-Probe propos-
als, respectively. Category T is a new type of proposal 
for supporting researches by PhD students.

Category MP is also a new type of proposal in which 
no less than two of the four beams, synchrotron radia-
tion at the PF, slow positron at the Slow Positron Facil-
ity, and neutron and muon beams at the Materials and 

Life Science Experimental Facility (MLF) in J-PARC, are 
required to be used, as a multi-probe experiment.

Category C is a proposal to carry out a joint experi-
ment between KEK and a research institute including 
a private company. Category I is a non-proprietary pro-
posal for integrated promotion of social system reform 
and research and development, supported by the Minis-
try of Education, Culture, Sports, Science and Technol-
ogy. Category V is a non-proprietary grant-aided pro-
posal that has already been reviewed and approved for 
a research grant; beam time for these proposals is allo-
cated with high priority, and the applicants are required 
to pay the regulation fees for the beam time. Category Y 
is a proprietary proposal; the applicants are required to 
pay the regulation fees for the beam time. The number 
of current G-type proposals each year has exceeded 
800 for the past few years. In addition to these propos-
als, 50 projects in the Platform for Drug Discovery, In-
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 Table 10: Number of proposals accepted for the period 2004–2015.

Electric Struture 
13.1% 

Struture Science 
16.7% 

Chemistry &Materials 
23.0% 

Life Science Ⅰ 
26.3% 

Life Science Ⅱ 
20.8% 

Figure 9: Distribution by scientific field of experimental proposals 
accepted in FY2015.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Proposal No. Spokesperson Title 
2014S2-001 R. Kumai   
KEK-PF  Structural sciences for the understanding of the origin of physical properties and optimization of functions in the organic molecular 
assemblies  
2014S2-003 H. Sawa 
Nagoya Univ. Study of the new quantum lattice liquid system by crystal field analysis  
2014S2-004 Y. Fukaya   

Category FY-2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 

S1 1 0 1 0 0 0 0 0 0 0 0 0 

S2 0 3 6 1 4 6 3 2 4 5 4 7 

U 4 0 1 7 3 2 2 0 4 1 0 0 

G 382 310 386 403 402 397 407 415 454 447 407 361 

P 13 10 22 14 14 14 16 11 18 18 5 16 

T           6 4 

MP            4 

C 26 28 25 24 18 12 15 19 20 20 25 24 

I      9 17 13 17 13 16 11 

V         1 2 2 2 

Y 2 2 23 23 22 29 31 30 30 41 22 33 

formatics, and Structural Life Science were performed 
at the PF in FY2015. A full list of the proposals effective 
in FY2015 and their scientific output can be found in the 
Photon Factory Activity Report
(http://www2.kek.jp/imss/pf/science/publ/acrpubl.html). 

S-type proposals consist of two categories, S1 and 
S2. S1 proposals are self-contained projects of excel-
lent scientific quality, and include projects such as the 
construction and improvement of beamlines and ex-
perimental stations which will be available for general 
users after the completion of the project. S2 proposals 
are superior-grade projects that require the full use of 
synchrotron radiation or long-term beam time. Propos-
als are categorized into five scientific disciplines, and 
reviewed by the five subcommittees of PF-PAC: 1) elec-
tronic structure, 2) structural science, 3) chemistry and 
materials, 4) life science I (protein crystallography), and 
5) life science II (including soft matter science). Figure 9 
shows the distribution by research field of the proposals 
accepted by the subcommittees in FY2015.

The number of users, for all types of proposals, now 
exceeds 3,100. Although the number of experimental 
stations has decreased, the approved scientific propos-
als and number of users have increased annually, as 
shown in Fig. 10. This indicates a high and increasing 
demand for synchrotron radiation and can be attrib-
uted to continuous improvements in the storage rings, 
beamlines, and experimental stations. The synchrotron 
has become one of the most important research tools 
for carrying out advanced science experiments and 
development. About 22% of the proposals are con-
ducted by new spokespersons, which indicates that the 
Photon Factory is open to public academic scientists. 

Figure 11 shows the distribution of users by institution 
and position. About three-quarters of the users belong 
to universities, of whom approximately 73% are associ-
ated with national universities. Over two-thirds of the na-
tional university users are graduate and undergraduate 
stu¬dents; this indicates that the Photon Factory plays 
an important role in both research and education. The 
geographical distribution of the Photon Factory users is 
shown in Fig. 12 and Fig. 13, which also indicates the 
immense contribution of the Photon Factory to research 
and education throughout Japan. The registered num-
ber of papers published in 2015 based on experiments 
at the PF was 478 at the time of this writing (July 1st, 
2016). In addition, 41 doctoral and 119 master theses 
have been presented.
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Figure 10: Number of registered PF users and scientific proposals over the period 1992–2015.

Figure 12: Regional distribution of spokespersons of proposals accepted in FY2015. We corrected the pie chart on 2019/09/02.

Figure 11: Distribution of users by institution and position.
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Figure 13: Geographical distribution of Photon Factory users in FY 2015 (domestic users only).
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APPENDICES 
Site and Organization 
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13

   1. PF Light Source Building 
      Experimental Hall
   2. PF Office Building
   3. PF Preparation Laboratory
   4. PF-AR (PF Advanced Ring)
   5. PF-AR Experimental Halls
  6. Structural Biology Building
    (Structural Biology Research Center)
   7. PF/KEKB (KEK B-Factory) Injector Linac
   8. Slow Positron Facility
   9. Building No.4 
     (IMSS Office/Condensed Matter Research Center)
 10. Kenkyu Honkan Building
 11. Dormitory/Guest House
 12. Restaurant/Cafeteria
13. ERL Test Facility
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KEK consists of four research institutions, i.e., the 
Institute of Materials Structure Science (IMSS), the 
Institute of Particle and Nuclear Studies (IPNS), the Ac-
celerator Laboratory (AL), and the Applied Research 
Laboratory. As shown in Fig. 1, the IMSS constitutes 

the Synchrotron Radiation Science Divisions I and II, 
the Neutron Science Division, the Muon Science Divi-
sion, the Structural Biology Research Center, the Con-
densed Matter Research Center and IMSS Instrument 
R&D Team.

Figure 1: Organization chart of KEK.
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Photon Factory

Synchrotron Radiation Science
Division I
Division II

Accelerators Division VII
(Light Source)

 

 

 

Beamline Engineering, Technical 
Services & Safety

User Support & Dissemination

Advanced Detector R&D

Slow Positron

Light Source III (Vaccum)

Light Source VII (Insertion Devices) 

Light Source VI (Electron Gun)

Light Source V (Beam Channel & Safety)

Light Source IV (Beam Diagnostics & Control)

Light Source II (RF) 

Light Source I (Magnet & Orbit) 

Ultrafast Dynamics

Industrial Application Research

Electronic Structure 

Condensed Matter 

Materials Chemistry

Life Sciences

Photon Factory (PF) consists of two divisions of 
the IMSS (the Synchrotron Radiation Science Divi-
sions I and II) and the Accelerator Division VII of the 
AL as shown in the organization chart of Fig. 2. The 
staff members of the PF are listed in Table 1. Synchro-
tron Radiation Science Divisions I and II consist of five 
beamline groups (electronic structure group, condensed 
matter group, materials chemistry group, life sciences 
group and slow positron group), three engineering and 

administration groups (industrial application research, 
beamline engineering, technical services & safety group 
and user support & dissemination group) and two work-
ing groups (ultrafast dynamics group and advanced 
detector R&D group). The Accelerator Division VII has 
seven groups, which are named Light Source Group I to 
VII. The missions of each group are described in paren-
theses of Fig. 2.

Figure 2: Organization chart of PF (as of March 31, 2016) .
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Table 1: Staff members of the Photon Factory.

Group Name *Position
Title

**Additional Group Remarks

Research Staff

Director MURAKAMI, Youichi P

Synchrotron Radiation Science Division I & II
Electronic Structure Group

◎ KUMIGASHIRA, Hiroshi P
○ AMEMIYA, Kenta P UD ・BETSS ・AD

HORIBA, Koji AP
MASE, Kazuhiko AP
ONO, Kanta AP AD
INAMI, Nobuhito ASP AD
KOBAYASHI, Masaki ASP
MINOHARA, Makoto ASP
SAKAMAKI, Masako ASP AD
TSUKAHARA, Hiroshi R
YUKAWA, Ryu R
YAGISHITA, Akira SF
(KITAJIMA, Yoshinori, ADACHI, Jun-ichi )

Condensed Matter Group
◎ KUMAI, Reiji P AD
○ NAKAO, Hironori AP UD

ADACHI, Shin-ichi P UD ・AD
FUNAMORI, Nobumasa P
KAWATA, Hiroshi P
KISHIMOTO, Shunji P AD ・CD
MURAKAMI, Youichi P
HIRANO, Keiichi AP
ICHIYANAGI, Kohei AP
IWANO, Kaoru AP
KIKEGAWA, Takumi AP
NOZAWA, Shunsuke AP UD
SAGAYAMA, Hajime AP
FUKAYA, Ryo ASP
KOBAYASHI, Kensuke ASP
SAITO, Kotaro ASP
HONDA, Takashi PD ~Oct. 15, 2015
WAKABAYASHI, Daisuke PD
FUKUMOTO, Keiki R
HARUKI, Rie R AD
(SUGIYAMA, Hiroshi )

Materials Chemistry Group
◎ KIMURA, Masao P IAR
○ ABE, Hitoshi AP

NITANI, Hiroaki ASP
TAKEICHI, Yasuo ASP AD
NIWA, Yasuhiro E UD ・BETSS
TAKAHASHI, Kei PD

Life Sciences Group
◎ SENDA, Toshiya P

KATO, Ryuichi AP
KAWASAKI, Masato AP
MATSUGAKI, Naohiro AP
SHIMIZU, Nobutaka AP BETSS
TANABE, Mikio AP Aug. 1, 2015~
YUMOTO, Fumiaki AP
ADACHI, Naruhiko ASP
HIKITA, Masahide ASP Jan. 16, 2016~
SAIJO, Shinya ASP
SENDA, Miki ASP
YAMADA, Yusuke ASP
SATO, Tomomi PD
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Group Name *Position
Title

**Additional Group Remarks

KOIWAI, Koutaro R
KUWABARA, Naoyuki R
LIEBSCHNER, Dorothee R ~Dec. 2, 2015
MAKYIO, Hisayoshi R
MILLER, Simon R
NAGASE, Lisa R July 1, 2015~
SATO, Nozomi R ~Aug. 31, 2015
SATO, Yukari R
SUZUKI, Nobuhiro R

Slow Positron Group
◎ HYODO, Toshio P

WADA, Ken AP ~Oct. 15, 2015
MOCHIZUKI, Izumi R

Beamline Engineering, Technical Service & Safety Group
◎ IGARASHI, Noriyuki AP AD・LS
○ KOYAMA, Atsushi SE
○ KITAJIMA, Yoshinori AP ES

SUGIYAMA, Hiroshi ASP CM
KIKUCHI, Takashi E UD
SAITO, Yuuki E
TANAKA, Hirokazu E UD
UCHIDA, Yoshinori E
MATSUOKA, Ai TA
MORI, Takeharu EE
TOYOSHIMA, Akio EE UD
KOSUGE, Takashi SE UD ・AD
NAGATANI, Yasuko TS

User Support & Dissemination Group
◎ HYODO, Kazuyuki AP LS
○ BAN, Hiroshi SuF IAR

USAMI, Noriko AP LS
Industrial Application Research Group

◎ KIMURA, Masao P MC
○ BAN, Hiroshi SuF USD

KIMIJIMA, Ken'ichi R
KOMURO, Masanori R
SUDAYAMA, Takaaki R
TAKAGI, Hideaki R
TAKAHASHI, Yumiko R

Ultrafast Dynamics Working Group
◎ ADACHI, Jun-ichi AP ES

YAMAMOTO, Shigeru P

Advanced Detector R &D Working Group
◎ KISHIMOTO, Shunji P CM ・UD

HASHIMOTO, Ryo ASP

Accelerator Division VII
Light Source I

◎ NAKAMURA, Norio P
KOBAYASHI, Yukinori P
HARADA, Kentaro AP
OZAKI, Toshiyuki AP
SHIMADA, Miho AP

(IGARASHI, Noriyuki, HYODO, Kazuyuki, USAMI, Noriko )

(AMEMIYA, Kenta, SHIMIZU, Nobutaka, NITANI, Hiroaki, NIWA, Yasuhiro )

(ADACHI, Shin-ichi, AMEMIYA, Kenta, KISHIMOTO, Shunji, NAKAO, Hironori, NOZAWA,
Shunsuke, KOSUGE, Takashi, TOYOSHIMA, Akio, KIKUCHI, Takashi, NIWA, Yasuhiro,
TANAKA, Hirokazu )

(ADACHI, Shin-ichi, KUMAI, Reiji, AMEMIYA, Kenta, ONO, Kanta, IGARASHI , Noriyuki,
TAKEICHI, Yasuo, SAKAMAKI, Masako, INAMI, Nobuhito, HARUKI, Rie, KOSUGE, Takashi)
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*Group Name **Position
Title Additional Post Remarks

NAGAHASHI, Shinya E
TANAKA, Olga PD

Light Source II
◎ SAKANAKA, Shogo P

YAMAMOTO, Naoto ASP  Apr. 1, 2015~
TAKAHASHI, Takeshi EE
SHINOE, Kenji E  ~Jun. 16, 2015

Light Source III
◎ HONDA, Tohru P

TANIMOTO, Yasunori AP
SASAKI, Hiroyuki ASP
NOGAMI, Takashi E
ASAOKA, Seiji SF

Light Source IV
◎ OBINA, Takashi AP

TAKAI, Ryota ASP
TADANO, Mikito SE
SAGEHASHI, Hidenori E

Light Source V
◎ MIYAUCHI, Hiroshi AP

HAGA, Kaiichi AP
NIGORIKAWA, Kazuyuki EE
SATO, Yoshihiro E
TAHARA, Toshihiro E

Light Source VI
◎ MIYAJIMA, Tsukasa AP

HONDA, Yosuke ASP
YAMAMOTO, Masahiro ASP
JIN, Xiuguang ASP
UCHIYAMA, Takashi E

Light Source VII
◎ KATO, Ryukou P  Apr. 1, 2015~

TSUCHIYA, Kimichika AP
ADACHI, Masahiro ASP
SHIOYA, Tatsuro EE

* Synchrotron Radiation Science Division (Italic: additional posts)
ES Electronic Structure
CM Condensed Matter 
IAR Industrial Application Research
MC Materials Chemistry
LS Life Sciences
SP Slow Positron 
BETSS Beamline Engineering, Technical Services and Safety
USD User Support and Dissemination
UD Ultrafast Dynamics
AD Advanced Detector R&D

**Position Title 
P Professor SE Seniro Engineer
AP Associate Professor EE Expert Engineer 
ASP Assistant Professor E Engineer
PD Postdoctoral Fellow TA Technical Associate
RF Research Fellow TS Technical Specialist
R Researcher SF Senior Fellow

SuF Scientific Fellow
 ,

◎ Group Leader

○ Sub Group Leader
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Name (Affiliation) Remarks

Researcher
MATSUSHITA, Tadashi
SATO, Hikaru
WAKATSUKI, Soichi

Guest Professor
ASAKURA, Kiyotaka (Hokkaido Univ.)
KAMIKUBO, Hironari (Nara Inst. of Science and Tech.)
KONDO, Tadashi (Osaka Univ.)
KOSHIHARA, Shinya (Tokyo Inst. of Tech.)
MORITOMO, Yutaka (Univ. of Tsukuba)
NAGASHIMA, Yasuyuki (Tokyo Univ. of Science)
NODA, Yukio  (Tohoku Univ.) Jun.1, 2015～
OHKUMA, Haruo (SPring-8)
SAKASHITA, Hitoshi (AIST) Jun.1, 2015～
TAKAHASHI, Yoshio (Hiroshima Univ.)
YAO, Min (Hokkaido Univ.)

The Graduate University for Advanced Studies (SOKENDAI)
HARADA, Ayaka
INOUE, Keisuke
MATSUBARA, Haruki
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  1 KOYAMA, Atsushi

  2 YAMAMOTO, Shigeru

  3 SAKABE, Noriyoshi 

  4 SENDA, Toshiya

  5 AMEMIYA, Kenta

  6 MURAKAMI, Youichi 

  7 ADACHI, Shin-ichi

  8 YAMADA, Kazuyoshi 

  9 KAWATA, Hiroshi

10 KOBAYASHI, Yukinori

11 HAGA, Kaiichi

12 NAKAMURA, Norio

13 SHIMIZU, Nobutaka

14 SAGEHASHI, Hidenori 

15 TANABE, Mikio 

16 OZAKI, Mizuko 

17 SAITO, Akane 

18 YAMAGUCHI, Yuka 

19 MASE, Kazuhiko 

20 FUKAYA, Ryo

21 MIYAJIMA, Tsukasa

22 UCHIYAMA, Takashi 

23 KUWABARA, Naoyuki

24 NOGAMI, Takashi

25 NOZAWA, Shunsuke

26 KIMURA, Masao

27 KATO, Ryuichi 

28 SUZUKI, Nobuhiro 

29 MIYAUCHI, Hiroshi 

30 NAGASE, Lisa

31 KAKIZAWA, Yoshiko

32 MATSUBARA, Haruki

33 KATO, Ryukou

34 NIGORIKAWA, Kazuyuki

35 TANAKA, Hirokazu

36 YUKAWA, Ryu

37 MATSUGAKI, Naohiro 

38 KUMAI, Reiji

39 JIN, Xiuguang

40 MATSUMARU, Hiroyuki

41 SATO, Tomomi

42 ITO, Mai

43 IKEDA, Kiyoshi

44 NAGAHASHI, Shinya 

45 NAKAO, Hironori

46 ABE, Hitoshi

47 YAMADA, Yusuke

48 HORIBA, Koji

49 HYODO, Toshio

50 MOCHIZUKI, Izumi

51 KIMIJIMA, Ken'ichi

52 SUDAYAMA, Takaaki

53 SAGAYAMA, Hajime

54 TAKAHASHI, Yumiko

55 KOIWAI, Koutaro 

56 UEDA, Akira

57 YAMAMOTO, Masahiro

58 ADACHI, Masahiro

59 TAKAHASHI, Yoshimi

60 NAGATA, Naomi

61 TANAKA, Makiko

62 KOBARI, Miyuki

63 IGARASHI, Noriyuki

64 WADA, Ken

65 TOYOSHIMA, Akio

66 HARUKI, Rie 

67 HIROOKA, Kyoko

68 ZENIYA, Tomoko

69 INAMI, Nobuhito

70 UNJOH, Atsuko

71 UCHIDA, Yoshinori

72 YUMOTO, Fumiaki 

73 FUNAMORI, Nobumasa

74 SAKANAKA, Shogo

75 KIKEGAWA, Takumi

76 KITAMURA, Miho

  77 ADACHI, Jun-ichi 

  78 TOYAMA, Hisako

  79 KURAMOCHI, Keiko

  80 HASHIMOTO, Ryo

  81 MISUMI, Yoko

  82 MATSUOKA, Ai

  83 USAMI, Noriko

  84 TAKAI, Ryota

  85 SAIJO, Shinya

  86 SUKEGAWA, Rieko

  87 OHSHIMA, Hiroko

  88 YAMANO, Nozomi

  89 YAMASAKI, Tazuko

  90 MOCHIDA, Madoka

  91 HAMAMATSU, Chikako

  92 KOIDE, Tsuneharu

  93 NAITO, Shinji

  94 IGARASHI, Miho

  95 KURAMOTO, Yoshio

  96 HONDA, Takashi

  97 KIKUCHI, Akemi

  98 WAKABAYASHI, Daisuke 

  99 TAKAHASHI, Kei

100 OBINA, Takashi

101 TSUCHIYA, Kimichika

102 KIKUCHI, Takashi

103 NITANI, Hiroaki

104 HONDA, Tohru

105 KOSUGE, Takashi

106 SAKAMAKI, Masako

107 HARADA, Kentaro

108 KISHIMOTO, Shunji

109 KITAJIMA, Yoshinori

110 MINOHARA, Makoto
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Acknowledgements

Editorial Board
Hitoshi Abe, Jun-ichi Adachi, Kazuyuki Hyodo, Ryuichi Kato, Masato Kawasaki,

Kazuhiko Mase, Hajime Sagayama, Miho Shimada, Daisuke Wakabayashi, 
Masahiro Yamamoto, Nobutaka Shimizu (Editor in Chief)

Editorial, Design & Layout
Chikako Hamamatsu, Yoko Misumi, Tazuko Yamasaki

Cover Design
Hiroko Ohshima

We, the editorial board would like to thank all the users and 
staff who have contributed to the editing of this “PF Highlights 2015”.

Cover photos
Top: Experimental stage at the SAXS beamline, BL-15A2

Upper Middle: PI5P4Kβ protein crystal (Highlight 5-3)
Lower Middle: In-situ cell for the fluorescence XAFS (Highlight 3-1)

Bottom: Aerial photo of the PF and the PF-AR

Photon Factory
1-1 Oho, Tsukuba, Ibaraki

305-0801 Japan

Institute of Materials Structure Science
High Energy Accelerator Research Organization (KEK)






	cover_contents0926
	15hl1p-6p
	operation_0926
	append_all_0926
	15hlback.pdf
	空白ページ
	バインダー
	15hl2-9p
	15hl2-10p
	15hl2-11p
	15hl2-12p
	15hl2-13p




