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Preface
Today, the SPring-8 campus operates two world-leading accelerator
based light sources of SPring-8 and SACLA and offers a unique
environment where the two facilities can be used synergistically.
SPring-8 (Super Photon ring 8 GeV), one of the world’s largest
synchrotron facilities, welcomed over 17,000 users in 2017. In 2017,
10,720 users conducted 1,575 experiments at the public beamlines,
and 6,887 users performed 681 experiments at the contract
beamlines. The operation time of the storage ring in 2017 was
5,282 h and the user time was 4,479 h. Currently, SPring-8 users
are publishing over 1,000 research papers per year, and the ratio of
papers in the top 1% of the citation index was as high as 1.9% for
the papers published in 2016.
SACLA (SPring-8 Angstrom Compact free electron LAser) is
the second operating hard X-ray Free Electron Laser (XFEL) in
the world and the first compact XFEL, which was opened to users in March 2012. In 2017, 1,219 users
conducted 94 experiments at 3 beamlines, and SACLA users published over 80 research papers. The
ratio of papers in the top 1% of the citation index was as high as 4.1% for the papers published by SACLA
users in 2016.
A number of SPring-8 and SACLA users were awarded prizes in 2017 and 2018 for their achievements
in science and technology. Prof. Chikashi Toyoshima (The University of Tokyo) was awarded the
Imperial Prize and Japan Academy Prize in 2018 for his achievement in the elucidation of the molecular
mechanism of the ATP-driven ion-transport across the membranes. Prof. Takeshi Aida (RIKEN) was
awarded the Japan Academy Prize in 2018 for his achievement in studies on precision hierarchical design
on innovative soft materials. Prof. Yuuichi Komizo (JASRI) and Prof. Maki Kawai (Institute of Molecular
Science) were respectively awarded the Medal with Purple Ribbon in Fall 2017. Prof. Osamu Nureki
(The University of Tokyo) and Prof. Yukihiro Ozaki (Kwansei Gakuin University) were awarded
respectively the Medal with Purple Ribbon in Spring 2018. In 2018, eight active users from academia and
industry were awarded Prizes for Science and Technology by the Minister of Education, Culture, Sports,
Science and Technology, and twelve young users were awarded Young Scientists Prizes by the Minister.
In this volume, two comprehensive reviews are reported by Prof. Jian-Ren Shen (Okayama University)
and Prof. Makoto Seto (Kyoto University). Active users of SPring-8 have also contributed the essence
of their results as review articles in this volume. In addition, four articles are provided by active users
of SACLA.
I am very grateful to the many authors and experts who contributed their papers to this volume. Special
thanks are due to Dr. Naoto Yagi and the members of the editorial board for their continuous efforts.

Yoshiharu Doi

President
Japan Synchrotron Radiation Research Institute (JASRI)
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Editor’s Note
This is the 2017 issue of SPring-8/SACLA Research Frontiers that covers outstanding scientific outcomes of
SPring-8 and SACLA in 2016 and 2017. The cream of the scientific achievements is collected here.
Reviews in this issue were contributed by Prof. Jian-Ren Shen of Okayama University and Prof. Makoto Seto
of Kyoto University. Prof. Shen has been working on mechanism of photosynthesis in plants, in which oxygen
molecule and sugar are produced from carbon dioxide and water with the energy of light. This process is important
for mankind for prevention of global warming and solving energy and food crises. The protein Prof. Shen is
working on is photosystem II (PSII) which is a huge membrane-protein complex with a total molecular weight of
700 kDa. This protein performs the initial water-splitting reaction of photosynthesis. After getting its high-resolution
crystal structure in 2011, Prof. Shen's group proceeded to clarify detailed mechanism of the reaction by making
use of SACLA. The damage-free structure of the Mn cluster at the catalytic center of the protein was revealed
with pulse X-rays of SACLA. Further, structure of an intermediate state of the reaction was clarified in a pumpprobe experiment. This research is still under progress for complete understanding of the reaction, and the current
situation is summarized in the review.
Prof. Seto has been working on nuclear resonant scattering at BL09XU since SPring-8 started operation 20 years
ago. This is fundamental physics research requiring very sophisticated experimental techniques. His group has
been publishing many top-class physics papers over the years. Initially, the experiment looked formidable for nonspecialists, but thanks to the very bright and stable X-ray beam of SPring-8 and high skills of the Prof. Seto's group,
applications of the technique are increasing. NRVS (Nuclear Resonance Vibrational Spectroscopy) is extensively
used to study catalytic centers of metalloproteins. Since the experiment can be now possible under high pressure,
Mössbauer radiation was used in earth science to measure thermal conductivity of silicate melts. The narrow
energy bandwidth (neV) allows studies on slow dynamics of liquid by quasi-elastic scattering measurements. These
experiments emerged from the long-time efforts of Prof. Seto, to which SPring-8 owes much.
SPring-8/SACLA Research Frontiers is made of two parts. The first is the scientific results (Scientific Frontiers) and
the second is additional information on hard and soft infrastructures that support scientific research. Although some
important numbers such as the operation time are given in the second part, other information and more complete
statistical numbers on the operation of SPring-8 and SACLA are available on the website so that more updated
information can be accessed ( http://www.spring8.or.jp/en/about_us/spring8data/ ).
The full text of SPring-8/SACLA Research Frontiers is also available on the SPring-8 website ( http://www.spring8.
or.jp/). For the list of publications produced by SPring-8 users and staff, please visit the publication database at
http://www.spring8.or.jp/en/science/publication_database/.
On behalf of all the editors, I would like to thank those who helped us by recommending excellent research results
suitable for publication in this issue, and the users and staff of SPring-8 who contributed their reports to this issue.
Naoto Yagi

- Editor in Chief -

Japan Synchrotron Radiation Research Institute (JASRI)

Editorial Board
Naoto YAGI (Editor in Chief)
SPring-8/JASRI
Shunji GOTO
SPring-8/JASRI
Tetsuya ISHIKAWA
SPring-8/RIKEN
Shigeru KIMURA
SPring-8/JASRI
Toyohiko KINOSHITA
SPring-8/JASRI
Takashi KUMASAKA
SPring-8/JASRI
Yasuo OHISHI
SPring-8/JASRI
Norimichi SANO
SPring-8/JASRI
Yuden TERAOKA
SPring-8/QST
Tomoya URUGA
SPring-8/JASRI
Makina YABASHI
SPring-8/JASRI
Marcia M. OBUTI-DATÉ (Secretariat) SPring-8/JASRI
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Review Article

The Engine of Life Driven by Light –
Structure of Photosystem II and
the Mechanism of Water-splitting
Oxygenic photosynthesis is a
process by which cyanobacteria,
various algae and higher plants
utilize light energy from the sun to
split water and to convert carbon
dioxide into carbohydrates using
the reducing equivalents derived
from water-splitting. Two products
generated from this process are
molecular oxygen and sugar; the
former is the source of oxygen in the
atmosphere and indispensable for
aerobic life on the earth, whereas the
latter provides the energy sustaining
almost all life forms on the earth.
Thus, photosynthesis is an important
process for sustaining life activities
on the earth.
The first reaction in photosynthesis
is light-induced water-oxidation as
depicted below:
2H2O

Light

4e– + 4H+ + O2

This reaction is catalyzed by
an oxygen-evolving center (OEC)
in photosystem II (PSII), a huge
membrane-protein complex
consisting of 17 trans-membrane
subunits and 3 peripheral, hydrophilic
subunits with a total molecular mass
of 350 kDa for a monomer. PSII
functions as a dimer located in the
thylakoid membranes of oxygenic
organisms, so its total molecular mass
is 700 kDa.
The water-splitting reaction
proceeds through the so-called S-state
cycle [1,2], in which the catalyst
adopts 5 different states denoted as
Si (where i = 0–4) (Fig. 1). The S1state is dark-stable; upon absorption
of one photon, it advances to S 2
8

and subsequently to S 3 , S 0 upon
further absorption of photons. These
transitions are accompanied by the
release of electrons and protons.
The S4-state is a transient one, and
molecular oxygen is formed and
released during the transition from S4
to S0.
In order to unravel the mechanism
of water-oxidation by PSII, it is
essential to solve the crystal structure
of PSII and its reaction intermediates.
We purified the PSII dimer from
a thermophilic cyanobacterium
Thermosynechococcus (T.) vulcanus,
and succeeded in its crystallization
[3]. By optimizing the purification
and crystallization conditions, we
obtained high-quality crystals of
PSII and solved its crystal structure
at 1.9 Å using the synchrotron
radiation (SR) X-rays at SPring-8
beamlines BL41XU and BL44XU
[4]. This structure provided the first
detailed picture of OEC, which is
hν
e–

S0 30 μsec

O2

H+

1.1 msec
H2O

S4
H+

200 μsec

e–

H+

H+

S1

hν

70 μsec

e–

S2
190 μsec

hν

S3
e–

hν

Fig. 1. S-state transition of the watersplitting reaction catalyzed by PSII.

a Mn 4 CaO 5 -cluster organized in a
distorted chair form. However, due
to the strong, continuous synchrotron
X-rays used, the structure has been
suggested to suffer partially from
X-ray radiation damage, which may
cause partial reduction of the Mn ions
and thus slightly longer distances in
some of the Mn-Mn distances within
the cluster. In order to obtain the
radiation-damage free structure of
OEC, we used the femtosecond X-ray
free electron lasers (XFEL) provided
by SACLA and a “fixed-target
serial femtosecond crystallography”
approach with large PSII crystals,
and analyzed its structure at 1.95 Å
resolution [5]. Furthermore, we
employed a pump-probe approach
in which, 2 laser flashes were used
t o “ p u m p ” t h e O E C t o t h e S 3state, and the serial femtosecond
crystallography (SFX) method
using PSII micro-crystals was used
as the “probe” to detect structural
changes occurred during the S-state
transition from S 1 -to-S 3 [6]. The
results obtained from these studies
allowed us to propose the mechanism
for photosynthetic water-oxidation
catalyzed by the Mn4CaO5-cluster.

The overall structure of PSII
and the OEC
The overall structure of PSII
analyzed at 1.9 Å resolution is
depicted in Fig. 2(a). In this structure,
40 protein subunits were assigned,
together with more than 150
cofactors. In addition, around 2,800
water molecules are found, which
are mostly distributed in the two
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membrane surfaces at the stromal
and lumenal sides, demonstrating
the typical feature of PSII as a
membrane protein complex. The
catalytic center for water oxidation
was found to be a Mn4CaO5-cluster
located at the lumenal surface. The
Mn 4CaO 5-cluster is organized in a
distorted chair form, with 3 Mn ions
and 1 Ca ion connected by 4 oxygen
atoms (oxo-bridges) forming the
distorted chair base (cubane), and the
4th Mn connected to the outside of
cubane (Fig. 2(b)). The metal ions are
coordinated by 7 amino acid residues,
among them, 6 are carboxyl ligands
whereas 1 is a His ligand (Fig. 2(c)).
Most of the carboxyl ligands are
bidentate, and only 1 carboxyl ligand
(D1-Glu189) and the His ligand are
monodentate. In addition to the amino
acid ligands, 4 water molecules were
(a)

found to serve as terminal ligands;
2 of them are bonded to the Ca ion
and 2 to the 4th Mn ion (Mn4). These
ligands together make a saturated
coordination environment for the
metal ions; namely, all of the 4 Mn
ions are 6-coordinated whereas the
Ca ion is 7-coordinated. A number
of additional water molecules were
found around the cluster, suggesting
that the metal cluster is located in a
rather hydrophilic environment in the
interior of the protein matrix. These
water molecules are not coordinated
directly to the metal ions but form
extended hydrogen bonds (HBs)
which are important for the release of
protons [4,7].
The distortion found in the
Mn 4CaO 5-cluster is caused by two
main factors. One is the difference
between the distances of Mn-O and

D1

CP43

Ca-O. The typical distances found
between Mn-O are in the range of
1.8-2.1 Å, whereas that of Ca-O is
in the range of 2.3-2.6 Å. The other
factor is the differences between
Mn-O. Among the 5 oxygen atoms
found within the Mn4CaO5-cluster,
O1-O4 have bond distances typical
for manganese oxides (1.8-2.1 Å),
whereas the O5 atom has unusually
longer distance to its nearby Mn ions.
Especially, the distance between O5Mn1 and O5-Mn4 were found to be
2.6 Å and 2.5 Å, respectively. These
results suggest that the binding of O5
to its nearby Mn ions are weak than
the typical Mn-O bonds found for
the other oxy-bridges, and thus the
O5 atom may be cut out during the
reaction cycle to provide one of the
substrate oxygen for the O=O bond
formation.

Stromal side

D2 CP47

Cyt b559

cyt c550

12 kDa

Lumenal side

33 kDa

(b)

(c)

W1

D1-D170

2.2
W2

2.2

D1-H332

O4

2.4

2.0
2.3 Mn3

O5
2.5

2.4

2.1

Mn4
2.1

2.4

W3

D1-E333

W4

2.4

2.7

2.4
O1

1.8

Mn1
1.9
2.1

Mn2

2.2

2.6
2.1

2.1
2.2

1.9

2.5 O2
Ca

2.2

2.1

2.1

D1-E189

2.3
2.0

2.2
2.2

CP43-E354

O3

D1-A344

D1-D342

Fig. 2. Overall structure of the PSII dimer and that of OEC. (a) Overall structure of PSII dimer,
with a view parallel to the membrane plane. The region painted in weak yellow represents the
trans-membrane region, and blue balls represent water molecules. The areas circled by red dotted
lines represent the site where OEC is located. (b) The structure of OEC, the Mn4CaO5-cluster.
Numbers represent inter-atomic distances in Å. (c) Amino acid ligands of the Mn4CaO5-cluster.
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The distorted shape of the
Mn 4 CaO 5 -cluster suggests that it
is rather instable, a distinct feature
important for the catalytic activity.
During the S-state cycle, the catalyst
is believed to undergo subtle
structural changes to advance to the
higher S-states. This has been proven
by various spectroscopic studies
including X-ray absorption, electron
paramagnetic resonance, infrared
spectroscopy, etc. [8] The instable,
or flexible nature of the Mn4CaO5cluster implies that it can easily
undergo structural changes to advance
the catalyst to the intermediate states,
enabling it to catalyze the watersplitting reaction efficiently.
The structural features discussed
above were based on the structure
solved using SR X-rays at SPring-8,
and questions arose that it has
suffered from some radiation damage,
resulting in the reduction of some
Mn ions and thus an elongation in
some of the Mn-Mn pairs as well as
the Mn-O distances. In fact, X-ray
spectroscopic measurements [8] and
theoretical calculations [9-11] based
on the crystal structure we solved
have suggested some slightly shorter
Mn-Mn distances than that were
observed in the crystal structure.

Radiation damage-free structure
of the Mn4CaO5-cluster
In order to remove the possible
radiation damage and obtain the
structure of the Mn 4 CaO 5 -cluster
in its native state, we employed the
femtosecond XFEL from SACLA to
collect the diffraction data. To solve
the radiation damage-free structure of
PSII at a sufficiently high resolution,
we used large PSII crystals
(1.0 mm × 0.4 mm × 0.15 mm) at a
cryogenic temperature, and adopted
a fixed-target serial femtosecond
crystallography method [12]. This
was done by illuminating one point
of the crystal with a pulse of XFEL,
and then move the crystal by 50 µm
with a rotation of 0.2 o to obtain a
10

continuous, fresh diffraction image.
By using more than 100 large PSII
crystals, we were able to obtain one
full diffraction data set. In order
to ensure the reproducibility, we
collected two independent data sets to
obtain average inter-atomic distances.
The results showed that most of the
Mn-Mn distances are shorter by 0.1–
0.3 Å compared with the structure
obtained by SR X-rays (Fig. 3(a)).
Some of the Mn-O and Mn-ligand
distances also changed slightly.
However, the feature of the unusually
longer distances between O5 and
its nearby Mn ions was retained,
although the Mn1-O5, Mn4-O5
distances were changed to 2.7 Å,
2.3 Å respectively (Fig. 3(b)) [5].
This suggests that O5 may participate
in the O=O bond formation, and its
binding to Mn1 at the S1-state is very
weak.

reaction starts. In order to unravel
the mechanism of water-splitting and
O=O bond formation, it is essential to
solve the structures of the Mn4CaO5cluster at the reaction intermediate
states (S-states other than S 1). To
this purpose, we employed a “pumpprobe” approach in which, 2 laserflashes separated by 10 msec were
u s e d t o “ p u m p ” t h e M n 4C a O 5cluster to the S3-state, which is a state
immediately before the O2 release,
and XFEL pulses were used as the
probe to detect the structural changes
at room temperature [6]. To obtain a
high efficiency of excitation by the
2 flashes, PSII micro-crystals were
used, for which the SFX method is
the most suitable approach to collect
the X-ray diffraction data. The data
obtained was used to calculate the
Fourier difference map between
the S3 and S1-states, which showed
structural changes at both the electron
donor and acceptor sides (Fig. 4).
At the electron acceptor side,
the secondary electron acceptor
Q B was found to rotate slightly,
along with some small changes in
its vicinity (Fig. 4(a)). This causes
a slight shortening of the H-bond
between the head of Q B and D1-

Light-induced structural changes
and the site of O=O bond
formation
The structure solved above
corresponds to the catalyst at the
S 1-state before the water-splitting
(a)

Ca

5.0
(5.0)

Mn4

Mn1
2.7 (2.8)

3.2 (3.3)

5.2
(5.4)

2.9
(3.0)

2.7
(2.9)

Mn3

Mn2

(b)
2.5

2.6

2.6
2.5

2.1
2.3

Ⅲ

2.3

Ⅲ
1.9

2.7
2.2

2.0

1.8

2.7

1.9

1.9
Ⅳ

1.8

1.8
Ⅳ
2.0

2.1

Fig. 3. Radiation damage-free structure of the Mn4CaO5-cluster.
(a) Mn-Mn distances (numbers in parentheses are the distances
determined by SR previously [4]). (b) Mn-O and Ca-O distances.
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(a)

(b)

Fig. 4. Fourier difference electron density maps between the 2-flashes illuminated S3-state and
the S1-state, and their corresponding structural changes. (a) The region of the acceptor (reducing)
side. (b) The region of the donor (oxidizing) side. In both panels, green represents positive and
red represents negative Fourier difference maps contoured at ±5.0 σ.

Ser264. This is explained to reflect
that, upon 2-flashes illumination, a
part of QB remains reduced due to the
short time interval between the flash
illumination and the XFEL pulses
as well as the crystal environment
that may limit the efficiency of
electron transfer from Q A to Q B ,
which enhances the H-bond between
QB and D1-Ser264, resulting in the
shortening of their distance [6]. This
in turn suggests that the 2 flashes
illumination employed was successful
in advancing the S-states.
At the donor (oxidizing) side, two
major changes were found. One is
the appearance of a strong negative
density at the position of water-665
(W665), suggesting that this water
molecule becomes mobile upon
2-flashes illumination (Fig. 4(b))
[6]. This water is H-bonded with
O4 through another water molecule
W567, and this H-bond was broken
after 2-flashes illumination. This
is considered to reflect a proton
transfer occurring through the O4W567-W665 H-bond network
that extends to the bulk solution at
the lumenal side, during the S 1-S 3
transition [7,13].
The second large change observed
at the donor side is the appearance of
a strong positive density at a position
close to O5. This positive density
could be modeled as a new water
molecule (O6), which has a distance
of 1.5 Å and coordinated to Mn1

directly [6]. This suggests that a new
water molecule is inserted during the
transition from S1 to S3 (mostly from
S2 to S3), which is able to form the
O=O bond with O5 (Fig. 5). Thus, the
O5 atom provides one of the substrate
oxygen atoms; upon its release in the
following S-state transition, a new
water molecule is expected to come
in to occupy the vacant position and
returns the catalyst to the S0-state.
In conclusion, a combination of
high-resolution structural analysis
using SR of SPring-8 and timeresolved “pump-probe” structural
analysis using XFEL of SACLA
allowed us to solve the structure
and reaction mechanism of the
catalytic center for photosynthetic
water oxidation, the Mn 4 CaO 5 cluster, coordinated within the huge
membrane protein complex PSII.

H2O

S1-state

S3-state

Fig. 5. Structural changes of the
Mn4CaO5-cluster upon transition
from the S 1-state to the S 3-state
induced by 2-flashes illumination.

These results provide important clues
for the development of artificial
catalysts for water-splitting using
visible light, an important step toward
acquisition of clean, renewable
energy from the sun, which will
greatly contribute to the realization of
a sustainable society.
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Evolution of Nuclear Resonant
Scattering Research at SPring-8
SPring-8. Here, recent nuclear resonant
scattering studies using these features
are reviewed.

Spectroscopy using the nuclear
resonant scattering of synchrotron
radiation has been used effectively in
a wide range of research areas, taking
advantage of its excellent features.
Since only one nuclide (isotope) is
resonantly excited with the undulator
radiation, it enables the measurement
of element (isotope)-specific electronic
states through hyperfine interactions
between the nucleus and the surrounding
electrons. Moreover, the measurement
of element (isotope)-specific phonons
(lattice vibrations) is possible using
nuclear resonant inelastic scattering.
In addition, by using the ultranarrow
width of the nuclear excited states (for
example, the width of the first nuclear
excited state of 57Fe is 4.7 neV), quasielastic scattering measurement is
possible, allowing the study of the
slow dynamics of macromolecules
and glass transitions. Since the nuclear
resonant scattering method enables a
wide range of measurements from the
electronic state to quasi-elastic and
inelastic scattering with an element
(isotope)-specific feature, the range of
areas of application is very wide such as
materials science, earth science, physics,
chemistry, and biology. Measurement
methods employing these unique
features of nuclear resonant scattering
have progressively been advanced at

1. Nuclear Resonant Elastic
Scattering of Synchrotron Radiation
(Mössbauer Spectroscopy)
Mössbauer spectroscopy, which uses
the recoilless nuclear resonant absorption
effect known as the Mössbauer effect, is
a powerful and well-established method
used in a wide variety of research areas.
One of the most important tasks of
Mössbauer spectroscopy is to elucidate
the electronic states of a specific element,
and this can be achieved via the
measurement of nuclear energy levels.
This is because nuclear energy levels are
affected by the surrounding electrons; if
a resonant atom has a magnetic moment
and/or an anisotropic electronic structure,
the nuclear energy levels are split. A
schematic of the nuclear energy levels
of 57Fe with (and without) magnetic
field splitting and corresponding typical
Mössbauer spectra are shown in Fig. 1.
The density of electrons at the nucleus
affects the nuclear energy levels and
induces an energy shift, which is
directly due to s-electrons and indirectly
due to other electrons. Therefore, the
measurement of the nuclear energy levels
Magnetic field splitting

Excited state (Ie = 3/2)

+3/2
+1/2
–1/2
–3/2

me

Mössbauer spectrum

Transmission

Transmission

Line width 4.7 neV

14.413 keV

Energy

Mössbauer spectrum

Energy

mg
–1/2

Ground state (Ig = 1/2)

+1/2

Fig. 1. Nuclear energy levels of Fe with (right) and without (left)
magnetic field splitting and corresponding typical Mössbauer spectra.
57

12

provides information on the electronic
states. To determine the electronic state,
this method seems to be indirect, but the
identification of the observed element
is obvious and the disturbance for the
electronic states usually can be ignored.
Table 1 shows the elements for which
the Mössbauer effect has been observed.
Synchrotron Mössbauer Sources
The ability to measure element
(isotope)-specific electronic states is
one of the unique features of nuclear
resonant scattering; by combining this
feature and high brilliance synchrotron
radiation as an excitation source,
novel studies that are difficult with
radioactive isotope (RI) sources such as
measurement under extreme conditions
are possible. Synchrotron radiation,
however, cannot be used as a simple
alternative Mössbauer g-ray source
because the bandwidth of the incident
synchrotron radiation is much broader
than the line width of the nuclear levels
usually used and even hyperfine splitting
(typically below meV). One method
of generation an ultranarrow-width
X-ray is to use electronically forbidden
but nuclear-allowed Bragg reflections
called synchrotron Mössbauer source
(SMS). In this method, the obtained
Mössbauer radiation is collimated,
polarized, and 100% recoilless, and
the spectrum obtained using an SMS
is essentially identical to that obtained
using conventional RI sources, although
an SMS has only been realized for
57
Fe using iron borate (FeBO3) single
crystals set under diffraction conditions
at the Néel temperature (75.3°C). The
measurement of iron-enriched dense
silicate glasses, as laboratory analogues
for dense magmas, up to a pressure of
85 GPa was performed using an SMS
at SPring-8 BL11XU [1]. Although the
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possible presence of dense magmas at
Earth’s core-mantle boundary is expected
to substantially affect the dynamics and
thermal evolution of Earth’s interior, the
thermal transport properties of silicate
melts under relevant high-pressure
conditions are not understood fully.
Combined with the result of in situ highpressure optical absorption measurement,
it was suggested that the radiative thermal
conductivity of dense silicate melts may
decrease with increasing pressure and,
therefore, may be significantly smaller
than previously expected under coremantle boundary conditions.
Synchrotron-radiation-based
Mössbauer absorption spectroscopy
To utilize the element (isotope)specific feature, we should use other
methods. Previously, nuclear resonant
forward scattering (NFS) measurement in
the time domain has been used. Recently
synchrotron-radiation-based Mössbauer
spectroscopy in the energy domain was
developed at BL09XU and BL11XU;
this method yields absorption spectra
that are similar to Mössbauer spectra
measured with radioactive sources [2].
The high brilliance of the radiation
enables the measurement of tiny samples,
such as samples held in diamond anvil
cells. In fact, a 151Eu Mössbauer study
has already been performed under
high pressure with this method [3].
It, however, took a long time for the
measurement and, therefore, a detection
system using a windowless avalanche
photodiode (APD) X-ray detector in
a cryostat chamber was developed to
enhance the measurement efficiency
[4]. In the previous measurement, g-rays
and/or fluorescent X-rays accompanied
with internal conversion (IC) electron
emissions from the resonantly excited
nuclei were detected, but the IC
electrons themselves were not detected
because the electrons were shielded
by the X-ray windows of the cryostat
and the detector used. A schematic
drawing of the experimental setup and a
photograph of the detection system are
shown in Fig. 2. The developed system
was applied to SR-based Mössbauer
spectroscopy for the 76.5 keV-excited
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Table I. Periodic table of the elements for which the Mössbauer
effect has been observed (elements on blue backgrounds).

state of 174Yb. Moreover, although the
natural abundance of 61Ni is only 1.14%,
it made the measurement of Ni samples
without isotope enrichment possible. This
method has been applied to studies on the
electronic state of Ni nanoparticles [5],
Ni-substituted proteins [6], and so forth.

2. Nuclear Resonant
Inelastic Scattering
Nuclear resonant inelastic scattering
spectroscopy is a method for investigating
the vibrational states in substances. This
method utilizes the nuclear resonance
excitation accompanied by the creation
and/or annihilation of phonons. The
recoilless excitation of atomic nuclei is
known as the Mössbauer effect, while
resonance excitation of the nuclei and
phonon generation can occur when
the energy of the incident synchrotron
radiation is larger than the resonant
excitation energy and the difference is
equal to the energy of a phonon. Also,
when the incident energy is lower than

Transmitter
Synchrotron
radiation

the resonant excitation energy and the
difference is equal to the energy of a
phonon, annihilation of the phonon and
resonant excitation occur. These are
nuclear resonance inelastic excitations.
In this method, phonon energy spectra
are measured by counting the scattering
from the excited nuclei as a function of
the incident photon energy as shown
in Fig. 3. The typical resolution of
the spectra is around 1 meV for 57Fe
measurement.
Nuclear resonant inelastic scattering
has many interesting features and, owing
to the high brilliance of the synchrotron
radiation, samples under extreme
conditions such as high pressures can
be measured. One of the most important
features is that it is possible to excite
specific isotopes as in electronic state
measurement. Therefore, for compounds
composed of many elements, phonon
information concerning only the excited
nuclide is obtained; more precisely,
partial phonon densities of states
(PDOSs) are obtained. This feature is
very advantageous when there is interest

Closed cycle refrigerator
Scatterer

Detector

Velocity
transducer

Fig. 2. Schematic drawing of the experimental setup and photograph of the detection system
using a windowless avalanche photodiode (APD) X-ray detector in a cryostat chamber.
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Fig. 3. Schematic for the measurement of nuclear resonant
excitation accompanied by phonon creation (upper). Photograph
of the detector and the cryostat with a closed-cycle refrigerator
(lower left) and typical phonon energy spectrum (lower right).

in the function and/or local structure of a
specific element (isotope) in a complex
compound. From a spectroscopic
viewpoint, this method is similar to
resonant Raman spectroscopy, which
provides valuable information on the
vibrational properties of samples such as
metalloprotein samples. Resonant Raman
spectroscopy is very useful and has been
used effectively. However, the selection
rule sometimes hampers the observation
of vibrational modes of interest while
the nuclear resonant inelastic scattering
method gives all modes that involve the
motion of resonant nuclides.
Recently, this method has been
actively performed in studies on the
specific sites in large molecules such
as metalloprotein samples involving
thousands of other atoms. In these
studies, the structure around a specific
site of interest is investigated by
comparing the obtained phonon energy
spectrum with the vibrational spectrum
obtained from density functional theory
(DFT) calculations under the assumption
of a feasible structural model. Using
this methodology, which is sometimes
called nuclear resonance vibrational
spectroscopy (NRVS), many interesting
studies have been performed at SPring-8
[e.g., 7-12]. This method is particularly
effective for samples that cannot be
crystallized, such as the intermediates
in the catalytic cycles of enzymes, and a
study on the structural characterization
of the reactive Fe(IV)=O intermediate
in the catalytic cycles of a mononuclear
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non-haem iron (NHFe) enzyme (the
halogenase SyrB2 from the bacterium
Pseudomonas syringae pv. syringae) has
been performed [7]. This intermediate
reacts through an initial hydrogenatom abstraction step and performs
subsequent halogenation of the native
substrate or hydroxylation of non-native
substrates and, therefore, it is essential
and important to reveal the local
structure and the mechanism. In this
study, it was found that the orientation
of the Fe(IV)=O intermediate depends
on the substrate, presenting specific
frontier molecular orbitals responsible
for hydrogen-atom abstraction that
can selectively lead to halogenation or
hydroxylation.
Moreover, NRVS was applied
to study the catalytic mechanism of
hydrogenases, which catalyze the
reversible conversion of molecular
hydrogen to protons and electrons.
Understanding the mechanism is
significant because it is expected to
lead to the development of clean energy
sources producing hydrogen. NRVS
was applied to an [FeFe]-hydrogenase
variant lacking the amine proton shuttle,
which stabilizes a putative hydride
state [11]; [FeFe]-hydrogenases are
metalloenzymes that reversibly reduce
protons to molecular hydrogen with
extremely high efficiency. NRVS spectra
clearly showed the bending modes of
the terminal Fe–H species, which were
consistent with widely accepted models
of the catalytic cycle.

3. Quasi-elastic Scattering
Measurement Using Nuclear
Resonant Scattering
The topics discussed thus far take full
advantage of the properties of nuclear
resonance excitation and, therefore, they
are isotope-specific. Another important
property is the ultranarrow bandwidth of
the excited states (for example, a width
of 4.7 neV for the first excited state of
57
Fe with an excited state energy of
14.4 keV). This unique property sheds
light on the small energy shift of the
microscopic region induced by quasielastic scattering measurement. Studies
on the slow dynamics of glass-forming
molecular liquids, alloys, ionic liquids,
liquid crystal polymers, and biological
molecules are possible using the property,
and experimental studies have been
performed at SPring-8 [e.g., 13, 14].
In this method, the small energy
broadening of a scattered g-ray due to
the motion of the atoms (molecules)
is analyzed using reference absorbers
containing the resonant nuclide. This
method is known as the Rayleigh
scattering of Mössbauer radiation
(RSMR) method. Note that, in contrast
to the previously discussed method,
this method does not require a sample
containing the resonant nuclide. A timedomain interferometry (TDI) method
that uses the nuclear resonant scattering
of synchrotron radiation is the timedomain analogue of the RSMR method.
In the TDI method, the quasi-elastic
broadening of nuclear resonant scattering
in the energy domain can be observed
as a relaxation in the time domain. A
schematic of the experimental method of
TDI measurement is shown in Fig. 4. To
observe the relaxation, an interference
pattern in the time domain is used; the
pattern is formed by the interference
between the nuclear resonant scattering
of pulsed synchrotron radiation from
the upstream nuclear absorber and that
from the downstream nuclear absorber
with resonance energy different from
that of the upstream one. As shown in
Fig. 5, if a suitable sample is placed
between the absorbers, the interference
pattern is perturbed by the energy
broadening of the radiation from the
upstream nuclear absorber caused by the
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Fig. 4. Schematic of the TDI method. A sample is illuminated by
synchrotron radiation transmitted through an upstream nuclear absorber, and
the scattered radiation from the sample is transmitted through a downstream
nuclear absorber. The nuclear absorbers contain the resonant nuclide such
as 57Fe. The time evolution of the transmitted radiation, reflecting the
relaxation of molecules (ions) in the sample, is measured by a detector.
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the shear viscosity was performed [13].
In this work, quasi-elastic scattering
measurements were performed on a liquid
higher alcohol, 3,7-dimethyl-1-octanol;
the properties of liquids with mesoscopic
structures have been attracting many
researchers. The intermolecular
correlation in simple liquids appears at
the wavenumber corresponding to the
contact distance as a peak of the static
structure factor called the “main peak”
and, in some liquids, an additional peak,
called a “prepeak”, is observed at a
wavenumber lower than that of the main
peak. The prepeak exhibits the presence
of a characteristic mesoscopic structure
with a spatial dimension much larger than
the intermolecular contact distance. Using
the developed method, the structural
relaxation at the two wavenumbers of
the prepeak and the main peak of the
static structure factor was determined.
This result indicates that the dynamics
of a mesoscopic structure represented
as the prepeak contributes to the shear
viscosity through the slowest mode of
the viscoelastic relaxation by comparison
with the viscoelastic spectrum exhibiting
bimodal relaxation.
Intensity (arb. units)

Intensity (arb. units)

motion of the atoms in the sample. To
analyze the change in the pattern from
the non-perturbed one, we can obtain the
relaxation of the atoms in the sample.
The resolution of this method is typically
on the order of neV; however, the line
width of synchrotron radiation is on the
order of eV and, therefore, most of the
synchrotron radiation is not used even
considering the energy broadening of
meV order. Although the efficiency of
this method using synchrotron radiation
is considerably higher than that with
RI sources, it is not sufficient for
measurement under special conditions
such as at small angles. Recently, a
multi-line TDI system was developed
to improve the efficiency by increasing
the number of nuclear absorbers with
different resonance energies in order to
use the unused part of the synchrotron
radiation [15]. The developed multiline TDI method allows us to obtain
microscopic relaxation pictures much
more rapidly and accurately than
conventional single-line TDI.
Recently, using this method, a study
on the slow dynamics of liquids with a
mesoscopic structure and its relation to
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Fig. 5. The interference pattern without a sample (left) is perturbed by the energy
broadening of the radiation from the upstream nuclear absorber caused by the motion
of the atoms in the sample. A typical perturbed spectrum is shown on the right.
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Recent nuclear resonant scattering
studies at SPring-8 using advanced
features such as element (isotope)specific electronic states and an
ultranarrow width were reviewed. The
efficiency of the methods has been
improved and will be further improved
as a result of development. Moreover,
more advanced methods such as depthselective Mössbauer spectroscopy are
expected to be realized. In addition to the
reviewed work, many interesting studies
have been performed and, in particular,
important studies on fundamental
physics have been performed [16, 17].
The range of areas in which nuclear
resonant scattering methods can be used
is very wide, as discussed, and further
important results are expected.
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A molecular movie of structural changes in the light-driven
proton pump bacteriorhodopsin
Bacteriorhodopsin (bR) is a light-driven proton
pump derived from Halobacterium salinarum. The
protein harvests the energy content of light to drive
conformational changes leading to unidirectional
proton transport (Fig. 1(a)). The resulting proton
concentration gradient is converted by adenosine
triphosphate (ATP) synthase into ATP or is coupled to
other transport processes.
bR comprises a seven-transmembrane helix
and contains a buried all-trans retinal chromophore
that is covalently bound to Lys216 (Fig. 1). The alltrans retinal undergoes isomerization to the 13-cis
configuration by the absorption of light, which initiates
a photocycle, accompanying a sequence of spectral
and structural changes.
The primary proton transfer occurs between a
protonated Schiff base and Asp85. In the restingstate bR structure, the protonated Schiff base and
Asp85 form hydrogen-bond interactions with three
water molecules and two amino acid residues as
shown in Fig. 2(a). The hydrogen-bond network
results in a difference of 11 orders of magnitude
between the proton affinities of the primary donor
and acceptor, which prevents the leakage of protons
from the extracellular medium to the cytoplasm. After
light excitation, these proton affinities approach each
other to facilitate spontaneous proton exchange, but
this raises the question of what brings the change of
the proton affinities. It is also puzzling why it takes
microseconds for the primary proton transfer to occur
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Fig. 1. Structure and function of bacteriorhodopsin
(bR). (a) Proton-exchange steps (arrows) achieving
proton pumping by bR. (b) Schematic illustrating
retinal covalently bound to Lys216 through a
protonated Schiff base in the retinal.
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when the Schiff base and Asp85 are initially separated
by only 4 Å and a water-mediated proton exchange
pathway between the proton donor and acceptor
is seen in the resting state. Moreover, protons are
pumped from the cytoplasm to the extracellular side,
yet retinal isomerization redirects the Schiff base
proton away from the extracellular side and toward
the cytoplasm.
Considerable effort has been made to understand
how structural changes in bR transport a proton
uphill against a transmembrane potential. Many
research groups have performed cryo-trapping
experiments on bR using synchrotron radiation
sources, providing information about structural
changes during the photocycle. Despite these
successes, there were certainly weaknesses in these
experiments. Intermediate trapping studies were
performed at a low temperature and thus were not
truly time-dependent. Furthermore, conventional
crystallography is subject to radiation damage and
early results have been criticized for this reason.
We circumvent these concerns by recording a
three-dimensional movie of structural changes in bR
at room temperature with 2.1 Å resolution using timeresolved (TR) serial femtosecond crystallography
(SFX) at SACLA BL3. The recent advent of intense
femtosecond X-ray pulses from an X-ray free electron
laser (XFEL) has enabled to acquire diffraction
patterns from protein microcrystals before the onset
of radiation damage. In SFX, microcrystals are
continuously delivered with a solvent or a carrier
media by an injector, allowing the observation of a
damage-free structure at physiological temperature [1].
We used an optical-fiber-based setup for nanosecond
pump-probe TR-SFX to visualize conformational
changes in bR [2]. In TR-SFX, a continuous stream of
microcrystals is injected across a focused XFEL beam,
and the delay between sample photoactivation and
the arrival of an XFEL pulse is controlled electronically.
TR-SFX data were collected from light-adapted bR
microcrystals after photoactivation by a nanosecond
laser pulse for Dt = 16 ns, 40 ns, 110 ns, 290 ns,
760 ns, 2 ms, 5.25 ms, 13.8 ms, 36.2 ms, 95.2 ms, 250 ms,
657 ms, and 1.725 ms. Our data revealed that the retinal
is initially tilted in response to photoisomerization at
Dt = 16 ns, and a water molecule (W402) is rapidly
disordered by retinal isomerization (Fig. 2(b)). Lowtemperature trapping studies have suggested that
W402 disorders upon retinal photoisomerization [3],
but this conclusion was challenged in light of similar
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observations due to X-ray-induced radiation damage.
Because no effects of radiation damage are visible
when using <10 fs XFEL pulses at an X-ray dose of
12 MGy [4], these TR-SFX data bring closure to this
debate.
Retinal isomerization reorients the Schiff base
proton into a hydrophobic cavity while breaking its
hydrogen bond to W402, both of which lower the
proton affinity of the Schiff base. An initially twisted
retinal becomes planar within 290 ns, causing Trp182
and Leu93 to be displaced toward the cytoplasm.
These displacements allow a water molecule (W452)
to order between Leu93, Thr89, and the Schiff base,
which is observed for 40 ns ≤ Dt ≤ 13.8 ms but W452
disappears after a proton is transferred to Asp85
(Fig. 3(a)). Hydrogen-bond interactions from the
protonated Schiff base to W452 or Thr89 create a
pathway for proton transfer to Asp85 and explain how
the Schiff base comes in contact with Asp85 despite
having been turned toward the cytoplasmic side by
photoisomerization.
On the extracellular side of the retinal, the
disordering of W402 triggers the disordering of W400
and W401 and the ordering of a new water molecule,
Wat451, between Asp85 and Asp212 from Dt≥13.8 ms
(Fig. 3(b)). These water rearrangements allow that
the extracellular portions of helix C bend toward
helix G approximately 10 ms after photoactivation,
which raises the pKa of Asp85 to the point where it
may spontaneously accept a proton from the Schiff
base. Consequently, the time required for bR to evolve
to a conformation with helix C bent toward helix G is
the rate-limiting step that controls the primary proton
transfer and explains why it takes microseconds for
the Schiff base to be deprotonated.

Furthermore, we found that once a proton is
transferred, the hydrogen-bond interaction between
Asp85 and Thr89 is lost, which breaks the connectivity
to the extracellular side of the protein, enabling
unidirectional proton transport (Fig. 3(b)). The resulting
cascade of structural changes throughout the protein
provides an unprecedented insight into how structural
changes in bR conspire to achieve unidirectional
proton transport.
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Fig. 3. Structural changes for Δt = 760 ns and
Δt = 36.2 μs in the bR active site. (a) Crystallographic
model for the time point Δt = 760 ns (red)
superimposed upon the resting-state model (purple,
partially transparent). (b) Crystallographic structural
models derived from partial-occupancy refinement
superimposed on the resting bR structure (purple,
partially transparent) for Δt = 36.2 μs (orange).
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(blue) and Δt = 290 ns (red) superimposed on the
resting bR structure (purple, partially transparent).
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Nanosecond time-resolved XFEL structure analyses
of bovine cytochrome c oxidase reveals the timing
of proton-pump channel closure
Mitochondria occupy a substantial portion of the
cytoplasmic volume of animal cells, and produce
ATP used in a wide range of cellular processes.
The mitochondrial ATPase synthesizes ATP using
a transmembrane proton motive force, which is
generated by respiratory enzymes. Cytochrome c
oxidase (CcO), the terminal enzyme of cellular
respiration, reduces O 2 to H 2 O; this reaction is
coupled to proton pumping across the mitochondrial
inner membrane (Fig. 1(a)). Bovine CcO is a large
transmembrane protein that exists as a 420-kDa
dimer in the crystalline state. Each monomer includes
four redox active metal sites (Fe a , Fe a 3, Cu B, and
CuA). The O2 reduction site contains CuB and Fea3
(Fig. 1(b)). O 2 is transiently trapped at Cu B before
binding to Fe a 3 [1-2]. Via Fe a , four electrons are
sequentially transferred from cytochrome c at the
P-side to O2 at Fea3 (but not to O2 at CuB), while four
protons are actively transferred from the N-side (the
P- and N-sides designate the outside and inside
of the mitochondrial inner membrane, which are
positively and negatively charged, respectively).
The protons are transferred through the H-pathway,

(a)

P-side

H+

H+

P-side

(b)

D51

O2

2H2O

Proton pool

Inner
membrane

Heme a

H376

N-side
G30

H61

Heme a3

Inner membrane
Mitochondrion

CuB

H378

N-side

Fig. 1. Cytochrome c oxidase in the mitochondrial
inner membrane. (Bottom a) Schematic drawing of a
mitochondrion. (Top a) Structure of bovine CcO with
dimeric structure. The enzyme reduces O2 to H2O using
electrons from cytochrome c and pumps protons through
the H-pathway (indicated by a light blue line and a red
arrow from the N-side to P-side). (b) A close-up view of
the H-pathway, proton pool, heme a, and O2 reduction
site consisting of heme a 3 and Cu B. The H-pathway
consists of a water channel (light-blue arrow) and a
hydrogen bond network (red arrow). The blue line in
the water channel is a gate operated by a conformational
change in helix X. When the gate is opened, four protons
accumulate in the proton pool. Pumping of each proton
to the P-side is coupled with transfer of an electron from
cytochrome c to heme a3 via heme a.
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which consists of a water channel (light-blue arrows
in Fig. 1) and a hydrogen bond network (red arrows in
Fig. 1) operating in tandem. The water channel in the
H-pathway includes water cavities.
The proton-pumping step is divided into two
stages. First, four protons accumulate in the proton
pool through the water channel of the H-pathway. As
each electron is transferred from heme a to heme a3, a
proton is transferred from the proton pool to the P-side
through the hydrogen bond network of the H-pathway,
driven by electrostatic repulsion between the proton
and the net positive charge of Fea. The water channel
must be closed during electron transfer from heme a
to heme a3; if it were to remain open, spontaneous
backflow of the collected protons would occur. To
elucidate the channel closure mechanism, the opening
of the channel, which occurs upon release of CO
from CcO, has been investigated by newly developed
time-resolved X-ray free-electron laser and infrared
techniques with nanosecond time resolution [3]. CO
has been widely used to probe the active sites of
heme proteins.
In this project, we used a newly developed serial
femtosecond rotational crystallography (SF-ROX)
method [4] based on analysis of many large single
crystals. Furthermore, we used time-resolved IR to
monitor CO movements in CcO crystals.
Time-resolved infrared spectral changes occurring
during CO migration in the single crystalline state of
CcO were traced at 4°C from 20 ns to 500 ms after
flash photolysis of the fully reduced CO-bound state.
The spectral changes suggested that 100% of CO
molecules moved from the Fea3 site to the CuB site
at 20 ns; about 76% of CO disappeared from the O2
reduction center, and about 24% of CO remained at
CuB at 100 ms, and 100% of CO returned to the Fea3
site at 100 ms after photolysis.
The XFEL diffraction data obtained without pump
laser irradiation (dark) and at 20 ns and 100 ms after
pump laser irradiation were collected from 40, 24, and
43 crystals, respectively, all at 4°C. The experimental
setup at SACLA EH4c/BL3 was as described for
a previous XFEL experiment for damage-free
crystallography [4]. The structures of three states
were determined: at 2.2 Å resolution for the dark and
100-ms crystals, and at 2.4 Å resolution for the 20-ns
crystal. Refinements converged well to Rwork = 0.173,
0.185, and 0.173, and R free = 0.202, 0.229, and 0.208,
for dark, 20-ns, and 100-ms crystals, respectively.
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without the pump laser
irradiation (dark)

100 μs after the photolysis

20 ns after the photolysis

Fig. 2. Structures of the O2 reduction sites of the CO-bound fully reduced state of the dark, 20-ns, and
100-μs structures. Fo-Fc difference electron density maps at 3.5σ and structural models. Purple spheres
indicate iron ions, blue spheres copper ions, and light blue spheres the oxygen atoms of water molecules.
Blue and red sticks indicate nitrogen and oxygen atoms, respectively. Purple, green, and light blue sticks
indicate other atoms of dark, 20-ns, and 100-μs structures, respectively. CO, water 1, and water 2 were
not included in the structural refinement. No significant electron density assignable to the CO molecule
between Fea3 and CuB is detectable in the 100-ms structure at the s level depicted in the figure.

The CO molecules in the three states were located in
the Fo-Fc difference maps (Fig. 2), and the structural
changes of helix X are shown in the Fo-Fc difference
map for two types of models (Fig. 3). These structural
analyses indicated that the CO molecule moved from
the Fea3 site to the CuB site 20 ns after photolysis and
disappeared from the O2 reduction center 100 ms after
photolysis. Moreover, the structures of helix X in the
dark and 20-ns crystals were in a closed form that
blocked proton transfer, whereas in the 100-ms crystal,
helix X changed to an open conformation at a rate of
45% that opened a proton transfer gate of the water
channel in the H-pathway. Thus, CO release from CuB
to the outside of the O2 reduction center drives the
transition of the closed structure to the open structure.
Based on our inspection of structural features of
hemes and helix X for all three states, we propose a

(a)

Dark

20 ns after photolysis

mechanism for closure of the water channel. When
the O2 reduction site is in the fully reduced state, the
water channel is opened, and protons are transferred
from the N-side to the proton pool. Once O2 is trapped
at CuB, closure of the water channel is induced as
follows: (i) The plane of Fea3 migrates; (ii) van der
Waals interactions are altered between the vinyl
group of Fea3 and L381 of the helix X; and (iii) a bulge
forms at S382 when L381 moves to close the water
channel. This process is followed by O 2 transfer to
Fea3 (1-2), yielding Fea33+-O2−, which readily extracts
electrons from Fea when it is reduced. Oxidation of
Fea induces electrostatic repulsion against protons in
the storage site. The closure of the water channel after
O2 migration to CuB, before formation of the Fea3-O2
bond, causes obligatory pumping of protons to the
P-side because the water channel has been closed.

100 μs after photolysis
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Fig. 3. Fo-Fc difference electron density maps of the dark, 20-ns,
and 100-μs structures. The structural factors of Fc were calculated
from the closed and open structures of helix X, with two bulges
at S382 and M383 (a) and with one bulge at V380 (b), and Fo-Fc
difference electron density maps were drawn at 3.5σ along with
the closed and open structures of helix X, respectively. Red circles
mark the locations of the bulges.

References
[1] S. Yoshikawa et al.: Chem. Rev. 115 (2015) 1936.
[2] P.R. Rich and A. Maréchal: J. R. Soc. Interface
10 (2013) 20130183.
[3] A. Shimada, M. Kubo, S. Baba, K. Yamashita,
K. Hirata, G. Ueno, T. Nomura, T. Kimura, K.
Shinzawa-Itoh, J. Baba, K. Hatano, Y. Eto, A.
Miyamoto, H. Murakami, T. Kumasaka, S. Owada,
K. Tono, M. Yabashi, Y. Yamaguchi, S. Yanagisawa,
M. Sakaguchi T. Ogura, R. Komiya, J. Yan, E.
Yamashita, M. Yamamoto, H. Ago, S. Yoshikawa, T.
Tsukihara: Sci. Adv. 3 (2017) e1603042.
[4] K. Hirata et al.: Nat. Methods 11 (2014) 734.
19

Life Science

Research Frontiers 2017

Protein-phospholipid interplay in a Ca2+-pump revealed
by X-ray solvent contrast modulation
It is well established that transmembrane
helices of a membrane transport protein may
rearrange substantially during the reaction cycle.
In fact, some transmembrane helices in the Ca 2+pump (Ca 2+ -ATPase or SERCA1a) undergo large
scale rearrangements [1], involving apparently
perpendicular movements of 10 Å to the bilayer
plane during the reaction cycle. If that occurs without
bringing residues in/out of the bilayer, the bilayer
has to be extremely flexible. Yet, in the other part
of the reaction cycle, that is, in releasing bound
Ca2+ to the lumen of the sarcoplasmic reticulum, a
100° rotation of the A domain is converted to the
downward movement of the M4 helix, which requires
that the bilayer does not largely deform [1]. Thus, the
bilayer exhibits an apparently contradictory nature at
different stages of the reaction cycle [2]. To resolve
this problem we ought to visualize the lipid bilayer in
the crystals of the Ca2+-pump.
Our knowledge on the protein-phospholipid
interaction (Fig. 1) was severely limited [3] because
conventional X-ray crystallography failed to resolve
phospholipids unless they are immobilized between
protein molecules in the crystal lattice. This is
because phospholipids are extremely mobile and
contribute to only low resolution structure factors
discarded in conventional crystallography, although
the actual contribution of the bilayer exceeds that
of protein at lower than 15 Å resolution [2]. This
means that the phases obtained from protein atomic
model cannot be correct and we ought to develop an
experimental method for obtaining phases for such
low resolution reflections.

By developing X-ray solvent contrast modulation
and collecting diffraction data for all reflections from
170 to 3.2 Å resolution at SPring-8 BL41XU [2], we
have succeeded in visualizing the entire first layer
phospholipids (ca. 45 molecules) that surround the
transmembrane region of the Ca2+-pump crystallized
in four different states and in refining the atomic
models (Fig. 2 and Fig. 3). The atomic models were
further examined by molecular dynamics simulations
(Fig. 3(b)). Several key findings in this study are:
(i) The bilayers are far from flat (Fig. 2(a)) and
change their thickness (30.9 – 33.4 Å; Fig. 3), the
number of the first layer phospholipids (44–48) and,
accordingly, the cross-section of the transmembrane
region of the protein during the reaction cycle. These
differences will cause substantial changes in free
energy and may work as driving forces to proceed
the reaction. (ii) Phospholipids are anchored primarily
by Arg/Lys-phosphate salt bridges (Fig. 1) and follow
the movements of transmembrane helices, but they
are less than half of the first layer phospholipids.
There are apparently two classes in anchoring basic
residues. The first one consists of those “snorkelling”
from within the bilayer (Fig. 1 left). They cause local
distortion of the bilayer when the transmembrane
helices move (e.g. R63 and K262; Fig. 2(a)). Such
distortion will act as a counter force to bring the
transmembrane helices back to the most stable
positions but may even be used as an energy source
for rearranging them. (iii) The second class of basic
residues (Fig. 1 right) extend their side chains
through the cytoplasm to exploit phospholipids as
“anchors” for conformational switching (e.g. R324
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Fig. 1. Schematic illustration to show polar interactions between protein residues and
phospholipids (phosphatidylcholine (PC) in this case) that constitute a lipid bilayer.
The acyl chain of phospholipid varies between 14-20 carbon chain. The thickness of
the bilayer can be affected by these residues, causing “protein-lipid mismatch” [3].
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(b) E2~P
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Fig. 2. First layer phospholipids that surround the
transmembrane region of the Ca2+-pump. Atomic
models of phospholipids (from the head group to
the carbonyl group of phosphatidylcholine; sticks
with orange spheres for phosphorous atoms) are
based on electron density maps derived from
X-ray solvent contrast modulation. Blue and
gray nets in (a) represent 2|Fo|–|Fc| electron
density maps calculated at 3.2 Å resolution with
combined phases and contoured at 0.7σ (gray) and
1.0σ (blue). Cylinders represent α-helices. Small
numbers in purple identify phospholipids, and
those in italics transmembrane helices (M1-M10).
Purple broken lines represent likely hydrogen
bonds. The ruler in the margin of (a) shows the
distance from the bilayer center.
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in Fig. 2(b)). (iv) The inclination of the entire protein
changes during the reaction cycle (Fig. 3) governed
primarily by a belt of Trp residues, acting as
membrane “floats”. Such change in inclination is a
mechanism to allow large perpendicular movements
of transmembrane helices.
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Thus, we now see that phospholipids are a key
component of calcium pump function and phospholipidArg/Lys and phospholipid-Trp interactions have distinct
functional roles in the dynamics of ion pumps. We
certainly expect similar protein-phospholipid interplay
in other membrane proteins.

18.4°

P
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10
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Fig. 3. (a) A change in orientation of the entire Ca2+-pump molecule (18.4°) caused by the binding of ATP
and transfer of the g-phosphate to the pump protein. Placed so that the planes approximating the positions
of the phosphorous atoms (horizontal solid lines) become horizontal in each crystal form. Inclined dotted
lines show the corresponding planes in the conventional alignment with the M7-M10 helices, which
do not undergo a rearrangement in the reaction cycle. Cyan surfaces show contrast modulation electron
density maps for bilayers calculated at 4.5 Å resolution and contoured at 0.44 e–/Å3. Atomic models for
a phospholipid molecule (PL23) around M1', an amphipathic helix, and that (PL13) near M10 in the
cytoplasmic leaflet are shown in sticks (also boxed) in E1~P·ADP·2Ca2+. (b) A full atomic model of the
Ca2+-pump and the first layer phospholipids after a 100 ns molecular dynamics simulation, viewed from
the opposite direction to that in (a). Orange spheres represent phosphorous atoms in the phospholipid head
groups. The side chains of Arg/Lys and Trp/Tyr appear as dark blue and magenta sticks, respectively.
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Structural biology study of human cannabinoid receptor CB1
Marijuana from Cannabis sativa L. has been
used for both therapeutic and recreational
purposes for many centuries. The active constituent
D 9 - tetrahydrocannabinol (THC) [1], exerts its
psychotropic effects mainly through cannabinoid
receptor 1 (CB1) [2], which is also the primary target
of the endocannabinoids, anandamide (AEA) and
2-arachidonoyl glycerol (2-AG) [3] (Fig. 1). CB1
belongs to the class A G protein-coupled receptor
(GPCR) family, signal through inhibitory Gα i/o
heterotrimeric G proteins, and interact with β-arrestins
(Fig. 1). Moreover, CB1 is the most highly expressed
GPCR in the human brain and is expressed
throughout the body, with the highest levels found in
the central nervous system.
CB1-selective small-molecule agonists have
shown therapeutic promise in a wide range of
disorders, including pain and inflammation, multiple
sclerosis, and neurodegenerative disorders.
Antagonists of CB1 have been explored as potential
therapeutics for obesity-related metabolic disorders,
mental illness, liver fibrosis and nicotine addiction.
The molecular details defining the binding modes
of both endogenous and exogenous ligands are
still unknown. In order to address this deficit in
understanding, we have determined the crystal
structures of CB1 in complex with antagonist [4] and
agonist [5]. The structures provide very important
molecular basis of how ligands engage to modulate
the cannabinoid system and reveal important insights
into the activation mechanism of CB1.

Phytocannabinoids
(THC...)
OH

Crystallization of GPCRs, especially active (activelike) –state, has been challenging due to their inherent
conformational flexibility and biochemical instability.
To facilitate crystallization, Flavodoxin was identified
as a stabilizing fusion partner and the receptor was
truncated on both the N and C termini by 98 and 58
residues, respectively. In order to further improve the
expression and thermostability, four computationally
and rationally designed mutations were introduced
to the CB1 sequence. Fortunately, the modified CB1
construct has comparable affinity for both antagonists
and agonists as the wild-type receptor. Finally,
we obtained the crystals of CB1 in complex with
antagonist AM6538 and agonist AM11542, respectively
(Fig. 2). The diffraction datasets were collected at the
SPring-8 BL41XU, GM/CA-CAT beamline 23ID-B of
APS and beamline X06SA of Swiss Light Source.
The overall CB1 contains seven transmembrane
(7TM) a-helices (I to VII) connected by three
extracellular loops (ECL1-3), three intracellular loops
(ICL1-3), and an amphipathic helix VIII. The antagonist
AM6538 binds quite deep in the binding pocket
and adopts an extended conformation (Fig. 2). The
agonist AM11542 adopts an L-shape conformation in
the orthosteric-binding pocket, which is much smaller
than the more expanded binding domain of AM6538
(Fig. 2 and Fig. 3(c)). Both the AM6538 and AM11542
are forming mainly hydrophobic interactions with
the receptor.
Comparisons between the agonist- and antagonistbound CB1 reveal significant structural rearrangements

Endocannabinoids
(AEA, 2-AG)
HO
HO

O

O

Synthetic cannabinoids
(AM841, CP55940...)
OH

O

O

OH
NCS

Cannabinoid receptor CB1

G protein

β-arrestin

Desensitization & Internalization;
Activation of ERK1/2, JNK1/2/3, Src...
Decrease intracellular cAMP;
PKA, PKC, ERK1/2, JNK, p38 and p42/44 MAPKs...

Fig. 1. Schematic representation of CB1-mediated signaling pathways. CB1
can be activated by phytocannabinoids, endocannabinoids and synthetic
cannabinoids and induce the G protein or β-arrestin activation pathways.
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AM6538

AM11542

Extracellular

Intracellular

Fig. 2. The overall structures of antagonist- and
agonist-bound CB1. The antagonist AM6538
(green sticks) bound CB1 structure and agonist
AM11542 (yellow sticks) bound CB1 structure is
shown in cyan and orange cartoon, respectively.

(C α r.m.s.d. of the overall structure without fusion
protein: 3.52 Å). The notable conformational change
occurs in helices I and II. The extracellular part of
helix I bends inwards by 6.6 Å and helix II rotates
in by about 6.8 Å, respectively in the AM11542bound structure (Fig. 3(a)). Similarly, conformational
changes are also observed in the cytoplasmic part
of the receptor, in which helix VI moves outwards by
about 8 Å (Fig. 3(b)). This is the largest structural
change, especially within the extracellular portion,
observed in the solved agonist/antagonist-bound
pairs of class A GPCRs.
The agonist-induced conformational changes
probably trigger the activation and downstream
signaling. CB1 seems to use an extended molecular
toggle switch involving a synergistic conformational
change between Phe200 3.36 and Trp356 6.38, which
we refer to as the ‘twin toggle switch’ (Fig. 3(d)).
Comparing previously proposed ‘toggle switch’ of
Trp3566.38, the synergistic movement of two residues
during the activation of the receptor has never been
observed before and we speculate that this ‘twin
toggle switch’ is related to CB1 activation.
A notable feature of the CB1 agonist-bound
structure is the large (53%) reduction in volume
in the ligand-binding pocket. Such plasticity in the
orthosteric binding pocket enables CB1 to respond to
a diverse array of ligands with considerably different
sizes, shapes and associated functions, consistent
with the repertoire of CB1 to modulate such variety of
physiological and psychological activities (Fig. 1).
In summary, the current study reported the first
crystal structure of antagonist-bound CB1 and also
the agonist-bound CB1, which reveal the inactive and
active-like states of the receptor and provide important
structural insights to the activation mechanism of

the receptor. In most agonist- and antagonist-bound
structural pairs of class A GPCRs, the extracellular
half shows small changes while larger conformational
changes in the intracellular half. As an exception,
CB1 has the largest ligand-binding pocket volume
change, contributed mainly by the movements of
the extracellular half of helices I and II. The balloonlike flexibility of CB1 in the extracellular region may
also occur in other GPCRs. Therefore, in designing
GPCR agonists or antagonists using structure-based
strategies, multiple, structurally varied receptor models
should be considered.
Extracellular view

(a)

(c)

(b)

Intracellular view

(d)

Agonist
AM11542

Antagonist
AM6538

Fig. 3. Comparison of agonist- and antagonist-bound
CB1 structures. The extracellular (a) and intracellular
(b) views of the compared receptors. (c) Comparison
of agonist-bound (orange cartoon) and antagonistbound (cyan cartoon) CB1 ligand-binding pockets.
AM11542 (yellow) and AM6538 (green) are shown in
sticks and sphere representations. (d) The ‘twin toggle
switch’, F200/W356, is shown in sticks and spheres.
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Crystal structure of overlapping dinucleosome
reconstituted with human histones
In eukaryotes, genomic DNA is folded into an
ordered architecture called chromatin in the nucleus.
Nucleosomes are the basic structure of chromatin,
in which short linker DNA segments connect the
nucleosomes giving a “beads-on-a-string” appearance
[1]. The nucleosome formation suppresses genome
functions, such as transcription, repair, recombination,
and replication, by limiting the DNA binding of proteins.
Therefore, the nucleosomes must be remodeled by
sliding and repositioning along DNA when the genomic
DNA functions. The nucleosome remodeling process
is spontaneously or enzymatically promoted and,
consequently, collision occurs between neighboring
nucleosomes. Interestingly, the nucleosome collision
promotes formation of an unusual nucleosome
structure called overlapping dinucleosome [2,3],
however, the structure of overlapping dinucleosome
has not yet been determined.
To reveal the structure of overlapping dinucleosome,
we reconstituted overlapping dinucleosome with a
250-base-pair DNA containing a tandem repeat of the
Widom 601 sequence, which is known as a strong
nucleosome positioning sequence [3]. The overlapping
dinucleosome was then successfully reconstituted
with human histones H2A, H2B, H3.1, and H4. The
resulting overlapping dinucleosome was dialyzed
against 10 mM Tris-HCl buffer (pH 7.5) containing
1 mM dithiothreitol, 1 mM EDTA, and 0.25 M KCl,
and was heated at 55°C for 2 h to remove improperly
reconstituted molecules. The remaining overlapping
dinucleosome was purified by electrophoresis with a
native polyacrylamide gel. The purified overlapping
dinucleosome was dialyzed against potassium
cacodylate buffer (pH 6.0) containing 1 mM EDTA,
and was crystallized by the sitting-drop vapor diffusion
method at 20°C. For crystallization, the purified

overlapping dinucleosome (13.6 mg/ml) was mixed
with an equal volume of reservoir solution containing
50 mM Tris-HCl buffer (pH 7.8), 100 mM potassium
bromide, 100 mM potassium thiocyanate, 1.5% PGALM (Molecular Dimensions), and 12% PEG 400.
The crystal was soaked in a cryoprotectant solution
containing 50 mM Tris-HCl buffer (pH 7.8), 100 mM
potassium bromide, 100 mM potassium thiocyanate,
1.5% PGA-LM, and 35% PEG 400, and flash-cooled in
liquid nitrogen.
The crystal structure of the overlapping
dinucleosome was determined at 3.14 Å resolution
[4]. The overlapping dinucleosome crystal belonged
to the space group P 1 with unit cell dimensions
a = 90.58 Å, b = 101.80 Å, c = 102.43 Å, a = 119.30°,
b = 106.51°, g = 91.36°. In the crystal, one overlapping
dinucleosome was present in the asymmetric unit.
Diffraction data were collected at SPring-8 BL41XU at
a wavelength of 1.00 Å. The overlapping dinucleosome
structure was solved by the molecular replacement
method. To achieve this, the human nucleosome
structure (PDB ID: 3AFA) and the hexasome model
structure, in which one H2A-H2B dimer was removed
from the nucleosome structure, were used as guides.
According to Ramachandran plots of the final structure,
96.8% and 3.2% of the residues appear in the favored
regions and in the allowed regions, respectively.
In the crystal structure of the overlapping
dinucleosome, the 250-base-pair DNA is continuously
wrapped three turns around the histone octamer and
hexamer without an obvious linker DNA segment
between them (Fig. 1). In the histone hexamer moiety,
one H2A-H2B dimer is maintained at the surface
opposite the hexasome-octasome interface (Fig. 2).
In the canonical nucleosome, acidic patches are
created by the H2A-H2B dimer on both nucleosomal

90°

histone hexamer

histone octamer

Fig. 1. Crystal structure of the overlapping dinucleosome.
The histone hexamer and octamer moieties in the overlapping
dinucleosome are colored in light blue and orange, respectively.
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H3-H4

could be mapped at the downstream (+1) regions of
transcription start sites of the human genome [4]. This
finding suggested that the overlapping dinucleosome
may function to regulate gene expression in the
human genome. Therefore, it will be interesting to
see whether the overlapping dinucleosome formation
correlates with transcription levels in the genome.

H2A-H2B

hexasome

Fig. 2. Location of the region missing a H2AH2B dimer. The missing H2A-H2B dimer and
the H2A-H2B dimer in the hexasome moiety are
shown in light blue, and the H2A-H2B dimers in
the octasome moiety are shown in orange.

surfaces. In the overlapping dinucleosome, one of
the acidic patches is missing in the hexasome moiety
at the hexasome-octasome interface, and one of
the octasome acidic patches is concealed by the
interaction with the hexasome. Consistently, an acidic
patch binding protein, such as RCC1, binds to the
overlapping dinucleosome with a significantly reduced
rate as compared with the canonical nucleosome [4].
Therefore, the overlapping dinucleosome formation
may function to down-regulate the nucleosome
binding proteins.
The missing H2A-H2B dimer also induces the
shortening of the hexasomal H3 aN-helix located at
the hexasome-octasome interface of the overlapping
dinucleosome (Fig. 3). On the other hand, the
other three H3 aN-helices of the overlapping
dinucleosome are the same as those found in the
canonical nucleosome. On the hexasome-octasome
interface, the H3 Lys56 and H3 Thr80 residues of the
hexasome may interact with the DNA backbone of the
octasome. In addition, the H2A Asn68, H2A Arg71,
H2B Lys108, H2B Ser112, and H2B Lys116 residues
of the octasome may interact with the DNA backbone
of the hexasome. These residues are not located near
the DNA in the canonical nucleosome. Therefore,
these residues may have roles in the formation
and determination of the physical properties of the
overlapping dinucleosome. In particular, the H3 Lys56
residue is intriguing because it is known to be an
acetylation site within the canonical nucleosome.
In the present study, we revealed the first unusual
nucleosome structure, the overlapping dinucleosome
structure. In the overlapping dinucleosome structure,
the 250-base-pair DNA was protected from micrococcal
nuclease (MNase), which preferentially cleaves
the histone-free DNA region. We then found that
the MNase-resisting 250-base-pair DNA fragments

octasome

Fig. 3. Close-up view of the H3 αN-helices.
The H3 αN-helices in the hexasome and
octasome moieties are colored in light
blue and orange, respectively. The H2A
molecules are shown in purple.
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Crystal structures of the NAD+-reducing
soluble [NiFe]-hydrogenase
Hydrogenases catalyze the synthesis and
decomposition of molecular hydrogen (2H+ +2e– ↔ H2).
The enzymes are classified into three types based
on the metal composition of the active site: Ni–Fe,
Fe–Fe, and Fe types. Of these, [NiFe]-hydrogenases
comprise the widest variety of members regarding
their physiological function, whereas the hydrogenase
unit, consisting of large and small subunits, is highly
conserved among the members, and the peripheral
unit and cellular localization mainly determine their
functions. It has been proposed that the physiological
function of the NAD + -reducing soluble [NiFe]hydrogenase (SH), a member of the group III [NiFe]hydrogenase, is the consumption of the excess
amount of reducing equivalents by coupling the
oxidation of NADH and the synthesis of H2 (Fig. 1(a))
[1]. While SH from some organisms contains auxiliary
subunit(s), the core of the enzyme complex is
conserved as a heterotetrameric complex consisting
of the diaphorase unit (HoxFU subcomplex) and
hydrogenase unit (HoxYH subcomplex). Amino
acid sequence analyses have indicated that the
four subunits are evolutionally related to those of
NADH:quinone oxidoreductase (complex I), which is
responsible for the first step of the respiratory chain
by coupling the oxidation of NADH and the reduction
of quinone species (Fig. 1(b)) [2]. As with complex I,
SH functions in organisms that grow under oxic
environments. It has been widely accepted that the
active sites of the hydrogenases are highly sensitive
to O2 and that some mechanism is required to protect
SH from O2 attack. In order to obtain insights into the
O2 protection mechanism and molecular evolutional
relationship between SH and complex I, we have
determined the X-ray crystal structures of SH [3].

(a) NADH

H2

(b)

NADH

+ NAD++ H+

+ NAD++ H+

+ 2H+

+ 2H+ + Q
QH2

Fig. 1. Physiological reactions catalyzed by
SH (a) and complex I (b). “Q” represents quinone
species. Homologous subunits are shown in the
same color. It has been proposed that complex I
mechanically couples the quinone reduction and
proton pumping, which is omitted in (b).
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SH was extracted and purified from Hydrogenophilus
thermoluteolus TH-1, a thermophilic H 2 -oxidizing
bacterium, without any genetic manipulation [4].
The purification and crystallization were performed
under aerobic conditions, and the crystals of the aspurified sample were termed the air-oxidized state
and those soaked in a buffer containing 1 mM benzyl
viologen (BV) and saturated H2 at 0.1 MPa for 24 h
at 293 K were termed the H2-reduced state. During
the soaking, the reduction of BV and the oxidation of
H2 by SH occurred, as indicated by the blue color of
the reduced BV around the crystals. X-ray diffraction
experiments were performed at SPring-8 beamlines
BL32XU, BL38B1, BL41XU, and BL44XU. The final
sets of data of the air-oxidized and H2 -reduced states
were collected at BL44XU. The initial phases were
calculated using single anomalous dispersion signals
from the intrinsic iron and nickel atoms in SH, and the
structure models for the air-oxidized and H2-reduced
states were refined to 2.58 and 2.70 Å resolution,
respectively.
The overall structure shows a heterotetrameric
architecture (Fig. 2(a)) consisting of the diaphorase
HoxFU (~ 90 kDa) and hydrogenase HoxHY (~73 kDa)
subcomplexes, sharing a shape-complementary
interaction with an interface area of 2084 Å2, which
shares 4.4% of the total surface of the heterotetramer.
As predicted from the amino acid sequence analyses
[2], each subunit has a structural similarity to that of
complex I. HoxF (residues 165–438), HoxU, HoxY,
and HoxH are superposed on Nqo1, Nqo3, Nqo6, and
Nqo4 of complex I from Thermus thermophilus HB8
(Tt-complex I) [5] with root mean square deviation
(r.m.s.d.) values of 1.6, 2.1, 2.6, and 2.3 Å for 256,
174, 83, and 228 Ca atoms, respectively. In addition,
the N-terminal part of HoxF (9–127) is superposed on
Nqo2 with an r.m.s.d. of 1.8 Å for 115 Ca residues,
revealing that HoxF has evolved as a fusion protein
of Nqo1 and Nqo2. In contrast to the structural
similarities between SH and complex I at the tertiary
structure level, the superposition of the tetrameric SH
complex on complex I requires a considerable rigid
body movement of either subcomplex (Figs. 2(a) and
2(b)). Superposition of the Nqo1 • 2 • 3 subcomplex
of Tt-complex I on the HoxFU subcomplex of SH
revealed that the species of Fe–S clusters and their
positions are highly conserved except for N1a [2Fe–
2S] and N7 [4Fe–4S] clusters, which are inherently
absent in SH and located at off-line positions of the
electron-transfer pathway in Tt -complex I, implying
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When the Y1 cluster maintains the oxidized [4Fe–4S]2+
state for a certain time period, the guanidinium group
of Arg58 moves away from the Fe–S cluster owing to
electrostatic repulsion. The displacement of Arg58 is
transferred to Glu32 via the hydrogen-bond network,
resulting in the coordination of Glu32 to Ni (Fig. 3).
The Ni–Fe active site in the air-oxidized form appears
to be highly resistant against O 2 attack because
of the formation of the six-coordinate Ni complex.
This finding suggests that the proximal Fe–S cluster
functions not only as a component of the electrontransfer pathway but also as an oxidative stress
sensor to protect the Ni–Fe active site from O2.

that SH has a minimum set of Fe–S clusters for
the electron transfer. The different orientations of
subcomplexes supports the hypothesis that the
hydrogenase and Nqo4•6 subcomplexes diverged at
some point of the molecular evolutional process and
independently acquired the diaphorase subcomplex,
which was assembled into each energy metabolism
machinery.
One of the most prominent structural differences
between air-oxidized and H 2 -reduced states was
observed at the Ni–Fe active site. The coordination
geometry of the Ni–Fe cluster of the air-oxidized state
with no precedent in nature showed that the carboxy
group of Glu32 binds six-coordinate Ni as a bidentate
ligand (Fig. 3), which is in contrast to the previously
reported Ni–Fe clusters consisting of five-coordinate
Ni without binding of the carboxy group. On the other
hand, the Ni–Fe active site of the H2 - reduced state
has a regular coordination geometry (Fig. 3). Electron
paramagnetic resonance spectroscopic analyses
detected signals of the oxidized state attributable
to Ni(III) that do not match those identified for the
oxidized states of [NiFe]-hydrogenases, implying
that the distinct configuration of the Ni–Fe active site
of the oxidized SH is not an artifact caused by the
crystallization or X-ray exposure during the diffraction
data collection. On the basis of the structure
comparison between the air-oxidized and H 2 reduced states, we assume that the redox-dependent
conformational change is induced by the reduction
and oxidation of the proximal Y1 [4Fe– 4S] cluster.

(a)

(b)

Fig. 3. Structure comparison of SH in the airoxidized and H2-reduced states. The air-oxidized
state is shown in the same colors as in Fig. 2,
and the H2-reduced state is shown in white. For
clarity, the Ni–Fe active site and Y1 cluster are
shown only for the air-oxidized state.
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Nqo9

HoxH

Nqo4

Nqo6

Fig. 2. Structure comparison of SH (a) and soluble
part of Tt-complex I (b). Surface representations of
the protein molecules and sphere/stick models of
the redox centers are shown. Homologous subunits
are represented in the same color. The Fe–S clusters
in red characters in (b) are not found in SH.

References
[1] K. Schneider et al.: Biochim. Biophys. Acta Enzymol. 452 (1976) 66.
[2] R. Böhm et al.: Mol. Microbiol. 4 (1990) 231.
[3] Y. Shomura, M. Taketa, H. Nakashima, H. Tai,
H. Nakagawa, Y. Ikeda, M. Ishii, Y. Igarashi, H.
Nishihara, K-S. Yoon, S. Ogo, S. Hirota, Y. Higuchi:
Science 357 (2017) 928.
[4] M. Taketa et al.: Acta Crystallog. Sect. F 71 (2015)
96.
[5] R. Baradaran et al.: Nature 494 (2013) 443.

27

Life Science

Research Frontiers 2017

Multi-wavelength anomalous diffraction de novo phasing
of serial femtosecond crystallography data
using two-color pulses at SACLA
Serial femtosecond crystallography (SFX) at XFELs
offers unprecedented possibilities for macromolecular
structure determination of systems prone to radiation
damage. However, de novo structure determination,
i.e. without prior structural knowledge, is complicated
by the inherent inaccuracy of SFX data. By its very
nature, SFX data collection entails shot-to-shot
fluctuations in X-ray wavelength and intensity as well
as variations in crystal size and quality that must be
averaged out. Hence, to obtain accurate diffraction
intensities for de novo phasing, very large numbers
of diffraction patterns are required ― the multiplicity
of measurements for a given reflection being typically
several 100- to 1000-fold depending on the phasing
method and signal strength ― and, concomitantly
large amounts of sample and long XFEL beamtimes.
Since both are typically precious and often limited,
improved use of one or both is essential to future
evolution of XFEL-based structural biology.
The recently established two-color operation
of SACLA [1] opened up a novel possibility of
collecting two SFX datasets simultaneously, without
doubling the amount of sample used. Due to the
unprecedentedly large energy separation of the two
tunable colors of the XFEL beam [1], two distinct
and spatially well separated diffraction patterns
can be recorded simultaneously on one diffraction
image of the same crystal. The simultaneous arrival
of the two XFEL pulses precludes damage effects
from the first pulse affecting the diffraction of the
second pulse. This allows simultaneous same-crystal
acquisition of two-wavelength datasets for multiple
wavelength anomalous dispersion (MAD) phasing.
(This is in marked contrast to data collection at
synchrotron sources where they are typically collected
sequentially.)
In principle, given the availability of more
information, MAD phase angles are expected to be
more accurate than those from single wavelength
anomalous dispersion (SAD) experiments. To explore
whether this can be put to use for XFEL-based de
novo phasing with the added benefit of halved sample
consumption and beamtime, we performed a twocolor SFX experiment at SACLA BL3. We used
microcrystals of the well-established model system
lysozyme, in complex with a lanthanide compound
and collected SFX diffraction data in the DAPHNIS
chamber using a multiport charge coupled device
(MPCCD) detector (see Fig. 1). SACLA operated at
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High viscosity jet
containing crystals
Interaction zone

Two-color
XFEL beam

Multiport CCD detector

Fig. 1. Two-color serial femtosecond crystallography
experiment. Experimental setup.

30 Hz and simultaneously delivered two-color X-ray
pulses of nominally 7.0 keV and 9.0 keV photon
energy, which are above the M- and L-edges of
gadolinium, respectively. We collected 570,000
diffraction patterns in ~12 hours. Online data analysis
was performed with CASS [2] and the Graphic User
Interface to the offline data processing pipeline
Cheetah Dispatcher was used to identify 208,373 hits
(37% hit rate). A wide range inline spectrometer was
used to simultaneously record the spectral information
for the 7 keV and 9 keV colors for each XFEL pulse.
The analysis of two-color SFX data is not straightforward. In fact, direct processing with CrystFEL [3]
was unsuccessful, since only a minute fraction of the
hits could be indexed in both colors. Despite aiming
for similar pulse energies for the two colors and
compensating for the difference in detector quantum
efficiency by inserting an aluminium filter, the intensity
distribution of the two patterns in the diffraction image
varied. One diffraction pattern typically dominated
and could be indexed in one color, but indexing of the
weaker second diffraction pattern in the other color
typically failed. To index the weaker diffraction pattern,
the threshold for identifying peaks had to be lowered
and the previously indexed peaks were eliminated
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from the list of all identified peaks. Using this approach
we successfully indexed and integrated 11.1 % of the
hits in both colors (Fig. 2). Phases were determined
automatically using data to 1.9 Å resolution (Fig. 3).
We deliberately used a model system with an
unusually strong anomalous signal. In spite of this
we see a significant increase in the data information
content of the two-color data used for MAD phasing,
as evidenced by the higher figure of merit indicating
more accurate initial phases, and easier model
building compared to the single color data SAD
phasing approach [4]. This difference is particularly
striking at 5000 images, which is a comparatively
low number for SFX data collection. Hence, these
diffraction intensities are of lower precision than
those derived from a larger number of images, as
evidenced by the data statistics. At 5000 images, the
first round of automated building essentially failed
in the SAD case, whereas in the MAD case most of
the structure was built. It has been suggested that
for suboptimal data, density modification might more
easily improve even inaccurate phases provided by
MAD, which are unimodal, rather than SAD phases
which are additionally compromised by a handedness
ambiguity. This could help explain the superiority of
the MAD phases during the later stages of structure
determination. We expect the difference between SAD
and MAD to be even larger for more challenging cases
with weaker anomalous signals.
In conclusion, we have demonstrated that XFELbased two-color phasing is not only feasible but also
advantageous [4,5]. Using a well-characterized model

system we show that significantly fewer indexed
patterns are required for de novo phasing using
two-color data compared to single color data. This
should reduce the requisite amounts of sample and
beamtime. We expect two-color data collection to be
particularly useful for difficult-to-phase projects where
it may make the crucial difference between being able
to solve the structure and not.

(a)

(b)

SHARP

wARP

Fig. 3. Progression of the MAD phasing process
with 5000 images. (a) Initial phases obtained
with SHARP. (b) Phases after automatic building
and -refinement by ARP/wARP. All maps are
contoured at 1 sigma and are superimposed onto
the final, refined structure (PDB code 5OER).
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Fig. 2. Indexing of the two-color diffraction patterns.
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A vagal reflex mediates the lung aeration-induced increase
in pulmonary blood flow at birth
At birth lung aeration not only allows pulmonary
gas exchange to commence, but also stimulates a
large increase in pulmonary blood flow (PBF) [1].
During fetal life, gas exchange occurs across the
placenta and PBF is low due to a high pulmonary
vascular resistance (PVR). Thus, PBF contributes
little to the blood supply (preload) for the left ventricle
in the fetus, whereas in the adult, PBF supplies 100%
of this preload. Instead, in the fetus, preload for the
left ventricle mostly comes from umbilical blood flow
[2,3]. Following birth, umbilical venous return is lost
with clamping of the umbilical cord and so PBF must
rapidly increase to facilitate pulmonary gas exchange
and supply preload for the left ventricle[2]. Thus, the
increase in PBF is critical for the transition to newborn
life and while it is clear that lung aeration is the trigger,
the mechanism by which lung aeration stimulates PBF
remains poorly understood.
Numerous factors are thought to contribute to
the increase in PBF at birth, which include increased
oxygenation, vasodilator release (e.g. nitric oxide
(NO)) and mechanical factors. Increased oxygenation
dilates pulmonary vessels through mediators such
as NO, whereas air entry into the lung causes
surface tension to develop at the air/liquid interface,
which increases lung recoil and causes peri-alveolar
capillaries to expand. Our recent studies have

Control

identified an additional, previously unrecognized,
factor that contributes to the increase in PBF at birth
[4,5]. These studies were conducted at SPring-8 using
simultaneous angiography and phase contrast (PC)
X-ray imaging and showed that partial lung aeration in
the both presence and absence of O2 increased PBF
equally in both aerated and non-aerated lung regions
[5]. These findings clearly demonstrated the existence
of a previously unrecognized mechanism that could
not be readily explained by any known mechanism [4].
As partial lung aeration triggers a global increase
in PBF, we considered that a neural reflex may be
responsible, which is triggered by the movement of
liquid out of the airways and into the surrounding
tissue during lung aeration. This is consistent with our
previous studies performed at SPring-8 showing that
during lung aeration liquid moves distally through the
airways and eventually across the distal airway wall
into lung tissue. It is also consistent with the finding
that vagal stimulation causes pulmonary vasodilation in
fetal sheep. In this study, we investigated the role of the
vagus nerve in mediating the increase in PBF at birth
using simultaneous PC X-ray imaging and angiography
in newborn rabbits (Fig. 1). We hypothesized that,
following partial lung aeration, vagotomy would disrupt
vasodilation in non-aerated lung regions regardless of
the O2 content of the inspired gas.

Vagotomy

NV

ULVair

Fig. 1. Representative PC X-ray angiography image sequences of vagotomized and control
newborn rabbits imaged prior to ventilation (NV) and following unilateral ventilation (ULV) of the
right lung with air (ULVair). Images were obtained 1–3 seconds following iodine bolus injection.
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These experiments were performed at SPring-8
BL20B2 in newborn rabbit kittens as previously
described [4,5]. Newborn kittens were either
vagotomized or sham operated prior to delivery
and then imaged at 20Hz. Image sequences were
acquired before lung aeration and following aeration
of a single lung ventilated with either 100% N 2
(0% O2), air (21% O2) or 100% O2 in different groups
of kittens (Fig. 1). Kittens were imaged again after the
ventilation gas was switched to air, then again after
ventilation commenced with both lungs [6]. In contrast
to sham operated kittens, PBF in vagotomized kittens
did not increase in response to unilateral ventilation
of the lung with both 100% N 2 and air (Fig. 2).
Interestingly, PBF was not reduced in vagotomized
320
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animals ventilated with 100% O 2 , demonstrating
the independent stimulatory effects of oxygen and
autonomic innervation to the increase in PBF at birth.
The PBF findings were consistent with the changes
in vessel diameter and PBF transit times measured
from the image sequences, demonstrating that the
increase in PBF was primarily due to downstream
vasodilation.
The results of this study confirm that partial lung
aeration induces a global increase in PBF across
the entire lung, which is mediated by a neural reflex
that signals via afferent nerve fibers that travel
within the vagal trunk. Activation of these fibers are
independent of oxygenation levels, which appears to
act predominantly in localized manner to increased
PBF only in affected tissues. While it remains unclear
how lung aeration activates these nerve fibers and
what receptors are involved, we speculate that the
response involves activation of the lung’s J-receptors.
That is, during lung aeration, the movement of liquid
out of the airways and into lung tissue causes lung
tissue edema, which is known to activate J-receptors
that signal via c-fibers within the vagal trunk. In
summary, PC imaging and angiography can be utilized
to demonstrate that partial lung aeration triggers a
global increase in PBF, that is mediated via the vagal
nerve. While this can lead to a potential mismatch
between pulmonary ventilation and perfusion, at birth
this is an advantage, not a disadvantage. That is, as
the increase in PBF at birth is not dependent upon
complete aeration of the lung, then the infant’s cardiac
output after birth (which depends on PBF for preload)
is also not dependent upon complete lung aeration.

UA2

ULVO2

A1

ULVair

A2

BLVair

Fig. 2. Mean (± SEM) relative PBF (% change/s)
levels in control (open symbols) and vagotomized
(closed symbols) kittens initially ventilated with either
100% N2 (squares; upper panel), air (triangles; middle
panel) or 100% O2 (circles; lower panel). Ventilation
periods shown are non-ventilated (NV), unilateral
ventilation (ULVN2/air/O2), unilateral ventilation with
air (ULVair) and bilateral ventilation with air (BLVair).
Lungs are either unaerated (UA) or aerated (A)
and ventilated first ( 1 ) or second ( 2 ). a: p < 0.05
compared to the same lung at NV. * : p < 0.05
control vs. vagotomy. Relative PBF was calculated by
determining the maximum % change gray value in the
main axial arteries divided by the arterial transit time.
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Imaging of Br-labeled fatty acids in mammalian cells
by scanning X-ray fluorescence microscopy
Fatty acids are taken up by cells and
incorporated into lipids such as neutral lipids and
glycerophospholipids (GPLs). GPLs are major
constituents of cellular membranes of the various
organelles, e.g. Golgi, ER, nucleus and lipid droplets
(Fig. 1). There are more than 1,000 molecular species
of GPLs having different polar head groups and fatty
acid compositions. Fatty acids are efficient energy
sources by themselves or components of cellular
membranes. Such versatile functions of fatty acids are
essential for cell survival, growth, and movement, and
are related to diseases. Fatty acids have been well
analyzed by mass spectrometry. However, intracellular
imaging of fatty acids and GPLs has not been
successful using conventional methods. Labeling
with large molecules as chromophore may interfere
with metabolism as a result of steric hindrance.
Isotope labeling of fatty acids in combination with
positron emission tomography and matrix-assisted
laser desorption ionization or desorption electrospray
ionization imaging mass spectrometry are inadequate
to determine the intracellular localization of fatty acids
owing to their low resolution ( > 5 mm). To overcome
this issue, we employed the single-element labeling of
fatty acids combined with scanning X-ray fluorescence
microscopy (SXFM, Fig. 2(b)) technology at SPring-8
BL29XUL, which enables the imaging of multiple
intracellular elements at the sub-organelle level by a
sub-100-nm X-ray beam focusing system [1-3].
We prepared Br-palmitic acid (PA) and Brstearic acid (SA), which possess Br at position
Δ12 (Fig. 2(a)). Cells were treated with Br-SA for
24 h and subjected to SXFM (Fig. 2(b)). The Br-SA

SXFM spectrum of cells showed that the Br X-ray
fluorescence lines with different electron shells (Br-Ka
and Br-Kb) increased in a manner dependent on the
Br-SA concentration, whereas the X-ray fluorescence
energies of the rest of the elements including zinc
(Zn) were relatively stable [4]. While untreated control
cells showed background Br signals owing to the use
of a serum-containing culture medium, Br-SA-treated
cells exhibited more than 10-fold higher Br contents,
which enabled mapping images ready for SXFM.
The concentration range of bromine according to
the results of SXFM was 0.0013 – 10 fg/mm2. Spectra
of Br-Ka and Zn-Ka were mainly used for mapping
images. Mapping data (500 nm/pixel) indicated that
Br signals were mostly detected in the perinuclear
region of the cytoplasm in both Br-fatty acid (FA)treated cells (Fig. 2(c)). The Br signals tended to
be clustered on one side of the nucleus (arrows).
In contrast, Zn signals were observed in the entire
cellular region but mainly were concentrated in the
nucleus, whereas the signals did not exceed the
background levels in ethanol (EtOH)-treated cells.
We observed cells for 72 h after Br-FAs addition.
The cell number increased logarithmically and Br
signals remained in the perinuclear region via three
passages. Analyses using inductively coupled plasma
mass spectrometry combined with column separation
suggested that Br-FAs were mainly metabolized into
GPLs in cells. Further liquid chromatography mass
spectrometry showed that Br-PA and Br-SA produced
different species of Br-labeled phosphatidylcholines,
one of the major components of GPLs [4]. These
data suggested that Br-FAs were metabolized in

Membrane
Fatty acids

Phosphate

Cell
Glycerophospholipids
(GPLs)

Lipid bilayer
Fig. 1. Schematic structures of saturated glycerophospholipids (GPLs) in
cells. GPLs are the most abundant lipid in the cellular membrane. Palmitic
acid and stearic acid used in this study are the components of GPLs.
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labeling combined with SXFM technology. The
application of this new technology to unsaturated fatty
acids will contribute to understanding of the dynamics
of eicosanoids or other polyunsaturated fatty acid
(PUFA)-derived lipid mediators in various fields of
physiology and pathology, including inflammation,
neurodegenerative diseases, and cardiovascular
diseases.

(a) Br palmitic acid (Br-PA) (Br-16:0)
Br
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HO
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O
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Br

HO
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BrKα

cells without alternation of cellular functions. Higherresolution imaging (250 nm/pixel) revealed spotlike Br
signals in the cytoplasm of cells, which were distinct
from the Zn signals (arrows, Fig. 3). The size of the
spotlike Br signals was < 1 mm in diameter and the
bromine signals were well co-localized with signals
by staining of endoplasmic reticulum (ER) marker dye
rather than mitochondrial one [4], which is consistent
with previous findings that GPLs are produced by
enzymes at ER.
In this study, we established a novel procedure
for the imaging of intracellular FAs by single-element
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Fig. 3. Higher-resolution X-ray fluorescence
images. Top, Br-PA. Bottom, surface plot
generated on the basis of the red area in the top
images. The yellow-framed area was measured at a
higher resolution. Red arrows, direction presented
in the surface plots; white arrows, spotlike Br
distribution. A brighter color indicates higher
signal intensity. Color bar, fg/μm2; bar, 10 μm.
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Fig. 2. X-ray fluorescence images of Br-labeled fatty
acids. (a, b) Schematic views of the Br-labeled fatty
acids and SXFM. (c) Zn- and Br-mapping images
of Br-SA-, Br-PA-, and EtOH-treated CHO-K1 cells
treated for 24 h. Arrows, clustered Br signals; BrKα and
Brkβ, bromine X-ray emission lines; DIC, differential
interference contrast image. A brighter color indicates
higher signal intensity. Color bar, fg/μm2; bar, 10 μm.
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Direct observation of molecular orbital distribution
by synchrotron X-ray diffraction
Molecular conductors exhibit various electronic
states upon a small change in external field because
the quantum parameters (transition integrals and
electronic correlation energies) of substances are
small and antagonistic. In order to understand
physical properties correctly, it is necessary to clarify
what type of interaction is cooperating/competing
in a system. For that, precise information of the
crystal structure and electron distribution state is
indispensable.
In the case of molecular crystals, the observation
of the molecular orbital distribution is considered to
be very important in providing guidelines for material
design. Today, quantum chemistry calculations
play a major role in molecular design owing to the
development of computational science. However,
in the case of molecular crystals, since the number
of constituent atoms is large and the number of
independent parameters becomes enormous,
it is difficult to experimentally obtain accurate
crystallographic information including the electronic
state.
The typical quasi-one-dimensional system
(TMTTF) 2 PF 6 consists of weak dimers of TMTTF
stacked in the a-axis direction (Fig. 1(a)) and exhibits
low-dimensional electronic properties and relatively
strong electron-electron correlations. This compound
shows a phase transition from the dimer-Mott phase

(a)

(b)

TMTTF:+0.5 tetramethyltetrathiafulvalene
PF6 : –1 octahedral anion

(d)

a
b

c

dimerization

to the charge ordering phase at approximately
67 K, which is called the mysterious “structureless
transition” because the structural parameters
are hardly affected by the transition [1]. Some
experiments have been performed in an attempt to
solve this mystery [2,3].
We first revealed the microstructural changes
accompanying the charge ordering of (TMTTF)2PF6
by careful analysis using a device at SPring-8
BL02B1, where it is possible to collect diffraction data
with high luminance and high resolution. Furthermore,
using this high-quality data, we showed that direct
observation of the molecular orbital distribution state
is possible by electron density analysis by the core
differential Fourier synthesis (CDFS) method [4].
Figure 1(d) shows the total electron density
distribution of a TMTTF molecule calculated by
a normal inverse Fourier transform of the high
resolution data obtained at BL02B1. Even if shortwavelength (~0.35 Å) X-ray diffraction data is used,
a marked truncation effect due to the inverse Fourier
transform appears around atoms, meaning that
atomic electron clouds cannot be identified.
Therefore, we used the CDFS method to separate
the information of the core electrons that do not
contribute to the bonding of atoms and the valence
electrons that form the frontier orbital. Figure 1(e)
shows the valence electron density distribution of a

H3C

S

S

CH3

H3C

S

S

CH3

TMTTF

0 e (Å3)

(c)
(e)

1.8 e (Å3)

Fig. 1. (a) Crystal structure of (TMTTF)2PF6. (b) Molecular structure of a TMTTF
molecule. (c) Molecular orbital obtained by quantum chemistry calculation of isolated
molecules. Molecular orbitals do not represent the electron density and are painted red and
blue depending on the sign of the quantum phase. The electron density of the square of the
absolute value of the orbital was experimentally observed. (d), (e) Total electron density
distribution and valence electron density distribution of a TMTTF molecule, respectively.
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TMTTF molecule obtained by the CDFS method. Both
the smooth electron density of the bonding orbital on
the C=C bond and the electron density node of the
anti-bonding orbital of the C–S bond (Figs. 1(b) and
1(c)) are clearly shown.
By comparing the valence electron number of the
two TMTTF molecules in the dimer obtained by the
CDFS analysis in the atomic basins calculated by
Bader’s topological analysis, the amount of charge
transfer was found to be d CO = 0.20e. We directly
revealed that the spatial charge ordering pattern

formed a two-dimensional Wigner crystal state from
the electron density distribution in the charge ordering
phase called the “structureless transition” (Fig. 2).
This CDFS method can be applied not only to
determine molecular orbitals in molecular crystals but
also to determine the localized d orbitals of transition
metals in inorganic crystals. By using the CDFS
method, it becomes possible to discuss the detailed
electronic state of a wider range of materials and to
provide information for the development of functional
materials.

a
b

c

Fig. 2. Charge ordering patterns of hole-rich (yellow) and hole-poor (green)
molecules, which indicate a two-dimensional Wigner crystal state. The region
surrounded by the dotted line shows a TMTTF molecule dimer.
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In situ observation of crystal structure dynamics in ferroelectric films
under application of an electric field
Ferroelectric materials have a switchable
spontaneous polarization and also have pyroelectric
and piezoelectric properties. Using such properties,
they have been widely applied to many electronic
devices, including sensors and actuators. Recently,
they have also been applied to energy harvesting
devices using mechanical vibration from an
environmental source. Therefore, they have become
one of the key materials for sensor network systems to
a sustain an aging society, for example, by monitoring
the movements of elderly people living alone.
Thin films of Pb(Zr 1−x Ti x )O 3 combined with a
microelectromechanical system (MEMS) have been
extensively studied for such applications because of
a superior piezoelectric and ferroelectric properties.
It has been pointed out that the electromechanical
response of Pb(Zr1−xTix)O3 under the application of an
electric field is not only simple lattice elongation (the
so-called intrinsic contribution of the piezoresponse)
(see Fig. 1(a)) but also includes extrinsic contributions,
which include the reorientation of the film as
shown in Fig. 1(b). For example, (100)-oriented
regions (a - domains) switch to (001)-oriented
regions (c-domains) in tetragonal Pb(Zr 1−x Ti x )O 3
films consisting of a mixture of the (100) and (001)
orientations. This extrinsic contribution is responsible
for more than 50% of the total piezoelectric response
and is required for the design of high-performance
piezoelectric devices for MEMS applications.
The dynamics of the crystal structure in
Pb(Zr 1−x Ti x )O 3 films while applying an electric field
have been measured by in situ X-ray diffraction (XRD)
measurement. However, it has not yet been clarified
how fast the reorientation proceeds. In particular,
the relationship between the lattice elongation

(a) Intrinsic
Contribution

Lattice Elongation

Ps

E

(b) Extrinsic
Contribution

Non 180° Domain Switching
Ex) 90° Domain Switching
(Tetragonal Symmetry)

E

Ps

Ps

Fig. 1. Schematic drawing of two contributions to
piezoelectric response in piezoelectric materials.
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Fig. 2. Schematic drawing of crystal structures
domain structures of (100)/(001)-oriented
epitaxial tetragonal Pb(Zr0.4Ti0.6)O3 films.

and geometrical domain structure deformation in
tetragonal Pb(Zr 1−x Ti x )O 3 thin films has not been
determined from the viewpoint of the response speed.
In our study, we investigated the change in the crystal
structure under the application of an electric field in
600-nm-thick (100)/(001)-oriented epitaxial tetragonal
Pb(Zr0.4Ti0.6)O3 films [1].
The investigated film samples consisted of a
combination of (100)-oriented domains (a-domains)
and (001)-oriented domains (c-domains), as shown
in Fig. 2(a), where the polar axis was perpendicular
and parallel to the substrate surface for the (001)- and
(100)-oriented domains, respectively. The average
lattice parameters and the domain structure of the
films under an electric field were measured using
a time-resolved in situ synchrotron XRD system at
SPring-8 BL13XU in conjunction with a high-speed
pulse generator.
Figure 3 shows the XRD patterns before and
under the application of an electric field. The 004
peak position of the (004) orientation shifts to a lower
2θ angle under the application of an electric field, as
shown in Fig. 3(a), which demonstrates the elongation
of the c-axis lattice parameter of the (100)-oriented
region. This corresponds to the intrinsic response
shown in Fig. 1(a). In contrast, the 400 peak shifts in
the opposite direction (to a higher angle) as shown
in Fig. 3(b), thus indicating a decrease in the a-axis
lattice parameter of the (100)-oriented region. In
addition to this change in the lattice parameters, the
amount of reorientation of the crystal structure from
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(100) to (001) was evaluated from the changes in the
400 and 004 diffraction peak intensities resulting from
the application of an electric field (see Fig. 3). These
changes also accompanied a tilt in the angles of the
(100)- and (001)-oriented regions from the substrate
surface normal direction as schematically illustrated by
the dashed line in Fig. 2(b).
Figure 4 shows the electric charge (Fig. 4(a))
and the lattice strains (Fig. 4(b)), the tilting angles
(Fig. 4(c)), and the peak intensity of each domain
(Fig. 4(d)) as a function of time. Figures 4(b), 4(c), and
4(d) suggest that the elastic deformation, tilting motion,
and ferroelastic domain switching were completed
within 40 ns. When the electric field was removed,
the tilt angles and intensities also returned to their
original values at zero field in less than 40 ns. These
data were acquired during the repeated application
of electric pulses of 800 ns duration, which confirm
that a ferroelastic reorientation is perfectly repeatable.
More importantly, all these changes (charging, lattice
strain, domain switching, and the change in the tilting
angle) occurred simultaneously without delay when
the electric field across the PZT film was changed.
This means that the 90° domain switching from the
(100) to (001) orientation can be exploited to enhance
the piezoresponse response time, even to within 10 ns
order. It should be noted that the response time in
this study is less than that previously reported [2,3]
for a sintered body, which is on the order of 100 ns.
Moreover, the reorientation of thin films does not suffer
from frequency dispersion, as seen in bulk ceramics,
where it becomes inactive within a short pulse time
of ns order. This observation proved that the (001)
orientation switches to the (100) orientation within
40 ns under a high-speed pulsed electric field. Our
direct observation of such high-speed switching paves
the way for the design of piezo-MEMS devices for
high-frequency operation.
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Fig. 4. (a) Electric charge, (b) lattice strains, (c) tilting
angles, and (d) peak intensities of PZT 004 and PZT 400
as a function of time during the application of a 200 ns
pulsed electric field with a magnitude of 170 kV/cm.

Hiroshi Funakubo a,b,c,*, Takao Shimizu b,c
and Osami Sakata a,b,d
Department of Innovative and Engineered Material,
Tokyo Institute of Technology
b
Materials Research Center for Element Strategy,
Tokyo Institute of Technology
c
School of Materials and Chemical Technology,
Tokyo Institute of Technology
d
Synchrotron X-ray Station at SPring-8 and Synchrotron
X-ray Group, National Institute for Materials Science (NIMS)

Intensity (arb. units)

a

(a) PZT 004

170 kV/cm
0 kV/cm E

(b) PZT 400
170 kV/cm
0 kV/cm

E

*Email: funakubo.h.aa@m.titech.ac.jp

57.2 57.4 57.6 57.8 58.0 58.2 60.4

2θ (degree)

60.6

60.8

61.0

2θ (degree)

Fig. 3. HRXRD 2θ scans of (a) PZT 004 and (b) PZT
400 measured under a 200 ns pulsed electric field with
amplitudes of 0 kV/cm (open squares) and 170 kV/cm
(filled circles) for the Pb(Zr0.4Ti0.6)O3 films.

61.2

References
[1] Y. Ehara, S. Yasui, T. Oikawa, T. Shiraishi, T. Shimizu,
Hi. Tanaka, N. Kanenko, R. Maran, T. Yamada, Y. Imai, O.
Sakata, N. Valanoor and H. Funakubo: Sci. Rep. 7 (2017)
9641.
[2] Y. Ehara et al.: Appl. Phys. Lett. 99 (2011) 182906.
[3] H.-H. Huang et al.: Adv. Mater. Interfaces 2 (2015)
1500075.
37

Physical Science

Research Frontiers 2017

Crystallization and vitrification of strongly correlated electrons
on a geometrically frustrated triangular lattice
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Figure 2(a) shows the charge-sensitive vibrational
mode n27 of the BEDT-TTF molecule. The n27 mode is
known as a local probe of the molecular charge and
splits into two modes in the presence of a difference
in charge between the A and B sites in the unit cell
(Figs. 1(b) and 1(c)). A clear peak around 1420 cm−1
is assigned to the charge-rich mode of n27 (Fig. 2(b)).
A sizable intensity was observed above Tm (Fig. 2(c)),
indicating the presence of charge disproportionation.
Because the A and B sites are crystallographically
equivalent above T m , the time-averaged charge
distribution above Tm should be +0.5 per BEDT-TTF
molecule (Fig. 1(b)). Therefore, the splitting of n 27
above Tm implies that charge disproportionation is not
static but dynamically fluctuates on a time scale slower
than that of the molecular vibrational n 27 motion.
Because the intensity of the charge-rich mode reflects
the volume of dynamically fluctuating charge clusters,
its increase with decreasing temperature suggests that
the heterogeneous slow dynamics grows towards the
charge-glass transition.
The present results, combined with the X-ray
structural analysis, revealed that the charge-glass
state of qm-TlZn is described by the superposition of
various chain-striped states as shown in Fig. 3(a). This
situation can be understood by an energy landscape
with multiple local minima, as illustrated in Fig. 3(b) —
that is, a metastable state with an amorphous stripeglass structure as proposed on the basis of recent
theoretical calculations [4].

(c)

Charge crystal
A
B'

104

Resistivity (Ωcm)

Glassy materials are ubiquitous in nature [1]. The
history of glassmaking traces back thousands of years
and sophisticated glass-forming technology has been
utilized by humans for centuries. Yet, the fundamental
understanding of glassy dynamics remains one of
the most important unresolved problems in both
physics and materials science. So far, from various
fields of condensed-matter physics, a rich variety of
glass-formation phenomena have been observed,
ranging from structural to spin, electric-dipole, and
superconducting vortex glasses. The dynamics and
mechanisms by which the materials acquire the glassy
state, however, have been a long-standing issue in both
theoretical and experimental physics. Here, we focus
on a unique glassy state of electrons in solids realized
in an organic molecular conductor, where the lack of
periodicity of the strongly correlated electrons on the
triangular lattice is caused by geometrical frustration
and strong quantum effects.
The quasi-two-dimensional organic compound
qm -(BEDT-TTF)2TlZn(SCN)4 studied here (henceforth
qm -TlZn) undergoes a charge ordering (CO) transition
at 170 K owing to strong electron correlations
(Fig. 1(a)), where the charge carriers on the BEDT-TTF
molecules are localized periodically with a diagonal
stripe pattern (Fig. 1(c)) [2]. Such a periodic CO
state can be regarded as a “charge-crystal” state. In
contrast, above the CO transition temperature, the
charge of +0.5 per BEDT-TTF molecule is distributed
uniformly in space; therefore, such a delocalized state
can be referred to as a “charge-liquid” state (Fig. 1(b)).
In qm-TlZn, when the sample is cooled faster than a
critical cooling rate (~50 K/min), charge crystallization
is kinetically avoided, leading to a “charge glass” state
where the charge is randomly quenched (Fig. 1(d)).
The mechanism of formation of the glassy electronic
state has been investigated experimentally and
theoretically in terms of the geometrically frustrated
triangular lattice, but still remains rather elusive [3,4].
To clarify the origin of charge-glass formation in
q m- T l Z n , w e u t i l i z e d v a r i o u s c o m p l e m e n t a r y
experimental techniques. Among them, infrared optical
spectroscopy has provided important information
on the local charge distribution on the BEDT-TTF
molecules at a microscopic level. The brilliance of
synchrotron radiation light at BL43IR in SPring-8 is
more than two orders of magnitude higher than that
of a laboratory light source, which enables accurate
optical measurements for tiny single crystals such as
organic compounds.
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Fig. 1. (a) Temperature dependence of the resistivity for θm-TlZn
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of (b) the charge-liquid state, (c) the charge-crystal state, and
(d) the charge-glass state in θm-TlZn. V1 and V2 are the nearestneighbor Coulomb interactions, where V2/V1 ~0.8.
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Fig. 2. (a) Sketch of the infrared active vibrational mode ν27 of the BEDT-TTF molecule. The charge-rich
and charge-poor modes are observed at 1420 cm–1 and 1515 cm–1, respectively. (b) Temperature dependence
of the ν27 mode of the charge-rich site measured during slow cooling (solid line) and slow heating after
rapid cooling (dashed line). (c) Temperature dependence of the intensity of ν27 of the charge-rich site.

Next we compared our organic molecular material
containing ‘frustrated’ electrons with the atomic/
molecular dynamics of glass formation in conventional
glass-forming liquids. We quantitatively evaluated
the CO volume fraction from the time evolution of the
resistivity during the charge crystallization process
from the supercooled charge-liquid or charge-glass
state. Figure 3(c) displays the contour map of the CO
fraction plotted in the time-temperature plane [a socalled time-temperature-transformation (TTT) diagram].
The relaxation time becomes faster with decreasing

+
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temperature, and then slower below ~160 K, which is
referred to as the “nose temperature”; this characteristic
temperature dependence of the relaxation time can be
explained by the theory of nucleation and growth at a
first-order liquid-crystal phase transition. Our observation
demonstrates that the crystallization process of electrons
in solids can be described by the nucleation and growth
process of a liquid, as observed in conventional glassforming liquids. The surprising similarities between our
system and conventional glass formers highlight the
universal nature of the liquid-glass transition.
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Fig. 3. (a) Schematics of various chain-striped CO patterns. The magenta circles represent the charge-rich sites.
(b) Illustration of an energy landscape with multiple local minima separated by barriers having an energy scale of the
hopping integral thopping and/or the long-range Coulomb interaction V. The horizontal axis represents the various spatial
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Kenichiro Hashimoto* and Takahiko Sasaki
Institute for Materials Research, Tohoku University
*Email: hashimoto@imr.tohoku.ac.jp

References
[1] P.G. Debenedetti and F.H. Stillinger: Nature 410 (2001)
259.
[2] S. Sasaki, K. Hashimoto, R. Kobayashi, K. Itoh, S. Iguchi,
Y. Nishio, Y. Ikemoto, T. Moriwaki, N. Yoneyama, M. Watanabe,
A. Ueda, H. Mori, K. Kobayashi, R. Kumai, Y. Murakami,
J. Müller and T. Sasaki: Science 357 (2017) 1381.
[3] F. Kagawa et al.: Nat. Phys. 9 (2013) 419.
[4] S. Mahmoudian et al.: Phys. Rev. Lett. 115 (2015) 025701.

39

Physical Science

Research Frontiers 2017

Probing the energy storage in Li ion batteries
with hard X-ray Compton scattering
A comprehensive quantum mechanical understanding
of the principles underlying rechargeable batteries is
still evolving after several decades of research. In this
connection, our recent work shows how X-ray Compton
scattering experiments can help unravel relationships
between useful battery characteristics and the nature
of the electronic orbitals involved in ion intercalation
reactions [1,2]. The discharge process in which positive
lithium ions intercalate or lithiate the cathode and drive
current in an external circuit lies at the heart of the Liion battery (LIB). The reverse reaction produces the
charging of the battery and involves delithiation of the
cathode material.
Compton scattering experiments using brilliant,
high-energy X-rays at SPring-8 BL08W, provide a
unique window for probing the electron momentum
distributions (EMDs) of the redox orbitals involved in
lithiation and delithiation processes. The measured
spectra can be compared with model Compton
profiles obtained from accurate electronic structure
calculations based on Density Functional Theory (DFT)
to extract redox wave functions associated with the
Li electron transfer process. Along similar lines, we
have previously investigated effects of doping in high
temperature superconductors [3].
In this study, we focused on lithium iron phosphate
(LFP) as an exemplar LIB cathode material. LFP was
proposed for use in rechargeable batteries by Padhi,
Nanjundaswamy and Goodenough about 20 years ago
[4] and commercial LFP batteries are available today.
The olivine crystal structure of LFP is composed of
perfect PO4 tetrahedra and distorted FeO6 octahedra as
shown in Fig. 1. The electronic and magnetic structure
of LFP is interesting as it displays antiferromagnetic
and insulating behavior. Moreover, delithiation of LFP is
a two-phase process that leads to microscopic phase
separation in equilibrium.

We have previously investigated LFP using X-ray
absorption spectroscopy (XAS) and parallel DFT
computations to monitor the evolution of the redox
orbitals under different lithiation levels [5]. In this way,
we identified spectroscopic signatures of the lithiation
process in LFP, and obtained information on phase
transformations, valence and spin states, and local
structural distortions. XAS, however, can only access
the energy dependencies of electronic states and the
associated spectral functions. Compton scattering,
in contrast, is capable of accessing the momentum
characteristics of the correlated ground state, which are
beyond the reach of XAS. In particular, the experimental
Compton profile is directly related to a two-dimensional
integral of the EMD. Since the EMD is given by an
energy integral of the spectral function over occupied
states, the spectral function and its momentum
dependence near the Fermi level can be obtained via
an energy derivative of the EMD. Compton scattering
technique thus enables unique insight into the evolution
of redox orbitals with lithiation and delithiation processes
in battery materials.
The EMD (integrated along the [100] direction)
of the orbital involved in lithium insertion in LFP is
shown in Fig. 2. This visualization can be used to gain
insight into voltage shifts in the LIB and how these
shifts are connected with the modification of the bond
between transition metal and oxygen atoms. For this
purpose, we introduce a ‘deformation profile,’ D(p),
which isolates the contribution to the Compton profile
from the effects of octahedral deformation, and reveals
losses in redox potential generated by the shrinking
of the FeO6 octahedron produced by the delithiation,
see Fig. 3 and discussion in Ref. [1]. Interestingly,
strains and octahedral distortions present in olivine
phosphate compounds in which some iron atoms are
substituted with other transition metals (Mn, Co and

LiFePO4

FePO4

a

a
b

c

b

c

Fig. 1. Crystal structure of LFP. Li (green) and O atoms (red) are shown. Phosphorus and
oxygen atoms form tetrahedral units, which link planes of corner-sharing FeO6 octahedra.
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Fig. 2. Difference of 2D electron momentum densities of LFP and FePO4.
Py and Pz axes are parallel to [010] and [001] direction, respectively.
White rectangular box marks the boundary of the first Brillouin zone.

Ni) could improve the limited energy density of the
pristine LFP and this trend can be monitored by using
the deformation profile D(p).
It is important to keep in mind that the energy
density in a lithium battery pack in an electric car is
about 0.4 MJ/liter, which is 100 times smaller than
that in gasoline. This large difference indicates that
there is much room for improving energy densities of

rechargeable battery materials and that further work
in this direction is needed. Since high-energy X-rays
can easily penetrate closed electrochemical cells,
Compton scattering experiments provide a unique
spectroscopic tool for monitoring changes in redox
orbitals during charging and discharging processes,
and thus facilitate the design and development of highperformance rechargeable batteries.

0.6
Rigid band model
Rigid octahedron model
Relaxed octahedron model
Distortion profile D(p)
Experiment

0.5
0.4

Δ J ( p)
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0.1
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0.0

1.0

2.0

3.0

p (a. u.)

4.0

5.0

6.0

Fig. 3. Compton profile difference ΔJ (p) = JLiFePO4 (p) – JFePO4 (p) for various models of LFP
introduced in Ref. 1, along with the corresponding experimental results. Deformation profile,
D(p), gives the contribution to the theoretical profile from effects of octahedral distortion.

Bernardo Barbiellini a,b,*, Arun Bansil a
and Yoshiharu Sakurai c
Department of Physics, Northeastern University
Lappeeranta University of Technology
c
Japan Synchrotron Radiation Research Institute (JASRI)
a

b

*Email: benardo.barbiellini@lut.fi

References
[1] H. Hafiz, K. Suzuki, B. Barbiellini, Y. Orikasa, V.
Callewaert, S. Kaprzyk, M. Itou, K. Yamamoto, R. Yamada,
Y. Uchimoto, Y. Sakurai, H. Sakurai and A. Bansil: Sci. Adv.
3 (2017) e1700971.
[2] K. Suzuki et al.: J. Appl. Phys. 119 (2016) 025103;
B. Barbiellini et al.: Appl. Phys. Lett. 109 (2016) 073102.
[3] Y. Sakurai et al.: Science 332 (2011) 698.
[4] A.K. Padhi et al.: J. Electrochem. Soc. 144 (1997) 1188.
[5] X. Liu et al.: J. Am. Chem. Soc. 134 (2012) 13708.

41

Physical Science

Research Frontiers 2017

X-ray magnetic circular dichroism spectroscopy
for voltage-controlled magnetic anisotropy
in FePt/MgO multilayer system
An electric field at a surface is known to exhibit
useful phenomena, such as the pinch-off phenomenon
in field-effect transistors and the induction of Mott
transitions, superconducting phases, ferromagnetic
phases, and magnetic anisotropy. All of these
phenomena are attributable to one or both of two
factors: electron accumulation or electric dipole
induction. In particular, electric-field control of magnetic
properties at room temperature has attracted much
attention because of its great potential for enabling the
construction of ultralow-power-consumption electric
devices. Voltage-controlled magnetic anisotropy
(VCMA) in Fe/MgO-based tunnel junctions [1] has
shown that the magnetization of nanomagnets can
be controlled in fast periods (down to 0.1 ns) by
electric fields, as indicated by bistable precessional
magnetization switching [2] and ferromagnetic
resonance excitation [3]. Because the microscopic
origin of VCMA should be purely electronic, the VCMA
effect can be an ultimate technology for the operation
of spintronics devices, such as nonvolatile random
access memory, where high-speed operation with high
writing endurance is indispensable.
In this research [4], we showed a mechanism to
enhance electronic VCMA proved by X-ray magnetic
circular dichroism (XMCD) spectroscopy at SPring-8
BL39XU and BL25SU beamlines. We prepared
monatomic layers of Pt at an Fe-MgO interface by
X-ray (Pt-L3, L2)
External voltage
1 mm

Cr 20 nm + Pd 10 nm
Fluorescence (Pt-Lα, Lβ )
silicon
drift
detector
fcc-MgO (0 0 1) 5 nm
+ polymide (1500 nm)

L10-FePt (0 0 1)

bcc-Cr (0 0 1) 20 nm + fcc-Pd (0 0 1) 50 nm
fcc-MgO (0 0 1) substrate

Bottom electrode Pd
2 nm

Fig. 1. Schematic of sample structure
and experimental design.
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2
ΔE ≅ λ' ( ΔmL,↓– ΔmL,↑ ) – 21 λ' Δ mT
4μB
2μ B Eex

L10-FePt

(1)

^
^
Δm L,s (= mL,s – m L,s) and ΔmT (= mT – m T) express the
changes in the orbital magnetic moment and the
magnetic dipole moment between the perpendicularly
(^) and in-plane (//) magnetized electronic states,
respectively. Here ΔmL,↓(↑) expresses the contribution
from the minority (majority) spin band. The measured
^(//)
^(//)
+ ΔmL,↑
.
orbital magnetic moment equals mL^(//) = ΔmL,↓
In this case, λ ʹ is the effective spin-orbit interaction
coefficient in the d-band.
//

Dielectric layer (MgO)

Pt: 1 atomic layer
Fe: 1 atomic layer
Pt: 1 atomic layer
Fe: 1 atomic layer

molecular-beam epitaxy in an ultrahigh vacuum
as shown in Fig. 1. Since the Pt atoms have a
considerable amount of spin polarization because
of their hybridization with Fe and large spin-orbit
interactions, the influence of the modified electron
orbitals of Pt on the level of magnetocrystalline
anisotropy energy (MAE) should be significant.
An L1 0 -FePt/MgO system was prepared to
conduct XMCD spectroscopy as shown in Fig. 1.
X-ray absorption spectroscopy (XAS) and its XMCD
spectra were recorded in situ at the Pt L 3 and L 2
edges by detecting the X-ray fluorescence yields. In
this configuration, positive external voltages induce
electron accumulation at the Pt-MgO interface.
As shown in Fig. 2, a clear VCMA effect, that is, a
change in the magnetization hysteresis curve, was
observed. Then, conventional sum-rule analysis can
characterize the magnetic moments from XAS/XMCD
spectra at the Pt absorption edge. The results confirm
clear external voltage induction of the effective spin
magnetic moment m S −7m T and an increase in the
number of hole in Pt. While voltage application does
not contribute a significant difference to the orbital
magnetic moment m L, the effective spin magnetic
moment increased by 13%, and the hole number of Pt
in the 5d-orbital increased by 0.019 when the external
voltage was switched from positive to negative. From
the magnetization angle dependence, we conclude
that the voltage-induced changes in the effective spin
magnetic moment originate from voltage-induced
changes in the magnetic dipole Tz term m T in the Pt
atom, which has been revealed by high-precision
XAS/XMCD measurements in SPring-8.
Equation 1 shows the perpendicular MAE (DE )
when the spin-orbit interaction is treated in the second
order [5] to discuss the MAE.

//

XMCD at Pt-L3 Edge (arb. unit)
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Fig. 2. Voltage-controlled magnetic
anisotropy in FePt/MgO multilayer.

The first term is the MAE related to the orbital
magnetic moment. When the majority spin band is full,
^(//)
mL,↑
can be neglected. Then, the perpendicular MAE
is proportional to the measured changes in the orbital
magnetic moment; this relation is known as Bruno’s
model. This mechanism originates from the charge
doping inducing anisotropy in the orbital magnetic
^(//)
cannot
moment as shown in Fig. 3(a). Note that mL,↑
be neglected in the case of Pt because of the small
size of the exchange splitting.

The second term represents the perpendicular
MAE related to the changes in the magnetic dipole
Tz term m T. It accounts for the spin-flip excitations
between the exchange-split (Eex) majority and minority
spin bands. Because an electric field applied to a
metal/dielectric is inhomogeneous because of the
strong electrostatic screening effect in metals, such
an electric field, including higher-order quadratic
components, can couple with the electric quadrupole
correlated to the magnetic dipole Tz term. The induced
energy splitting of each orbital changes the MAE
through spin-flip excitation, as shown by the second
term in Eq. 1 and in Fig. 3(b).
From our first-principles study, the VCMA effect
in the FePt/MgO system mainly originates from
the second term in Eq. 1 for the Pt atom, which
corresponds to the experimentally observed changes
in the magnetic dipole Tz term m T. However, in our
FePt/MgO system, the VCMAs from the orbital
magnetic moment and the electric quadrupole partially
cancel one another. It should be noted that the VCMA
from the electric quadrupole mechanism is larger
than that of the orbital magnetic moment. However,
the total VCMA is only 9% of the VCMA from the
electric quadrupole mechanism. If a material with both
VCMAs having the same polarity is to be designed,
an electronic VCMA larger by more than a factor of 10
would be feasible [4,5].
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Gigantic spin waves induced by ultrashort laser pulses

Precession Damping
Factor

Recently, spintronics, a field of electronic engineering
utilizing the degrees of freedom of both electrons
and spins of materials, has been actively studied. In
particular, its application to information transmission
techniques that use spin waves is highly expected.
In this study, we discovered remarkable spin
waves with more than ten times the amplitude of those
previously reported. This was realized by temporally
and spatially observing the behavior of spins in a
ferrimagnetic Gd–Fe–Co thin film immediately after
the irradiation of ultrashort laser pulses [1].
Usually, spin directions can be switched by
applying magnetic fields or electric pulses. Likewise,
spin waves can be generated by applying radiofrequency magnetic or electric fields. In this study,
however, we applied a recently developed method to
manipulate spins by using ultrafast laser pulses (pulse
width: ~100 fs). Because light-induced spin wave
generation is theoretically a nonthermal process, it
may lead to the development of new electronic devices
with lower power consumption. Conversely, the
discovery of new magnetization control methods, for
example, spin manipulation using spin-lattice coupling,
is also expected by making use of thermal activation
by laser beams.
To effectively control spin directions, ferrimagnetic
Gd–Fe–Co alloy films are used as materials because
of their strong magneto-optical interaction. Gd–
Fe–Co alloys have different angular-momentum
compensation temperatures (TA) depending on their
composition. In addition, it is known that anomalously
strong precession damping takes place at T A .

Laser

(a)

Gd26Fe66Co8

(b)

Gd22Fe70Co8

Temperature

heating

RT

RT

Therefore, as shown in Fig. 1, light-induced spin
dynamics depends on the ambient temperature of the
sample relative to its TA; when TA is below or above
the experimental temperature, we expect prolonged
magnetization precession and rapid magnetization
reversal, respectively [2].
Experiments were performed at SPring-8
BL25SU soft X-ray beamline [3] by visualization of
the X-ray magnetic circular dichroism effect using a
photoemission electron microscope (XMCD-PEEM)
combined with a pump-probe technique [4]. Figures
2(a) and 2(b) show time-dependent XMCD-PEEM
images of Gd26Fe66Co8 and Gd22Fe70Co8 thin films,
respectively. In the Gd26Fe66Co8 sample (Fig. 2(a)),
the magnetization mostly settled to its final state
approximately 1 ns after the excitation. However, in the
Gd22Fe70Co8 sample (Fig. 2(b)), a packet of wavelike
spin modulation propagated isotropically along the
radial direction from 800 ps to 5 ns post-irradiation.
Precise analysis of the modulation of the XMCD
signals revealed that precession angle of the spin
waves was extremely large, approximately 20° (±10°)
(Fig. 2(c)). Taking into account the temporal resolution
of the present study, the actual precession angle may
be approximately double this value up to ~40° (±20°).
This value is orders of magnitude higher than that ever
observed in spin waves generated by either electric
fields or optical excitation, where precession angles
are typically in the range of ~0.1–1°.
We proved by some other simulations and
comparative experiments that this unusual phenomenon
is triggered by resonant magnetization precession as

Strongly damped
quick magnetization reversal

Slow magnetization reversal
with enhanced precession

TA
Fig. 1. Schematic of magnetization reversals induced by laser pulses of Gd–Fe–Co thin
films. When the Gd content is 26% (Gd26Fe66Co8, TA > RT), smooth spin reversal with
strong damping is expected. When the Gd content is 22% (Gd22Fe70Co8, TA< RT), the
sample temperature does not intercept TA and long-lasting spin precession is expected.
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explained in Fig. 1(b). However, nonzero propagation
momentum (traveling of the wavefronts) is likely
produced by extrinsic factors such as lateral shifting
of the precession phase due to a laser-induced radial
heat gradient, considering (i) the large wavelength
(on the order of 10 mm), which cannot be explained
by intrinsic magnons generated in metallic systems,
(ii) the limitation of the observed modulation to the
irradiated spot, and (iii) the contraction and inward
movement of the wavefronts toward the center of
the spot (note that backward-volume magnetostatic
waves are ruled out by the experimental geometry,
which directs the magnetization perpendicular to the
propagation direction of the waves). Nevertheless,
we believe that the present observation provides a
new point of view regarding how to generate spin
waves. Considering that this phenomenon occurs as
a consequence of a mixture of spin precession and
heat excitation, experimental and theoretical searches
for the possibility of spin-phonon coupling may also be
worthwhile.
In fact, the Gd–Fe–Co system has previously

<0 ps

Gd26Fe66Co8 (TA > RT)
100 ps

150 ps

300 ps

Magnetization

Down

Up

100 μm
500 ps

(b)
<0 ps

800 ps

1000 ps

2000 ps

Gd22Fe70Co8 (TA < RT)
100 ps

150 ps

300 ps

500 ps

800 ps

1000 ps

2000 ps

3000 ps

4000 ps

5000 ps

10000 ps

Down

(c)
Magnetization
(arb. unit)

(a)

been regarded as a good candidate capable of
“ultrafast spin switching” (Fig. 1(a)), in other words, a
“low” TA condition (Fig. 1(b)) has been thought to be
unfavorable for this purpose. In this study, however,
we unexpectedly discovered a completely new
functionality in Gd–Fe–Co ferrimagnets, giant spin
waves, under this condition. Discoveries of highly
pronounced novel phenomena sometimes accelerate
the development of practical devices. For example,
the giant magnetoresistance (GMR) effect was first
reported as a tiny effect. Meanwhile, a phenomenon
with the same mechanism was found by another
research group at nearly the same time but the
magnetoresistance ratio was approximately ten times
larger than that observed by the other group [5]. The
series of discoveries attracted much attention, leading
to the development of GMR recording heads as well
as the exponential improvement of recording density.
We believe that the gigantic spin waves introduced
here can serve as a trigger for the development of
high-speed on-chip magnetic signal processing and
control in spin-electronics applications.

Magnetization

A
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Fig. 2. Time-dependent magnetic images of the (a) Gd26Fe66Co8 and (b) Gd22Fe70Co8 samples.
In the Gd26Fe66Co8 sample, clear spin reversal is observed. However, in the Gd22Fe70Co8
sample, wavelike magnetization modulation propagated isotropically along the radial direction.
(c) Spin distribution of the Gd22Fe70Co8 sample 1500 ps after the laser pulse duration. A line
profile of the magnetization distribution (main graph), an XMCD-PEEM image snapshot (inset
image), and the calculated distribution of spin directions (lower drawings) are shown. One can
see propagating spin waves whose precession angle is in the range of 20° (±10°).
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Hydride complex with ninefold H-coordination
Hydrogen, although being the simplest element,
exhibits an exceptionally rich chemistry, forming
various types of chemical bonds in materials. The
chemical flexibility is a source of many interesting
properties of hydrides, such as hydrogen storage, fast
ionic conductivity, magnetism, and the metal–insulator
transition [1]. In particular, the recent discovery of the
superconductivity at 203 K in the sulfur hydride system
[2] has spurred tremendous research activity toward
the exploration of hydrogen-rich materials.
Complex transition-metal hydrides represent a
class of hydrogen-rich materials, wherein a number
of H atoms covalently bind to the transition metals
to form a varied set of homoleptic transition-metal
hydride complexes with a remarkably rich variety of H
coordination modes. These complexes are stabilized
by charge transfer from electropositive counterions,
such as alkali and alkaline earth metals, to form
insulating hydrides [1]. In general, the H-coordination
number increases from right to left along a given period
of the periodic table because of the trend of increasing
atomic size, which allows more hydrogen binding. At
the same time, despite research spanning the past
several decades, the elements capable of forming
hydride complexes had been thought to be limited to
those in Groups 7–12 [3]. This limitation had precluded
the further discovery of hydride complexes with higher
H-coordination numbers; however, the recent highpressure and high-temperature technique overcame
this limitation, and we successfully synthesized the
novel hydrogen-rich material Mg 3CrH 8 as the first
Group 6 hydride complex [CrH 7] 5− [4]. The results
strongly indicate that there is no a priori reason for
the limitation and pave the way for the discovery
of hydride complexes with higher H-coordination
comprising unexplored elements to the left of Group 7,
as illustrated in Fig. 1.
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Fig. 1. Strategy for obtaining hydride
complexes with high H-coordination.

46

On the basis of the above strategy, we examined the
formation of novel transition-metal hydride complexes
of the Group 6 element Mo [5]. Lithium was selected
as a counterion because of its low electronegativity,
which is expected to thermodynamically stabilize the
complex hydride phases. Our density functional theory
(DFT) calculations predicted that tricapped trigonal
prismatic H-coordination (Fig. 1) allows the formation
of strong s-bonds between Mo and H, thus enabling
the formation of the novel hydride complex [MoH9]3−
with ninefold H-coordination in Li5MoH11. Subsequently,
the optimized synthesis conditions were effectively
determined by in situ synchrotron radiation X-ray
diffraction measurements using a cubic-type multianvil
press installed at SPring-8 BL14B1. The crystal
structure of the synthesized sample was investigated
using a combined experimental and ab initio approach.
Figures 2(a) and 2(b) illustrate the DFT groundstate structure of Li5MoH11. The nine H atoms (H1)
form a tricapped trigonal prism around the Mo atoms
located at the (0, 0, 0) and (0, 0, 1/2) coordinates of
the hexagonal lattice, and two isolated H atoms (H2)
are located at the approximate centers of the trigonal
prisms formed by the six Mo atoms. The four Li atoms
coordinate to the H2 atoms, forming a two-dimensional
network of corner-sharing tetrahedra between the
layers of MoH9 units.
Figure 2(c) shows the neutron diffraction (ND)
profile of a sample obtained by the hydrogenation of a
powder mixture of LiD and Mo at 5 GPa and 973 K for
48 h (open circles). We performed Rietveld refinement
on the profile (black line in Fig. 2(d)) and obtained the
P6cc structure (No. 184) of Li5MoD11 with nine D atoms
statistically distributed around the Mo atom, as depicted
in Fig. 2(e). The statistical distribution is reasonably
well reproduced by first-principles molecular dynamics
(FPMD) calculations at 298 K, wherein the nine H1
atoms significantly rotate around the Mo atoms,
generating a spherical shell-like distribution (Fig. 2(f)),
as observed by the comparison of the simulated profile
obtained from the FPMD trajectory (red line in Fig. 2(e))
with the Rietveld refinement fit. From these results,
we concluded that the novel complex transition-metal
hydride Li5MoH11 containing the first reported ninefold
H-coordination Group 6 hydride complex [MoH9]3− was
successfully synthesized.
Qualitatively, the electronic structures of complex
transition-metal hydrides can be viewed as consisting
of low-lying H 1s- and high-lying transition-metal (T )
spd-derived states (Fig. 3). The ligand field induced
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Fig. 2. DFT ground-state structure of (a) Li5MoH11/Li5WH11 and (b) Li6NbH11/Li6TaH11. (c) Experimental
ND profile of Li5MoD11 measured at room temperature. The positions of Bragg reflections (tick marks) are
shown for Li5MoD11 (top), LiD (second), Mo (third), LiOD (third from bottom), Li2O (second from bottom),
and the unknown phase (bottom). (d) Rietveld fit of experimental profile (black line) and simulated profile
obtained from FPMD trajectory at 298 K (red line). (e) Crystal structure of Li5MoD11 determined by Rietveld
analysis. (f) Time-averaged atomic-density profile obtained from the FPMD trajectory of H atoms at 298 K.

by the H-coordination divides the T spd states into
nonbonding and antibonding states, and EF normally
falls in the ligand-field gap in order to accommodate
the so-called 18-electron rule. The most striking point
here is that the contribution from the H 1s-derived
states in the valence bands increases with an
increasing H-coordination number, reaching E F at
ninefold coordination. Such hydrogen-rich materials
are very rare among solid-state hydrides containing
transition metals and might be of interest in terms of
high-Tc superconductivity if the band gaps close under
compression.

In addition to the above electronic feature, Li5MoH11
has a characteristic phonon property such that the
ninefold hydride complexes exhibit significant rotational
motion even at room temperature, as demonstrated
by our FPMD calculations. This type of motion has
never been observed in complex transition-metal
hydrides, but has often been discussed in relation
to the occurrence of fast ion conduction in alkali
metal closo-polyborane salts. Although we observed
no obvious translational diffusion of Li + ions in our
FPMD calculations because of the limited simulation
time (12 ps) and the unit cell size (136 atoms), the
significant rotational motion of [MoH 9 ] 3− ions, as
observed in Fig. 2(f), suggests the potential for fast
lithium ion conduction even at room temperature.

9-fold
7-fold

6-fold

T spd - derived states
Tp
Ts
Td

EF
H 1s
H 1s - derived states

Fig. 3. Strategy for obtaining complex transitionmetal hydrides with H 1s-derived states reaching the
Fermi level (E F ). The electronic structures roughly
comprise low-lying H 1s- and high-lying T spd-derived
states. The contribution from H 1s-derived states to the
valence bands increases with increasing H-coordination
number and reaches EF at ninefold H-coordination.

Shigeyuki Takagi
Institute for Materials Research, Tohoku University
Email: shigeyuki.takagi@imr.tohoku.ac.jp
References
[1] S. Takagi and S. Orimo: Scripta Mater. 109 (2015) 1.
[2] A.P. Drozdov et al.: Nature 525 (2015) 73.
[3] K. Yvon: Chimia 52 (1998) 613.
[4] S. Takagi et al.: Angew. Chem. Int. Ed. 54 (2015) 5650.
[5] S. Takagi, Y. Iijima, T. Sato, H. Saitoh, K. Ikeda,
T. Otomo, K. Miwa, T. Ikeshoji and S. Orimo: Sci. Rep. 7
(2017) 44253.

47

Physical Science

Research Frontiers 2017

Charge transfer to ground-state ions in Ne-Kr
mixed clusters producing slow electrons
When X-rays irradiate a light atom, an inner-shell
electron is ejected, followed by the emission of one
or several Auger electrons of relatively high energy
(> 200 eV). When X-rays irradiate condensed matter,
however, the majority of emitted electrons have
low kinetic energy (< 20 eV). These slow electrons
are traditionally believed to be secondary electrons
produced via inelastic scattering of a photoelectron
or Auger electrons at the surroundings atoms. In a
biological system, a high potency for genotoxic effects
has been assigned to these slow electrons [1].
About 20 years ago, new pathways were proposed
to produce slow electrons in a loosely bound system.
If an ion in the excited state is included in such a
system, it may relax to the ground state, emitting
an electron from a neighbor. This process is called
interatomic/intermolecular Coulombic decay (ICD)
[2]. Alternatively, an electron may be transferred
from a neighbor to the ion, accompanied by electron
emission from another neighbor. This process is
called electron-transfer-mediated decay (ETMD)
[3]. ETMD has been considered as a minor decay
channel since it cannot compete with ICD [3]. It can,
however, become a dominant relaxation pathway for
configurations in which ICD is energetically forbidden.
As an example, Stumpf et al. presented ab initio
calculations for a NeKrKr trimer [4] and showed that
ETMD takes place between Ne dications in their
ground state and the Kr neighbors (Fig. 1). In this
study, we report the experimental identification of this
process using Ne-Kr mixed clusters [5].

Soft X-ray
4p

Photoelectron

1s

Auger electron

4p

2p
Kr

The experiment was carried out at SPring-8
BL17SU. The photon energies were set to 878 eV and
888 eV, corresponding to 8 eV and 18 eV above the
Ne 1s ionization threshold of 870 eV, respectively. A
Ne-Kr mixed cluster beam was prepared by expanding
a mixed gas through an 80 mm nozzle at a stagnation
pressure of 0.6 MPa. The molar mixing ratio of Ne:Kr
was 60:1. The temperature of the nozzle was 160 K.
The resulting Ne:Kr ratio in the clusters estimated
from the experiment was 4:1.
To measure ions and electrons originating from a
cluster after a series of events, we used an electronion three-dimensional momentum coincidence
spectrometer. The spectrometer consisted of two timeof-flight (TOF) spectrometers equipped with delayline-type position-sensitive detectors. One of them
detected ions and the other detected electrons. They
faced each other with the crossing point of the X-rays
and cluster beams between them. Knowledge of the
position and arrival time at the detectors allowed us
to extract information about the three-dimensional
momentum of each particle.
We expected the production of three singly
charged ions (one Ne ion and two Kr ions) and
three electrons (photoelectron, Auger electron, and
ETMD electron). To search for the target processes,
we selected only the events in which we measured
these three ions, and identified the photo- and ETMD
electrons from electron spectra in coincidence with
the events.
Figure 2 shows the TOF spectra of ions. Different
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Kr

step 1: Photoionization

Kr

Ne

Kr

step 2: Auger Decay

ETMD electron
Kr
Kr

Ne

step 3: ETMD

Kr

Ne
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Fig. 1. Schematics of process investigated. First step (photoionization): an ionizing X-ray photon
ejects a Ne 1s electron (photoelectron) from a Ne atom in a Ne-Kr mixed cluster. Second step (Auger
effect): Auger decay of the resulting Ne ion leads to a dication with two holes in the valence shell
and an ejected electron (Auger electron). Third step (ETMD): one of the electrons of a neighboring
Kr atom fills one of the Ne valence holes, and one of the valence electrons of another Kr atom
is ejected (ETMD electron). Fourth step (Coulomb explosion): the cluster explodes by Coulomb
repulsive forces, and releases one singly charged Ne ion and two singly charged Kr ions. Filled blue
discs indicate active electrons, and the positive charges are indicated by empty blue circles. [5]
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Ion Yield (counts)

Ne2+

interaction with energetic particles in a broad range
of weakly bonded systems, for example, aqueous
solutions. We show that non-local autoionization may
occur even from states with no or a small amount of
electronic excitation energy. Taking these processes
into account is very important for understanding the
chemical effect of radiation on a microscopic level.
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Fig. 2. TOF spectra of ions released from Ne-Kr
mixed clusters showing results filtered for events in
which three ions were detected in coincidence. The
photon energy used was 888 eV. (a) TOF of the first
ion arriving at the detector. The region surrounded
by a dashed line was used to select events for a Ne
monocation. (b) TOFs of the second ion versus the third
ion detected in coincidence with the Ne ion as the first
ion. The region surrounded by a dashed line was used
to select events in which two Kr monocations were
detected. The scale bar indicates counts. [5]

mass-to-charge ratios give rise to peaks at different
TOF values. The initial velocities of ions broaden
the peaks. We expected Ne and Kr monocations to
appear around 3.2 ms and 6.5 ms, respectively, and
selected only events in which we detected the target
three ions.
Figure 3 shows the electron kinetic energy spectra.
The regions around 8 eV and 18 eV in Fig. 3(a)
correspond to Ne 1s photoelectrons. These regions
provide evidence that the ion triples are indeed
produced after Ne 1s photoionization. In addition to
the photoelectrons, significantly enhanced intensity is
seen around 0–5 eV. After subtracting the contributions
from photoelectrons (Fig. 3(b)), we can more clearly
see that the same low-energy component appears at
both photon energies. The intensity of the 0 – 11 eV
electrons, which is the energy corresponding to
ETMD, is around 70% of that of the photoelectrons.
This implies that a slow electron is almost always
emitted from the cluster when a Ne 1s photoionization
event occurs at the Ne-Kr interface.
Our results apply to relaxation pathways after
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Fig. 3. Electron spectra in coincidence with the
target ions. (a) Kinetic energy of electrons detected
in coincidence with the ion triple. The two Gaussian
functions fitted to the photoelectron peaks are
also shown as yellow regions. (b) The same as (a)
subtracting the contributions from photoelectrons,
fitted by two Gaussian functions. The error bars in
(a) and (b) are defined as standard deviations. [5]
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Multi-photon superradiance from a nuclear ensemble
This enhanced decay rate, relative to the one-photon
response, is what we investigated.
Nuclear resonant scattering of synchrotron
radiation [2] offers a body of techniques that can
be used to investigate the change in lifetime of a
collection of oscillators. Indeed, it has been well
demonstrated that the time response of a collection of
nuclei after single photon excitation is rather different
than that of isolated nuclear decay, with, in many
cases a faster response, often called “speed-up”, that
is found to be in excellent agreement with calculations.
But the dependence on the number of photons, nγ
in the system, has not been investigated. Here,
unfortunately, synchrotron based experiments are not
much help, as the number of photons per pulse in the
nuclear resonance bandwidth is only extremely rarely
larger than 1.
The SACLA Free Electron Laser provides pulses
with enough intensity so that one can begin to
investigate the nuclear multi-photon response, at
least for small numbers (<100) of photons/pulse. In
particular, we performed the first nuclear scattering
experiment at a Free Electron Laser beamline SACLA
BL3 to investigate the multi-photon aspect of the
response [3]. The setup, Fig. 1, used the pure nuclear
(111) reflection in a highly enriched perfect crystal
of iron borate, 57FeBO 3, to select only the nuclear
scattered radiation from the beam. A typical scope
trace of one of the stack of 4 APD detectors, showing
18 photons detected after a single pulse is given in

Understanding the response of large collections of
atoms to external stimuli, based on the response of a
single atom, is one of the interesting and fundamental
problems in physics. One class of such problems
is the decay of two-level atoms. An early, and now
famous, treatment of this was Dicke's theory of
superradiance [1]. He showed that the decay time of
a collection of two-level atoms was strongly affected
both by the number of atoms and the number of
photons in the system. Specifically, for the case when
all the atoms are very close to each-other, he showed
that a system of na atoms or nuclei of which nγ are
excited, decays at an enhanced rate given by

(

)

I = n n 1– nγ –1 ≈ n n
γ a
γ a
na
I0
where I/I 0 is the rate relative to the decay rate,
I 0, of single atom or nucleus in isolation, and the
approximate equality holds for small numbers of
photons, nγ = na. More generally [1] the response to
pulse excitation of a (slightly) extended collection of
oscillators behaved similarly, with I/I0 ≈ nγ na (again
nγ = na) with, now, na replaced by a geometric factor
that scales as a phased sum over atom positions. In
both cases, the enhanced decay rate relative to the
single photon case for the system, I1, by a factor

(

)

I = n 1– nγ –1 ≈ n
γ
γ
na
I1
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Fig. 1. (a) Experimental setup showing optical components, the sample, and beam
intensity monitors (bm) and (b) scope trace of the response of the first diode after a pulse.
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Fig. 1, confirming the multi-photon response. Figure 2
then shows an enhanced decay rate for the first
photon observed as the number of detected photons
increase, with the rate plotted in detail in the lower
panel. One finds reasonably good agreement with the
linear dependence expected from [1].
It turns out that the enhanced decay rate with
increasing photon number is well explained by a
statistical model, something that is not obvious from
Dicke's treatment. Very simply, if one considers the
probability distribution for the emission of a photon
after the pulse to be given, in a small photon number
limit, by f(t), and then one considers a large number
of photons placed into that distribution, then rather
naturally, the time to the first photon is reduced, so
the observed initial decay rate is enhanced. This is
easy to see, either from Monte-Carlo simulations, or
the analytic approach of [3]. Notably, the decay of
the entire energy in the system keeps the shape of

the single photon response, f(t), (Fig. 3) so, when
the number of photons in the system is not too large
(nγ = na), the time response, in the sense of the decay
of the total energy in the system, not just the time to
the first photon, still can be calculated using the usual
formalism for nuclear scattering. This then also opens
the door to single-shot hyperfine spectroscopy [3].
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Fig. 3. Comparison of the time response for
a multi-photon excitation at SACLA and the
single photon excitation at a storage ring. The
inset shows both data sets and a theory curve.
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Water molecules in action, in real space and time
Water is arguably the most important substance
to life. Yet, its properties are shrouded in mystery.
For instance, usually liquid becomes denser as it is
cooled. But the density of water peaks at 4°C and
then decreases. This and other strange behaviors
arise in large part because of hydrogen bond which
is highly quantum-mechanical in nature. To elucidate
such behaviors the traditional axiom in materials
science to figure out the structure-property relationship
does not help, because a liquid does not have a
“structure”; strictly speaking the intensity of elastic
neutron or X-ray scattering from a liquid is zero.
Instead the snapshot (equal-time) pair-density function
(PDF), g(r), is used as the substitute for the “structure”.
But trying to guess at the dynamics based upon the
snapshot structure is like buying stocks knowing only
today’s stock prices. It does not work.
Atomic dynamics has been described either in
terms of collective excitations, such as phonons, or
diffusion. Collective dynamics is studied by measuring
the dynamic structure factor, S(Q, E), where Q and E
are the momentum and energy transfers in scattering,
using inelastic neutron or X-ray scattering. Diffusion
is measured by quasi-elastic scattering. However,
the dynamics in liquid is neither collective nor purely
diffusive. Phonons are strongly overdamped due to
dynamic disorder, and diffusive motions are highly
correlated because liquid is not a gas, but is a
condensed matter with strong atomic correlation.

In order to observe such locally correlated
dynamics directly we applied the double-Fouriertransformation from Q to r (real space) and E to
t (time), to S (Q, E ), and obtained the Van Hove
function, G(r, t ) [1]. The Van Hove function describes
the time evolution of the distribution of the atomic
distance, r AB (t ) = |r A (0) – r B (t)|, where r A(0) is the
position of the atom A at t = 0, and r B (t ) is the
position of the atom B at time t. At t = 0 it is equal
to the snapshot PDF; G (r, 0) = g (r ), and G (r, t )
describes how the correlations become weaker as t
is increased. The Van Hove function was defined in
1954, but nobody used it because it has been difficult
to measure it. In order to determine the Van Hove
function we have to know S(Q, E ) over a wide Q -E
space, whereas the inelastic scattering measurements
were slow. With a reactor neutron source and a tripleaxis-spectrometer it takes a few hours just to get one
energy scan at a constant Q.
However, the advent of pulsed neutron source
with a two-dimensional detectors for inelastic
neutron scattering (INS) [2] and progress in the
instrumentation of inelastic X-ray scattering (IXS)
[3] made it possible to determine S (Q, E ) over
a Q -E space wide enough for accurate Fouriertransformation. We used the high-resolution
IXS beamline BL35XU at the SPring-8 facility to
determine S (Q, E ) over 1.3 Å –1 ≤ Q ≤ 9.5 Å –1 and
–10 meV ≤ E ≤ 100 meV for water (H 2 O) at room
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Fig. 1. The dynamic structure factor S(Q, E ) of water at room
temperature determined by IXS measurement at SPring-8 BL35XU [4].
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temperature, as shown in Fig. 1 [4]. We chose IXS to
focus on the molecular dynamics, because hydrogen
hardly scatters X-ray, so the Van Hove function
obtained by IXS is dominated by the oxygen-oxygen,
thus inter-molecular, correlations.
As shown in Fig. 1 S (Q, E ) of water is totally
dominated by the quasi-elastic scattering (QEXS).
Phonons are there (27 meV at 1.3 Å–1), but are all
but invisible in this intensity scale, because they are
overdamped and their spectral density is quite low.
The QEXS intensity is nearly featureless and is it
hard to figure out what information it can provide.
However, once S(Q, E ) is converted to the Van
Hove function as shown in Fig. 2, it conveys rich
information regarding the local dynamics. In Fig. 2
the intensity around r = 0 is due to self-correlation.
At t = 0 the nearest neighbor peak is seen at 2.8 Å
and the second and third peaks at 4.5 and 6.8 Å.
Surprisingly the first and the second peaks come
closer and appear to merge as t increases. It means
that as soon as the neighbor molecule goes away the
second neighbor comes in to take its place, because
water molecules want to maintain its four neighbors

environment. Water molecules do not do random
walk, but their footsteps are highly correlated.
From this result we were able to determine the
time it takes for one nearest neighbor of a molecule
to go away by cutting the hydrogen bond. This time,
τ LC, was found to be equal to the Maxwell relaxation
time, τ M = η /G∞, where η is viscosity and G∞ is the
high-frequency shear modulus. τ M is the time-scale
which characterizes the time-dependent mechanical
response of liquid. Earlier we have shown that
τ M = τ LC through computer simulation [5]. This work
provides the first experimental confirmation of this
prediction, and proves that the origin of viscosity in
liquid is the excitation in the local topology of atomic
connectivity network [5].
This work demonstrated that local atomic and
molecular dynamics can be directly studied by IXS.
We are now examining how addition of salt and
other ionic compounds will modify the local dynamics
in water. This work opens up a huge new field of
study for local dynamics in liquid and other soft
matter, impacting soft-matter physics, chemistry, and
possibly biology and even medical sciences.
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Fig. 2. The Van Hove function of water at room
temperature determined by the IXS measurement [4].
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Use of Kramers–Kronig relation in phase retrieval calculation
in X-ray spectro-ptychography
Coherent diffraction imaging (CDI) is a method
for reconstructing the complex-valued images of
objects from their diffraction intensities by using
iterative phasing methods. CDI provides information
on both the phase shift and the absorption of incident
beams due to the interaction with electrons in
objects. It is therefore considered that CDI substitutes
computational image reconstruction for an imageforming lens. Ptychography, which is a scanning CDI
method, is the most practical approach to CDI at thirdgeneration synchrotron facilities since it is free from
limitations on the sample size. X-ray ptychography
can also provide us with chemical information of
a sample by using an X-ray absorption edge, i.e.,
multiple-energy ptychographic diffraction data are
collected in the vicinity of the absorption edge, and
then element-speciﬁc images are reconstructed, which
is often referred to as X-ray spectro-ptychography.
An ultimate form of X-ray spectro-ptychography is
to reconstruct the X-ray absorption ﬁne structure
(XAFS) at the nanoscale. Recently, the XAFS of Fe3O4
nanoparticles [1] has been reconstructed by soft X-ray
spectro-ptychography. Extending this approach to
the hard X-ray region will enable us to visualize the
chemical state of nanostructures buried within thick
samples. However, a limitation of this method is the
weak absorption of incident X-rays in the hard X-ray
region. In order to improve the convergence of the
phase retrieval for complex-valued images in X-ray
spectro-ptychography, we proposed the addition of a
constraint based on the Kramers-Kronig relation (KKR)
to phase retrieval algorithms [2]. In this study, we
also performed a proof-of-principle experiment on the
reconstruction of near-edge XAFS spectra by X-ray
ptychography.
A nanostructured object composed of Mn2O3 was
used as the test sample. A 600-nm-thick Mn2O3 layer
was deposited on a 500-nm-thick Si3N4 membrane
chip, and then both a pattern comprising the characters
of “SPring-8” and a square hole were fabricated using
a focused ion beam. Figure 1(a) shows a ﬁeld-emission
scanning electron microscopy (FE-SEM) image of the
sample. Ptychographic diffraction data of the sample
were collected at SPring-8 BL29XUL. Figure 1(b)
shows a schematic drawing of the experimental setup.
A monochromatic X-ray beam was generated by an
in-vacuum undulator device and a Si(111) doublecrystal monochromator. Fourteen X-ray energies
were selected between 6.530 keV and 6.588 keV,
around the K absorption edge of Mn. The incident
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Fig. 1. (a) FE-SEM image of the test sample.
The scale bar is 1 μm. (b) Experimental setup
at BL29XUL. (c) Coherent diffraction pattern
of the sample at 6.554 keV.

X-rays were two-dimensionally focused to a ~500 nm
(FWHM) spot size using a pair of Kirkpatrick–Baez (KB)
mirrors. The sample was positioned at the focal plane
and mounted on piezoelectric stages inside a highvacuum chamber. A diffraction dataset was collected
at each position using an in-vacuum front-illuminated
CCD detector with a pixel size of 20 × 20 mm2, placed
1219 mm downstream of the sample position. To
measure the bright ﬁeld and increase the effective
dynamic range of the diffraction intensity, 10-mm-thick
Ta with a size of 640 ×640 mm2 was installed in front of
the CCD detector as a semitransparent central stop.
The exposure time at each position was 2.8 s and it
took ~1 h to collect 49 patterns at each X-ray energy,
which includes the readout time from the detector
and the time required for position correction. The
illumination position was corrected at each scanning
column by the drift compensation method. This
method allows us to radiate the focused X-ray beam
with greater accuracy than 10 nm, which was smaller
than the pixel size of the reconstructed image. The
ﬂuctuation of the incident X-ray energies was much
less than 1 eV, which was smaller than the minimum
step of the present experiment. Figure 1(c) shows the
coherent diffraction pattern of the sample at 6.554 keV.
The dynamic range of the diffraction intensity was
1.0 photon/pixel to 1.9 ×106 photons/pixel.
Both the sample image and the probe were
reconstructed by using a phase retrieval algorithm
with and without the KKR constraint. The initial inputs
of the object function were constant values and the
initial input of the probe was estimated by considering
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atomic structure around a speciﬁc element. The signal
of the EXAFS is extremely small compared with that of
the near-edge XAFS, and the present reconstruction
algorithm with the KKR constraint will be useful for
reconstructing the EXAFS signal. In the near future,
we believe that the present approach will provide a
novel way to understand the relationship between
the local atomic structure and the chemical state in
unprecedentedly small amounts of materials.
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Fig. 2. (a, b) Amplitude (left) and phase (right)
images reconstructed from the ptychographic
diffraction patterns at (a) 6.542 keV and
(b) 6.554 keV. The scale bar is 1 μm.
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Fig. 3. (a) Near-edge XAFS spectrum of the sample
measured in transmittance geometry using a focused X-ray
beam (top). Near-edge XAFS spectra reconstructed by
X-ray ptychography without (left) and with (right) using
the KKR constraint. The spectra were extracted from the
40× 40 nm2 regions (2× 2 pixels) indicated by the arrows in
Fig. 2(b). (b) Near-edge phase spectra at the same positions
without (left) and with (right) using the KKR constraint.
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our experimental parameters. Figures 2(a) and
2(b) show the reconstructed amplitude and phase
images at 6.542 keV and 6.554 keV, respectively,
after 2 × 103 iterations using the KKR constraint every
100 iterations. The reconstructions were in good
agreement with the FE-SEM image of the sample. The
spatial resolution of the images was determined to be
41.1 nm using the phase retrieval transfer function.
The amplitude image showed better contrast at
6.554 keV, which is above the Mn K absorption edge.
Next, near-edge XAFS spectra were derived from the
absorption images. Figures 3(a) and 3(b) show four
near-edge XAFS and phase spectra without and with
using the KKR constraint, respectively, which were
extracted from the 40×40 nm2 regions indicated by the
arrows in Fig. 2(b). The top spectrum in Fig. 3(a) is
the reference spectrum measured in the transmittance
mode. Without using the KKR constraint, a strong
subpeak appears in addition to the main peak. On the
other hand, using the KKR constraint, the intensity of
the subpeak decreases and the spectra become closer
to the reference spectrum. The RMS error between
the reference spectrum and average of the spectra
obtained by X-ray spectro-ptychography was improved
from 0.232 to 0.178 by using the KKR constraint. It is
clear that the KKR constraint works well and provides
us with more precise XAFS spectra.
When the range of the X-ray energy in X-ray
spectro-ptychography is extended to much higher
regions, an extended X-ray absorption ﬁne structure
(EXAFS) appears in the absorption images. The
EXAFS enables us to directly determine the local
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Damage micromechanisms in dual-phase steel investigated
by combined phase- and absorption-contrast tomography
In general, the ductile fracture process in alloys
consists of the nucleation, growth and coalescence
of microvoids. The nucleation of microvoids is
attributable to particle fracture and/or particle/
matrix interfacial decohesion. The ductile fracture
process might also be interrelated with various
microstructural heterogeneities, such as preexisting microdefects [1], particle clustering [2],
microstructural anisotropy [3] and dual-phase (DP)
microstructures [4]. It is reasonable to assume that
the ductile fracture process is appreciably affected in
the case of a DP microstructure, which is seen in DP
steels that consist of a hard martensitic phase and
a soft ferritic phase. In spite of extensive research
activity, a variety of interpretations remain concerning
the micromechanisms of damage nucleation in DP
steels. With the advent of state-of-the-art imaging
techniques, a thorough understanding of the detailed
damage processes is expected, even when practical
materials with three-dimensional (3D) complexity in
their DP microstructures are investigated. Phasecontrast X-ray microtomography (XMT) techniques
are capable of revealing such DP microstructures with
reasonable spatial resolution. The present authors
applied the single-distance phase retrieval technique
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to 3D observations of a DP stainless steel consisting
of austenitic and ferritic phases [5,6], In the present
study, the single-distance phase retrieval technique
was applied to contrast-enhanced imaging of the DP
microstructure of a ferrite/martensite DP with only
1.4% difference in density between the two phases [7].
The XMT experiments were performed at SPring-8
BL20XU beamline.
The loading step at which each microvoid was
nucleated was identified by tracking the microvoid
throughout the application of tension, together with
its nucleation site. The growth curves of individual
microvoids are collated and classified according to
their nucleation site in Fig. 1. Wider variation in the
growth rate is apparent in the case of microvoids
nucleated due to martensitic cracking. The four
microvoids with high growth rates were nucleated by
martensitic cracking at an applied strain of 23.9%, and
later propagated in oblique directions with respect to
the loading direction.
The largest microvoid seen in Fig. 1 has been
extracted in Fig. 2, together with adjacent martensitic
particles. The microvoids shown in Fig. 2 were
nucleated where the martensitic phase exhibited
morphological complexity such as a notch or neck.
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Fig. 1. Growth behavior of individual microvoids extracted from a unit box located at
the center of the specimen. The growth data were organized according to the microvoid
nucleation sites: (a) microvoids nucleated in the ferritic phase, which have been classified
into intergranular (IG) and transgranular (TG) fracture; (b) the interfaces between the
ferritic and martensitic phases, in which the intersections between martensite and the
ferritic grain boundaries have been distinguished; and (c) the martensite fracture itself.
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additional damage evolution, mainly along nearby
ferrite/martensite interfaces and intersections between
the martensite and the ferrite grain boundaries. It is
notable that the microvoids originating from martensitic
cracking exhibited characteristic shear-dominated
growth under macroscopic tension, whereas those
originating from the other nucleation sites exhibited
traditional triaxiality-dominated growth. It was
concluded that the ductile fracture was dominated by
the substantial force driving the growth of microvoids
located on morphologically characteristic martensitic
particles.
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Fig. 2. 3D perspective views of a typical microvoid.
The underlying ferritic phase is not displayed, and only
the microvoid and the martensitic phase are shown.

No such morphological features were obvious at
the other nucleation sites. It is clearly demonstrated
that necked portions were sampled as a result of
intense strain localization, and that the driving forces
for subsequent rapid growth may arise from stress
redistribution after martensitic cracking. In order to
quantitatively evaluate the effects of the martensitic
morphology, 3D strain mapping was performed for the
interior of the martensitic phase. Tetrahedra, whose
vertices were sites of morphological features such
as concave and convex portions of the martensitic
phase, were generated by the Delaunay tessellation
technique, and normal and shear strains were then
calculated on the basis of the deformation of each
tetrahedron, assuming a linear displacement field
inside it. The local strain distribution was illustrated in
the form of a 3D color contour map, as shown in Fig. 3.
It is interesting to note that in this figure, although the
macroscopic applied strain range is only 11.4% (i.e.,
between the third and the last loading steps), high
strain regions reach more than 50% in terms of the
equivalent strain shown in Fig. 3(b).
Premature damage initiation was observed at a
relatively early stage at various nucleation sites, such
as the ferrite interior, martensitic interior and ferrite/
martensite interfaces; however, the subsequent
growth of such microvoids was relatively moderate.
On the other hand, microvoids were also initiated later
by martensitic cracking after the maximum load was
reached, and these microvoids subsequently exhibited
rapid growth. The martensite cracking induced
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145 μm

(b) Local Strain Map for an
Applied Strain Change of 11.4%

Fig. 3. Results of 3D strain mapping of cracked
martensite, which was measured between an applied
strain of 16.4 and 27.8%. (a) Spatial distribution of
Gaussian curvature value superposed on the extracted
image of a martensitic phase region. (b) 3D contour of
equivalent strain. Circles in (a) denote morphological
features used for the 3D strain mapping.
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Mathematical design of molecular self-assembly
Molecular self-assembly is a phenomenon in which
multiple molecular subunits autonomously assemble
into an ordered structural form or pattern without
any external direction. Self-assembled monolayer
(SAM) films and mesoporous materials are the wellestablished examples that harness the mechanism of
molecular self-assembly. Molecular machines, which
were the topic of the 2016 Nobel Prize in Chemistry,
are also closely related to molecular self-assembly.
Accordingly, many people are increasingly likely
to recognize the word “self-assembly” as a topic in
chemistry. The concept of self-assembly has, however,
never been limited to chemistry. Indeed many aspects
of biological activity inside a cell can be appreciated as
the ultimate form of molecular self-assembly. We have
a lot to learn from such biological systems to realize
more advanced technology. Unfortunately, it is not yet
common to discuss the relationship between chemical
and biological self-assembly. This is presumably
because the number of subcomponents participating
in self-assembly substantially differs in chemical
and biological self-assembly. More specifically, the
maximum number of subcomponents that can be
handled in a chemically designed system is typically
about ten, with the maximum number of components
reported in the literature only being on the order of
10. In nature, on the other hand, there are many
self-assembly systems that assemble hundreds of
subcomponents even as discrete molecules. For
instance, the capsid structure of Bluetongue virus
shown in Fig. 1 consists of 900 protein subunits.
Such a level of self-assembly has been a daunting
challenge and beyond the reach of chemists. What
we have achieved in our recent work is a proposal
and demonstration of a geometric design strategy
that enables self-assembly with a large number of
components, which had previously been unachievable.
It is not common to exploit the knowledge of
mathematics in synthetic chemistry, but such a new
Bluetongue Virus
120

+

780

self-assembly

Diameter: ~70 nm
№ of components: 900
Icosahedral symmetry

Fig. 1. Bluetongue virus. An example
of a self-assembled molecule in nature.
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approach was found to be effective. A mathematical
description based on a geometric theorem clearly
explained a previously reported self-assembly.
Moreover, we succeeded in actually synthesizing a
structure that was predicted by the theory. This is a
structure self-assembled from 144 components, which
is the largest self-assembled supramolecular cage
ever reported. The methodology and the synthesis
were described in Ref. 1. The following paragraphs
summarize the results of the research.
The greatest challenge in a designing multicomponent self-assembly is the “dispersion” of the
number of components participating in the assembly.
Similarly to micelles, vesicles, and polymers, upon
assembling subunits, the dispersion of the number
of subunits, and accordingly the dispersion of the
resultant structure, is generally unavoidable. Such
dispersion is a major obstacle to designing and
implementing a precise function. Nonetheless, this
issue can somehow be overcome in nature to achieve
an accurate 900-component assembly, as shown
in Fig. 1. How can it be? We focused on the fact
that most spherical virus capsids have icosahedral
symmetry. In geometry, restrictions such as congruity
of the shape of faces or vertices significantly limit the
number of possible polyhedra, for example regular
and semiregular polyhedra are limited to only 5 and 13
species, respectively. Our hypothesis was as follows. If
we can embed the nature of polyhedra within a system
of a molecular assembly, only discrete products with
limited numbers, sizes, and shapes of components
will be realizable, thus enabling a molecular assembly
without structural dispersion. We tested this hypothesis
using a self-assembly system, in which bent ditopic
organic ligands (L) and divalent palladium ions with
square planar coordination sites (M) assemble into
discrete Mn L2n metal complexes [2]. The bend angle
of L is the key to obtaining closed spherical structures
rather than infinite networked structures (Fig. 2(a)).
If we view the positions of metal ions (M) as vertices
and those of organic ligands (L) as edges, each of the
previously reported self-assembled structures can be
recognized as semiregular polyhedra. In fact, when we
fix the valency of vertices to four, which originates from
the square planar coordination nature of palladium
ions, only one of the regular polyhedra and four of
the semiregular polyhedra fulfill the condition. Three
of the five structures had been synthesized and the
other two structures, the icosidodecahedron and
rhombicosidodecahedron, were unprecedented. We
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(a) Self-assembly of metal complexes

(b) Icosidodecahedral structure synthesized

Pd2+
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Angew. Chem. Int. Ed. 43 (2004) 5621.
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≡
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Science 328 (2010) 1144.

cuboctahedron

Diameter:
8.2 nm

M24L48 rhombicuboctahedron

Fig. 2. Components and assembled structures of polyhedra.

then targeted the realization of the icosidodecahedron
structure. If our hypothesis is correct, the fabrication
of the icosidodecahedron structure will be challenging
but theoretically feasible. We lack space to discuss
the details here; however, by carefully tuning the
structure of the organic ligand on the basis of the
polyhedral design, we succeeded in synthesizing
the icosidodecahedron structure at beamlines BL38B1
and BL41XU in SPring-8 and at BL1A in Photon Factory
(Fig. 2(b)) [3].
This approach based on the knowledge of
polyhedra was further developed by combining it
with more detailed mathematical discussion. The
preceding discussion was limited to regular and
semiregular polyhedra without a convincing theoretical
justification. Also, the designable structures have an
upper limit in terms of the number of subcomponents.
We thus reconstructed the design theory based on
the deduction from two chemical requirements: 1) all
the vertices are tetravalent — a palladium ion has
square-planar coordination sites, 2) all the edges
are equilateral — the chemical structure of organic

Q =1

Q =2

Q =4

M6L12 M12L24 M24L48

previously reported

Q =5

M30L60

Q =8

M48L96

newly synthesized

ligands remains unchanged on assembly, and one
symmetrical postulation. As a result, by defining the
F(h, k) index (h, k = natural numbers) and the Q value
(Q = h 2 + k 2 ) as a representative value, we realized
that it clearly described the reported products of the
Mn L2n self-assembly without any defect or overlap.
(Mathematically, such a discussion corresponds to
the tetravalent Goldberg-Coxeter construction in
combination mathematics.) This discussion is not
limited to the analysis of observed phenomena and can
be exploited as a design tool for creation. As predicted
from the Q value, we succeeded in synthesizing an
M48L96 structure consisting of 144 subcomponents,
which is the largest synthetic supramolecular structure
ever reported (Fig. 3) [1].
The methodology we developed has opened up a
new landscape in the field of molecular self-assembly,
where no logical synthetic strategy previously existed.
It revealed that a mathematical approach is beneficial
for predicting or designing unknown self-assembled
structures. We expect that this research will accelerate
the development of the field of molecular self-assembly.
Q =9

Q =10

M54L108

M60L120

predicted for future study

Fig. 3. The family of MnL2n polyhedra.
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Magnetic circular dichroism in X-ray emission
Advanced hard and soft magnets are key devices
in modern technologies and are widely used in our
everyday lives. Permanent magnets with high flux
density and high coercivity are used in the motors in
electric vehicles; electrical steel with high permeability
and low core loss is used in transformers that supply
electricity to houses. In order to improve the magnetic
properties of these materials, it is necessary to
observe the spatial distribution of magnetic domains
under static and oscillating magnetic fields. In
particular, observation of magnetic domains well below
the surface of bulk magnetic materials is required from
the viewpoint of industrial applications.
X-ray magnetic circular dichroism in the hard
X-ray region (HXMCD) is a powerful technique
suitable for the above-mentioned purpose. It utilizes a
phenomenon that the X-ray absorption cross section
of magnetized materials depends on whether the
magnetization and the helicity of circularly polarized
incident X-rays are parallel or antiparallel, particularly
near the absorption edges. The use of highly
collimated synchrotron X-rays in HXMCD makes it
possible to provide a moderate spatial resolution of
a few hundreds nanometers without a large loss of
incident flux. The attenuation length of X-rays ranging
from 5 to 10 keV, at which the K absorption edges of
3d transition-metal (TM) elements and L absorption
edges of rare-earth elements reside, is approximately
on the order of 10 mm. Accordingly, bulk-sensitive and
element-selective magnetic microscopy is realized
using HXMCD [1].
However, a disadvantage of HXMCD is a very
small dichroic effect (about 0.5%) for 3d TMs, such as
Fe, Co, and Ni, despite the fact that they are crucial
elements in ferromagnetic materials. This difficulty has
been overcome by using phase-sensitive detection
for thin films [2], whereas it is still a problem for
measurements of bulk materials. Therefore, there
has been strong demand to find a new principle that
enables magnetic circular dichroism measurement
to be performed with a large dichroic effect for 3d
TMs in the hard X-ray region. In this research, a new
magneto-optical effect in the X-ray region is proposed
and experimentally confirmed [3]. The new effect is
that the dichroic effect is exhibited in X-ray emission,
in sharp contrast to conventional XMCD, in which the
dichroic effect is observed in X-ray absorption.
The basic idea of the new magneto-optical effect is
presented below and also illustrated in Fig. 1. A spinorbit coupling is a key requisite in magnetic circular
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dichroism. For instance, a small dichroic effect at
the K absorption process of 3d TMs (1s → 4p) stems
from the fact that there is no large effective spin-orbit
coupling in both 1s and 4p orbitals. In contrast, a large
spin-orbit coupling exists in the final 2p 5 state in the Ka
emission process (2p → 1s). The 2p 5 state splits into
a 2p 1/2 doublet and a 2p 3/2 quartet owing to the large
spin-orbit coupling, where the 2p 3/2 → 1s transition
corresponds to the Ka1 emission. The 2p 3/2 quartet
further splits because of the spin polarization in the 3d
orbital through the sizable 2p3d exchange interaction.
The resulting spin splitting of the 2p 3/2 quartet also
produces orbital splitting since the orbital state tightly
couples to the spin state. Accordingly, because of this
orbital splitting, a large dichroic effect is expected in
the Ka1 emission of 3d TMs.
The validity of this idea was established in
experiments at SPring-8 BL22XU. The experimental
setup is introduced below in detail and is illustrated
in Fig. 2. The sample was an iron single crystal,
which was inserted between permanent magnets in
order to saturate the magnetization. The sample was
illuminated by intense incident X-rays generated from
an undulator and emitted fluorescence X-rays, which
were collimated by an exit slit down to a divergence of
120 mrad in order that the optical elements mentioned
below could operate. The quarter-wave plate (QWP)

3d

2p3d exchange
| –3/2〉
| –1/2〉
| 1/2〉
| 3/2〉

2p3/2

Δm = 1
2p1/2
Δm = –1
X-ray
1s

| 1/2〉, | –1/2〉

Fig. 1. Kα1 emission process of a 3d TM ferromagnet.
A 1s electron is promoted by an incident photon, and
then a 2p electron fills the 1s core hole, emitting a Kα
photon. Representative two transitions are shown. The
final 2p5 state splits into a 2p3/2 quartet and a 2p1/2 doublet
owing to a spin-orbit coupling and further splits owing to
a 2p3d exchange interaction. Numbers are the magnetic
quantum numbers of sublevels and Δm is the change in
the orbital magnetic quantum number at the transition.
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Fe

exit slit
detector

p/2 and – p/2 phase shifts are induced by the QWP,
respectively. The magnetic field is applied as shown
in the inset (positive direction). It is clear that the I +
spectrum is shifted to the low-energy side by about
0.3 eV compared with the I – spectrum. The difference
between the two spectra is direct evidence that
the Ka 1 emission is circularly polarized. When the
magnetic field is reversed, the tendency is reversed
as shown in Fig. 3(b). The difference spectra I +–I –
normalized by the peak intensity of the sum of the
spectra are also shown in Fig. 3(c).
These results clearly illustrate that (i) the energyresolved Ka1 spectrum of ferromagnetic Fe indicates
finite circular polarization and (ii) the circular
polarization is inverted when the magnetization of the
sample is inverted. These two features unambiguously
indicate the existence of XMCD in the Fe Ka 1
emission. The flipping ratio (I +–I – )/(I ++I – ) is a measure
of the size of the dichroic effect and was 12 ± 4% at
6.405 keV. If the corrections for the scattering angle
and the efficiency of the QWP are taken into account,
the value would amount to 18 ± 6%.
To summarize, it was experimentally confirmed
that magnetic circular dichroism actually exists in
X-ray core-level emission and that the dichroic effect
is quite large even in the K-edge of 3d TMs. Hence,
this magneto-optical effect may open a new way to
perform element-selective and truly bulk-sensitive
measurements of the magnetization of 3d TMs.

sample

incident
slit

QWP

analyzer

X-ray

Fig. 2. Top view of the experimental layout. QWP:
diamond phase retarder that acts as a quarter-wave
plate. Analyzer: Ge(400) single crystal that is used
as both an energy and polarization analyzer.
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was a diamond single crystal and is a device that
mutually converts circularly polarized X-rays and
linearly polarized X-rays. The polarization analyzer
that reflected the vertical component of the incoming
fluorescence X-rays was a Ge single crystal and also
functioned as an energy analyzer. The combination
of a QWP and a polarization analyzer is a standard
device for detecting the circular polarization of a beam
of photons. In short, the device transmits right (left)
circularly polarized X-rays and 50% linearly polarized
X-rays when the QWP generates a p/2 (– p/2) phase
shift.
The obtained Fe Ka 1 emission spectra are
indicated in Fig. 3(a). I + (red open circles) and I –
(blue closed circles) are data observed when the
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Fig. 3. (a) Fe Kα1 emission spectra I + and I – for a phase shift of π/2 (red open circles) and –π/2 (blue solid circles),
respectively. The lines connect the data points to guide the eye. The magnetic field is applied as shown in the inset and
the direction is defined as positive. The I + spectrum is shifted to the low energy side compared with the I – spectrum.
(b) Fe Kα1 emission spectra I + and I – when the magnetic field is applied along the negative direction. In contrast to
(a), the I+ spectrum is shifted to the high energy side. (c) Difference spectra between I + and I – normalized by the peak
intensity of the sum of the spectra. Magenta solid circles and green open circles are measurements when the magnetic
field is directed along the positive and negative directions, respectively. Solid lines are a guide to the eye.
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Crystal-site-selective spectrum of Fe3O4 obtained by
synchrotron Mössbauer diffraction
57

Fe Mössbauer spectroscopy is a local and
dynamic probe that is very useful for investigating
iron compounds. Through the hyperfine structure
obtained by analysis of the spectrum, such as the
isomer shift, quadrupole splitting, and hyperfine field,
we can examine the electronic state, local crystal
structure, and magnetic structure of Fe. In many
cases, materials contain several Fe-sites, and their
Mössbauer spectra are composed of the superposition
of the corresponding subspectra. As a result, it often
becomes difficult to analyze the spectrum and to
determine precise hyperfine parameters. On the
other hand, diffraction measurements, such as X-ray
and neutron diffraction, provide information on each
crystallographic site because their intensities are
given by the structure factors of constituent atoms.
The combination of both techniques, i.e., Mössbauer
diffraction, enables us to obtain a crystal-site-selective
spectrum.
The synchrotron Mössbauer source at SPring-8
BL11XU, where the 57Fe energy domain spectrum
is directly obtained, is very suitable for studying
Mössbauer diffraction. The g-ray (p-polarized,
wavelength 0.8603 Å) emitted from the 57 FeBO 3
nuclear Bragg monochromator has high directivity
(angular divergence 3.0'') and extremely high brilliance
(105 times that of a usual radioactive source). Recently,
using this source, we have developed a Mössbauer
diffractometer by installing a θ – 2θ goniometer as a
sample stage between the nuclear monochromator
and a detector [1,2]. A crystal-site-selective spectrum
can be obtained by using only a selected g-ray
reflection, which enables us to determine precise
hyperfine parameters in multi-Fe-site compounds.
There still remains a problem that the reflected g-ray
from a specimen consists of the g-ray scattered by
the nuclei after the resonance (nuclear resonant
scattering) and that scattered by the electrons of the
atoms (electron scattering). The former gives a crystalsite-selective emission spectrum, while the latter only
gives a usual transmission spectrum regardless of
the reflection index. Therefore, in order to obtain a
site-selective Mössbauer spectrum, only the nuclear
resonant scattering should be extracted, or the
electron scattering should be suppressed. For this
purpose, we propose three methods:
(a) Use of a pure nuclear Bragg reflection (pure
nuclear method)

When the Fe magnetic structure has a lower
symmetry than the crystal symmetry, the pure nuclear

62

Bragg reflection can be obtained, where the electron
scattering is completely suppressed. A typical example
is a forbidden reflection of a collinear antiferromagnet.
(b) Use of a reflection having a Bragg angle (θ B) near

45º (45º method)

This method utilizes the nature of a p-polarized
g-ray where the polarization factor of the electron
scattering Pe = cos2θ B vanishes when θ B = 45º.
(c) Use of a reflection from a polarization analyzer
(polarization analyzer method)

This method is essentially the same as the
45º method, except that an extra diffraction at a
polarization analyzer, installed between the sample
and the detector, is used. As an analyzer crystal, the
Si(840) plane (θ B = 45.1º) is suitable. The analyzer
cuts off the electron scattering (p-polarization)
regardless of the reflection index of the sample.
In the present research, we applied the 45º method
to a typical multi-Fe-site compound, magnetite (Fe3O4)
[3]. Magnetite has
_ a cubic inverse-spinel structure
(space group Fd 3m, lattice constant a = 8.396 Å at
room temperature). The crystal structure
is shown in
_
Fig. 1. The A-site (8a, site symmetry 4 3m) is occupied
by an Fe3+ ion, while the B-site (16d, site symmetry
_
3m) is occupied by equal numbers of Fe2+ and Fe3+
ions. A schematic view of the experimental setup
is illustrated in Fig. 2. A single-crystal specimen of
95% enriched 57Fe3O4 fabricated by the floating zone
melting method (FZ) in a controlled oxygen pressure
was mounted on a goniometer. The reflected g-rays
with 6 6 6 (θ B = 32.26º) and 10 10 0 (θ B = 46.48º)
reflections were used to collect the spectra at room
temperature with measurement times of 6 and 18 h,
respectively. The Fe nuclear structure factors of the

Synchrotron Mössbauer γ-ray

A

10 10 0 reflection
666 reflection
B
O

Fig. 1. Crystal structure of Fe3O4. A, B, and
O denote A-site Fe, B-site Fe, and oxygen,
respectively. The diffraction image for the
666 and 10 10 0 reflections is also illustrated.
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Fig. 3. Mössbauer diffraction spectrum of 57Fe3O4
collected by using (a) 666 and (b) 10 10 0 reflected
γ-ray at room temperature. The assignments B(n),
A(e), and B(e) denote the B-site spectrum due to the
nuclear resonant scattering and the A- and B-site
spectra due to the electron scattering, respectively.
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structure factor. For the polarization analyzer method,
the 222 reflection of Fe3O4 was used and only the
B-site emission spectrum was obtained. Synchrotron
Mössbauer diffraction is a clearly powerful tool for
analyzing the highly complex Mössbauer spectrum in
multisite materials.

Counts

666 and 10 10 0 reflections consist of only B-site and
A-site Fe, respectively. The diffraction image is also
illustrated in Fig. 1.
The Mössbauer diffraction spectrum collected
by using only the 6 6 6 and 10 10 0 reflected g-ray
is shown in Figs. 3(a) and 3(b), respectively. The
666 reflection spectrum is mainly composed of the
B-site emission spectrum due to the nuclear resonant
scattering. However, there are some small dips due
to the electron scattering since Pe is not zero but 0.43
for this reflection. The interference effect between the
nuclear resonant scattering and the electron scattering,
i.e., broadening of the lines, asymmetric line shapes,
and a slope of the base line, is also notable. In such
a case, the spectral shape can be expressed by the
Fano function. We successfully analyzed the spectrum
as shown by the smooth red curve in the figure. The
assignments B(n), A(e), and B(e) denote the B-site
spectrum due to the nuclear resonant scattering and
the A- and B-site spectra due to the electron scattering,
respectively. On the other hand, the 10 10 0 reflection
spectrum is only composed of the A-site emission
spectrum due to the nuclear resonant scattering and
there is no interference effect (Pe = – 0.05). As a firstorder approximation, the spectrum can be analyzed by
the Lorentzian function as shown by the smooth red
curve in the figure.
Note here that we also succeeded in obtaining
the crystal-site-selective spectrum by using the other
two methods (a) and (c) [4,5]. For the pure nuclear
method, another typical multi-Fe-site compound, the
collinear antiferromagnet Fe3BO 6, was used. Wellresolved 300, 500, and 700 reflection spectra were
quantitatively analyzed using a formula based on the
dynamical theory of diffraction. The intensity ratio of
Fe1 to Fe2 subspectra originating from two different
Fe sites in Fe3BO6 was in accordance with the nuclear

Goniometer
57Fe

3O4

666 or 10 10 0

Fig. 2. Schematic view of the experimental setup at
BL11XU. SR: synchrotron radiation. hσ and hπ: unit
magnetic field vectors of the incident (σ-polarized)
and diffracted (π-polarized) radiation at the
57
FeBO 3 nuclear monochromator, respectively.
Hex: external field (150 Oe) applied to the nuclear
monochromator. NaI: scintillation detector.

b
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a higher thermal expansion coefficient. The anomaly of
the thermal expansion coefficients suggests that the glass
networks might change depending on ZnO fraction.
We performed RMC modeling using data of XRD
measured at SPring-8 BL04B2, neutron diffraction [2],
and EXAFS measured at BL01B1 with several constraints
on the coordination numbers to identify several chemical
coordination states around phosphorus in order to reveal
the behavior of the oxygen coordination around zinc.
The modeling was based on the results of 31P MAS
NMR, which revealed a significant change in Q2 species
between the 60ZP and 70ZP glasses. Figure 2 shows the
experimentally determined X-ray and neutron structure
factors, S(Q) and EXAFS k 3χ (k), respectively, of the 60ZP
and 70ZP glasses along with those obtained by the RMC
modeling. Since there is good agreement between the
experimentally determined and RMC-modeled data, we
have succeeded in modeling atomic configurations that
reproduce the X-ray, neutron, EXAFS, and NMR data.
To understand the 3D atomic configuration in ZP
glasses, the connectivity of PO4 and Zn-O polyhedra was
analyzed. Figures 3(a) and 3(b) show the 3D linkage
of the phosphate network in terms of the chain length,
as calculated from the total number of atoms in each
phosphate. Figure 3(a) shows the fraction of Q1 units and
Q2 chains of PO4 polyhedra in the 60ZP glass and a typical
RMC-modeled Q2 chain. As can be seen in Fig. 3(b), the
70ZP glass consists of only isolated PO4 tetrahedra (Q0)
and P2O7 dimers (Q1). Thus, our RMC models reproduce
the modification of the 3D phosphate network as observed
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Oxide glass prepared by melt-quenching is usually
composed of network former (NWF) and network modifier
(NWM) groups [1]. P2O5 is generally classified as NWF
groups from the viewpoint of glass-forming ability.
However, P2O5 differs from other NWF oxides since the
P = O bond allows delocalized electrons in phosphate
glasses. Phosphate glasses are often considered for
practical applications because of their durability but also
have significant potential for several other uses owing
to their distinctive physical and structural properties.
Understanding the network structure of a phosphate glass
system is therefore one of the most important unresolved
issues facing glass science.
In contrast to the conventional NWF group, several
metal oxides, which are classified as intermediate groups,
can act as either NWF or NWM groups [1], depending on
the glass composition. Zinc oxide is classified as being
part of the intermediate group. Zinc phosphate (ZP) glass
is a promising material for use as lead-free sealing glass
or as a good host for emitting centers. The structure of
ZP glass has been extensively analyzed using various
methods. Several groups have also performed structural
analyses using neutron and X-ray diffraction with the aid
of reverse Monte Carlo (RMC) modeling [2,3]. However,
previous investigations have shown that metal oxides
have a small oxygen coordination in glass since the rigid
glass network enables the metastable species of metal
oxides to be sustained in the glass matrix. Therefore,
the modeling of a reliable atomic arrangement in glass
based on metal-cation-specific experimental data and
conventional diffraction data is essential. In this article
[4], we report on the reliable atomic configuration of ZP
glass from the viewpoint of 3D network linkage, i.e., the
connectivity of each oxide. We use a combination of 31P
magic angle spinning (MAS) NMR, Zn K-edge extended
X-ray absorption fine structure (EXAFS), and X-ray and
neutron diffraction data [2] to determine the dependence of
this connectivity on the chemical composition and on the
zinc coordination. Moreover, we discuss the relationship
between several properties and the glass structure and
find that the thermal expansion coefficient is sensitive
to the substitution of the phosphate chain network by a
network consisting of Zn-O units in zinc-rich glass.
Figure 1(a) shows the thermal expansion curves for
xZnO-(100-x)P2O5 (xZP) glasses (x = 58, 60, 65, and 70).
Figure 1(b) shows the linear thermal expansion coefficients
of these glasses as a function of the amount of ZnO. The
thermal expansion coefficients increase with increasing
ZnO fraction. If the glass network is similar, i.e., if the
glass has the same NWF, the lower Tg glass generally
exhibits a higher thermal expansion coefficient. However,
the obtained results show that a higher Tg glass exhibits

8.0
7.5
7.0
6.5
58

60

62

64

66

68

ZnO Amount (mol%)

70

Fig. 1. Linear thermal expansion coefficients of ZP glasses.
(a) Thermal expansion curves of 58ZP, 60ZP, 65ZP, and 70ZP
glasses. (b) Thermal expansion coefficients below Tg as a
function of ZnO. The 70ZP glass exhibits a higher Tg and a
higher thermal expansion coefficient below and above Tg than
those of 60ZP glass. Closed squares indicate mean values [4].
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Fig. 2. Comparison between neutron/synchrotron X-ray data and RMC model for the ZP glasses. (a) Neutron total structure
factor SN(Q), (b) X-ray total structure factor SX(Q), and (c) EXAFS k3χ (k). The EXAFS k3χ (k) data were obtained by back
Fourier transformation of |FT(R)| for the first correlation peak. Black curve, experimental data; colored curve, RMC model [4].
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ability of the 70ZP glass stems from this small oxygen
coordination. On the other hand, it is suggested from our
RMC model that the small Zn-O coordination is a signature
of the network former, according to Zachariasen’s rule [1],
in our model for 70ZP glass.
In summary, by performing structural modeling
based on a combination of an advanced quantum beam
technique and spectroscopic measurement, we found that
the thermal expansion coefficient reflected the substitution
of the network of phosphate by a network consisting of
ZnxOy units in zinc-rich glasses. The results obtained in this
study via several structural analysis methods are significant
since they clearly reveal the fundamental properties that
determine the functionality of these types of glass. The
results obtained in the current study should constitute a
significant milestone in the design of phosphate glasses for
practical applications.

(d)

Total Number of Atoms
Belong to ZnxOy Units

by 31P MAS NMR. The probabilities of the formation of
polyhedral connections between PO 4 tetrahedra and
Zn-O polyhedra were calculated in order to elucidate the
mechanism of glass formation in binary oxide glasses with
low amounts of network former. The total number of atoms
constituting the ZnxOy units was estimated to determine
the origin of the glass network in the glass. As the figure
shows, the ZnxOy units do not form a network in 60ZP
glass, and the size of the fragments (consisting of up to
41 atoms, as shown in the inset of Fig. 3(c)) is <20 Å. In
contrast, 10% of the ZnxOy units in the 70ZP glass form
networks consisting of more than 40 atoms, as manifested
by their atomic configurations consisting of up to 1,300
atoms, as shown in the inset of Fig. 3(d). The unusual
network structure units formed by the ZnxOy polyhedra
can be attributed to the smaller oxygen coordination of the
zinc than that of the ZnO crystal; the high glass-forming
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Fig. 3. Connectivity of PO4 tetrahedra and ZnxOy polyhedra in the ZP glasses. Size distribution of PO4
tetrahedral chains in (a) 60ZP glass and (b) 70ZP glass. Size distribution of ZnxOy polyhedral chains in (c)
60ZP glass and (d) 70ZP glass. P, Zn, and O atoms are shown in yellow, blue, and red, respectively [4].
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gas with a speed of 100 m/s was used and the film is
called NPD*.
Figure 1 shows the appearances of the raw
material powder with x = 0.45, and the NPD0 film and
NPD* film formed on an FTO substrate using this raw
material powder. In the same figure, the KubelkaMunk values are plotted, which were obtained from
the diffuse reflectance spectrum by using UV and
visible light. The reflection absorption edge of the raw
material powder was at 490 nm (band gap: 2.53 eV)
and that of the NPD0 film was at 545 nm (band gap:
2.27 eV). The raw material powder and the NPD 0
film have almost the same yellow color, and a small
difference in the band gap values was detected. The
NPD* film is brown and its absorption edge was at
635 nm (band gap: 1.97 eV), which is significantly
smaller than that for the original raw powder.
Figure 2(a) shows the hard X-ray photoelectron
spectroscopy (HAXPES) spectra near the top of the
valence band for the NPD* films with x = 0, 0.24,
0.45, and 1. The end of each spectrum is a valence
band maximum (VBM). According to the figure, the
VBM increased with increasing ZnO content, which
indicates that the electron level of the solid solution
is highest at x = 0.45. Also, we observed similar
dependences for the raw material powder and the
NPD0 film.
We performed XAFS measurement at the Ga
K-edge and Zn K-edge of the raw powder and
NPD* film with the composition x = 0.45. The XAFS
spectrum χ (k) was extracted from the measured
data. In Fig. 2, the Fourier transformed Ga χ (R) with
the compositions x = 0 (b) and 0.45 (c) are shown.
The peaks in the figures correspond to the bond

Kubelka-Munk (arb. units)

The artificial photosynthesis technology known as
the Honda-Fujishima effect, which produces oxygen
and hydrogen or organic energy from sunlight, is an
effective energy and environmental technology. The
key component for the increasing the efficiency of
this reaction system is the anode electrode, generally
composed of a photocatalyst on a glass substrate
coated by electrically conductive fluorine-doped tin
oxide (FTO).
Recently, we applied aerosol-type nanoparticle
deposition (NPD) techniques to form a GaN-ZnO
electrode, and by controlling the deposition conditions,
we obtained films with a narrower band gap than the
raw material powder. We confirmed that the films
produced a current approximately 100 times larger
than those produced by conventional processes.
In this study, we analyzed the structural difference
between such a high-current film and the raw powder
by applying XRD, HAXPES, and XAFS techniques
using SPring-8 BL16XU and BL16B2 (Sunbeam)
beamlines. These results are discussed with those of
a first-principles simulation [1].
The nanoparticle deposition equipment [2,3]
was composed of an aerosol-generation system,
a deposition chamber, and a vacuum system. Raw
ceramic powder was set in the aerosol-generation
system. Then, a pressurized carrier gas was
introduced into the vessel to transfer the generated
aerosol from the nozzle to the substrate in the
deposition chamber. This method is suitable for
forming a nanoparticle crystal film of complex ceramic.
A GaN-ZnO-based material is a solid solution of
hexagonal wurtzite structure crystals that continuously
changes its composition as Ga-Zn and N-O are
substituted in the crystal structure. It is known that a
GaN-ZnO solid solution has a narrower band gap than
pure GaN or ZnO, and its absorption wavelength edge
expands to the long-wavelength side as the amount of
ZnO dissolved into the GaN increases [4].
To synthesize a Ga1–x Znx N1–x Ox (x = 0 to 1) solid
solution, we adopted a general solid-state reaction
using oxide raw materials (Ga 2O 3, ZnO) at a high
temperature (1123 K) in an ammonia gas flow. It was,
however, difficult to increase the amount of ZnO to
more than x = 0.45.
In the NPD deposition, we applied two types
of condition. As the first condition, nitrogen carrier
gas with a speed of 50 m/s was used to transfer the
source powder to the substrate, and the resulting
film is called NPD0. As the second condition, helium
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Fig. 1. Kubelka-Munk values of the raw material powder
(blue), NPD0 film (green), and NPD* film (red) for the
composition x= 0.45 obtained from the diffuse reflectance
spectra measured by using UV and visible light.
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disorder is greater than that in the raw material
powder, and the disorder is further increased by the
substitution of ZnO. The most likely reason for the
increase in the atomic disorder is the local strain due
to the different ion radii of Ga and Zn, which is largest
for the composition x = 0.45, and the soft distortion
occurring in the film formation process.
As the increase in atomic disorder may have
contributed to the decrease in the band gap, we
carried out a first-principles simulation using the
crystal structure model with composition x = 0.5. To
reproduce the crystal disorder, we used the model
of the partial crystal structure shown in Fig. 3(a).
In the model, we introduced the displacement d in
the c-axis direction for the bonding pair composed
of a given cation and a neighboring anion. From
the simulation, we found that the band gap energy
decreases as the displacement increases, regardless
of the displacement direction. In this simulation, when
a pair of atoms was displaced by only 0.2 Å, the
band gap energy decreased by approximately 0.2 to
0.3 eV. Figure 3(b) shows schematic diagrams of the
electronic structure with and without the displacement.
With the displacement, the conduction band formed
by 4s and 4p orbitals of Ga and Zn expands and the
conduction band minimum (CBM) is lowered, which
results in the decrease in the band gap.
As described above, we have proven that the
application of the NPD process to photocatalyst
materials can form nanoparticulate films with a
narrower band gap, and this method is applicable to
various other photocatalysts.
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Fig. 2. (a) Hard X-ray photoelectron spectroscopy
(HAXPES) spectra around the top of the valence band for
the NPD* film. Effective bond length distributions of the
raw material powder and the NPD* film for compositions
x = 0 (b) and 0.45 (c) obtained from Ga K-edge XAFS.

length and the intensity decreases with the structural
disorder. For the composition of x = 0 (b), the intensity
of the first nearest peak, which corresponds to the
Ga-(N/O) bond, was lower for the NPD* film than
for the powder. For the composition of x = 0.45 (c),
in addition to the first nearest peak, the intensity
was also lower for the second nearest peak, which
corresponds to the Ga-(Ga/Zn) bond. From these
results, we confirmed that in the NPD* film, the atomic
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Fig. 3. (a) Partial structure with the atom displacement in the
crystal model. (b) Schematic diagrams explaining the decrease in
the band gap energy due to the displacement of the atom positions.
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the intensity around L = 1.2 had decreased, whereas
that around L = 4.2 had increased. These changes
3 × √⎯
3 Cu.
can be ascribed to the deposition of √⎯
However, an abnormal enhancement of the intensity
appeared between L = 1.2 and 2.7 immediately
after the potential step to 100 ms that cannot be
attributed to the formation of an adsorbed layer. We
constructed time-resolved structure factors along the
specular CTR from the intensity transient in order
to refine the structural parameters at each time.
The structure factors were conventionally corrected
from the integrated intensity measurement along
the CTR. Figure 2 shows the time dependence of
the structural parameters during Cu upd. The initial
enhancement of the intensity after the step to the
upd potential can be ascribed to the layer formation
of the Cu species at a distance of around 0.32 nm
from the surface. When Cu was deposited on a
Au(111) surface directly, the distance between the
first Au layer and the adsorbed Cu layer was 0.21 nm.
Therefore, the distance of 0.32 nm indicates that
this Cu species was not adsorbed directly but was
located at the outer Helmholtz layer as a hydrated
state [3]. During Cu deposition, hydrated Cu ions
approached the outer Helmholtz layer, and Cu ions
were then adsorbed on the Au(111) surface by the
destruction of the hydration shell. The adsorbed

0.5
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Time (ms)

Metal deposition is an important subject from
industrial viewpoints such as electrolytic refining,
corrosion, and plating. Recently, well-designed plating
techniques have become necessary for various
fields, including the nanofabrication of electrodes for
electronic devices and the surface modification of
nanoparticles for catalysts. Underpotential deposition
(upd) can achieve atomically controlled single- or
double-layer modification of metal cations, which has
been applied for the preparation of nanocatalysts [1].
During electrodeposition, counter anions often
promote or inhibit metal deposition. Moreover,
solvent species as well as ionic species also affect
the approach of metal cations to a surface because
of diffusion across an electrical double layer (EDL). In
the EDL, ionic species are located at the Helmholtz
layer and the solvent species are highly oriented
by the layer structure of the charged species with a
huge electric field. In an electrochemical reaction,
when the reaction species approach the surface,
these layered structures are destroyed. Since metal
cations are hydrated in solution, the dehydration
process is also important during deposition. However,
these approaching and dehydration processes of
metal cations are unknown. X-ray diffraction is the
best method for the structural determination of ionic
species in an EDL and can also carry out detection
with high time and spatial resolution. In this study, we
performed time-resolved X-ray diffraction to observe
the upd process of various metal cations on Au(111)
in real time.
X-ray diffraction measurements were performed
with a multi-axis diffractometer at SPring-8 BL13XU.
For the time-resolved experiment, a rectangular
potential wave between non-upd and upd potentials
with a frequency of 1.0 Hz was applied to an Au
electrode. Diffracted photons were detected by a
Ce-doped yttrium aluminum perovskite (YAP:Ce)
detector, and the discriminated pulses were counted
by a multichannel scaler synchronized with a function
generator used for potential control [2].
We performed time-resolved measurements at
peak positions along a crystal truncation rod (CTR).
For Cu upd, a potential step was applied from the
non-upd potential of 1.05 V versus standard hydrogen
electrode (SHE), at which a well-ordered sulfate layer
on Au (111) was formed, to the upd potential of 0.45 V,
3 × √⎯
3 upd layer was formed. Figure 1
at which a √⎯
shows the time-resolved intensity transient along the
specular CTR after the potential step. After 100 ms,
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Fig. 1. Time-resolved specular CTR in 0.5 M
H2SO4 + 1.0 mM CuSO4 after the potential step
from 1.05 V to 0.45 V with a time resolution
of 500 ms. The transient intensities were
normalized by those at the non-upd potential of
1.05 V. Red and blue regions indicate increases
and decreases of intensity, respectively.

Research Frontiers 2017

0.6

Hydr
Hy
H
ydrraatted
ed C
u cca
aati
t on
ti
on
Hydrated
Cu
cation

0.5

Addssooorb
A
rbbeed
rrbed
d Cu
Cu
Adsorbed

0.4

Coverage

Sulfate
Sulf
Su
S
ullf
lfat
fat
ate
te aan
anio
anion
nio
iion
on

0.3
0.2

strong interaction between water and the metal cation
delays the adsorption on the surface. However, the
decay time of the Cu deposition is longer than that of
Bi showing a higher coordination energy. Since the
decay of Cu upd becomes faster as the concentration
of sulfuric acid increases, the slow decay of Cu upd
is due to its complex formation with the sulfate anion.
The complex formation process of Cu on Au(111),
which requires SO 4 delays the Cu deposition and
makes it slower than Bi upd.
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Fig. 2. Time dependence of the structural
parameters optimized using the timeresolved specular CTR. The position of
the adsorbed (bi)sulfate indicates the
sulfur atom of tridentate (bi)sulfate.
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sulfate species at the non-upd potential were located
0.27 nm from the Au(111) surface. After the potential
was decreased stepwise to 0.45 V, the sulfate
species desorbed within 1 ms, and then the hydrated
Cu2+ was immediately accumulated with a maximum
coverage of 0.14. The coverage of the hydrated Cu2+
decreased after 40 ms, and the Cu and the sulfate
anion were then adsorbed on Au(111) over the next
400 ms. The coverages of the adsorbed Cu and
sulfate species correlated strongly, suggesting that
these ions interacted in a complementary manner.
The initial deposition process was investigated for
the upd of different metal cations (Tl+, Ag+, Zn2+, Cd2+,
and Bi 3+). The time constants of metal deposition
were estimated from the transient intensities at
the reciprocal lattice point of 0 0 1.4. As described
above, the metal cation with the hydration shell was
metastably layered in the EDL before the deposition
step. Therefore, the destruction of the hydration shell
may have been the kinetically controlled step during
deposition. Figure 3 shows a plot of the coordination
energies of the hydrated water estimated by DFT
calculations against the time constant of the intensity
transient. The coordination energy is strongly
correlated to the ionic valence due to the electrostatic
interaction. The deposition rate of the metal cations
has a linear relationship with the coordination energy,
except in the case of Cu upd; this indicates that

Cu

80
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100
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200

300

Coordination Energy (kJ·mol–1)
Fig. 3. Correlation between the time constant
of X-ray intensity decay and the coordination
energy of each hydration water of M(H2O)6n+.
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Photochromic hollow crystals showing scattering of crystals
and dispersal of included objects mimicking Impatiens
Diarylethene derivatives are photochromic
compounds whose colorless open-ring isomers
undergo cyclization to colored closed-ring isomers
upon UV irradiation and revert to the original openring isomers by a cycloreversion reaction upon
visible light irradiation. Diarylethenes are known by
their following excellent photochromic properties:
1) high thermal stability of both isomers, 2) fatigue
resistance to repeated photochromic reaction cycles,
3) high sensitivity (high absorption coefficients and
photochromic quantum yields), 4) photochromic
reactivity even in the crystalline state. Owing to these
specific properties, diarylethene derivatives have been
paid much attention in the research field of molecular
memories and switches [1].
In 2007, a paper on the photoinduced bending
phenomena of diarylethene crystals was published
in Nature [2]. The macroscopic movement due to
crystal bending was induced by the sum of the
changes in each molecular volume from open-ring
to closed-ring isomers. The dramatic movement of
crystals upon alternate irradiation with UV and visible
light attracted much interest. Then a new research
field to develop systems that exhibit photoinduced
macroscopic events attributed to the assumption of
microscopic molecular movements was started and
developed.
In addition to photochromic crystalline systems,
other macroscopic phenomena called salient effects
have been reported [3]. Salient phenomena refer
to crystals showing jumping, breaking, or scattering
into small pieces upon heating or photoirradiation.
Salient phenomena induced by heating are called
“thermosalient” phenomenon and those induced by
photoirradiation are called “photosalient” phenomenon.
Salient phenomena are much more dramatic than the
photoinduced bending of crystals, i.e., in the bending
the crystal lattice is maintained, while in salient
phenomena the lattice is broken. When breaking
the lattice, all the strained energy is released and
transferred into kinetic energy. Therefore, the crystals
jump or are scattered at a high speed.
Although the phenomena are dramatic and
interesting to observe, they do not undergo any
functions, and only breaking or jumping in unexpected
directions occurs. The photoinduced bending of
crystals is much slower, but some of them can be
used for actual functions such as rolling gears or
switching electronic devices.
We have studied the synthesis of new diarylethene
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derivatives to search for new photofunctions. We
prepared a new derivative 1o having a six-membered
perfluorocyclohexene ring at the ethene moiety
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Fig. 1. Molecular movement of diarylethenes in
the crystals. (a) Molecular structural changes of
diarylethenes (1) and (2), (b, c) changes in structure
size during the reaction from open-ring (1o, 2o) to
closed-ring (1c, 2c) isomers, (d) molecular packing
of two conformers (A and B) of 1o in the unit cell.
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instead of the five-membered perfluorocyclopentene
ring of the previously prepared derivative (2o)
(Fig. 1(a)); derivative 2o is the compound whose
single crystal showed photoinduced bending [2]. The
crystal of 1o showed the photosalient phenomena
of jumping and scattering into small pieces upon
UV irradiation. The reason for this was clarified by
X-ray analysis. In a unit cell of the crystal of 1o, there
are two conformers (depicted in blue (conformer A)
and green (conformer B)). Upon UV irradiation, they
undergo a cyclization reaction to form the closedring isomer 1c. Comparing the sizes of 1o and 1c,
the height of the molecules decreased by 9.0% for
both conformers, while the widths of the molecules
increased by 5.8 and 5.9% for conformers A and B,
respectively (Fig. 1(b)). These changes are almost
three times larger than those for the conversion from
2o to 2c (0.6% increase in width and 2.6% increase
in height) (Fig. 1(c)). These larger structural changes
induced stress in the crystal upon UV irradiation,
leading to photoinduced salient phenomena [4].
Unexpectedly, 1o formed crystals with hollow
structure by sublimation on a hot plate under
atmospheric pressure. We analyzed the hollow
crystals at SPring-8 beamlines BL02B1 and BL40XU,

(a)

UV

b

a

and found that the hollow crystals have the same
molecular packing as the non-hollow crystals as
shown in Fig. 1(d).
This finding inspired us to devise a function for the
hollow crystals. Impatiens (touch-me-not) are known
to have a specific biofunction. The impatiens plant
disperses its seeds over a distance as the seedpod
explodes open. We attempted to mimic this function.
The dimensions of the largest hollow crystal were
5 to 30 mm in width and around 100 mm in length.
Upon UV irradiation, hollow crystals were deformed
as in Fig. 2(a) and finally broke down in small pieces
[5]. In addition, small plastic beads (1.0 mm diameter)
containing a fluorescent dye were packed into the
hollow (Fig. 2(b)), and UV light was irradiated to
the crystal. Then the beads inside the hollow were
immediately scattered along with the deformation
and breaking of the walls in the manner of the seeds
of natural impatiens (Fig. 2(c)). This phenomenon
implies that the photoresponsive hollow acts as a
kind of artificial impatiens. With the help of SPring-8,
we were able to clarify the mechanism of the
photosalient phenomena of hollow crystals, which led
to the generation of a new photoresponsive system
mimicking impatiens.

c

(b)

Shrinking
Expansion
Expansion

(c)

Fig. 2. (a) Deformation of the hollow crystal upon UV irradiation,
(b) hollow crystal packed with fluorescent polystyrene beads with 1 μm
diameter, (c) UV-induced scattering of fluorescent beads. Scale bars: 20 μm.
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X-ray photoelectron spectroscopy
under ambient pressure conditions
X-ray photoelectron spectroscopy (XPS) is a
powerful tool for measuring the physical and chemical
properties of surfaces. A conventional photoelectron
spectroscopy analyzer can only operate under high
vacuum. One of the reasons for this is that the
discharge of the analyzer occurs at low vacuum and
the other reason is that the number of photoelectrons
decreases quickly when photoelectrons pass
through the gas atmosphere because of the electron
scattering by gas molecules. Attempts to perform
XPS measurement in a gas atmosphere began in the
early 1970s. In several cases, differential evacuation
was performed between the electron energy analyzer
and the sample to prevent the gases from entering
the analyzer and to maintain the vacuum under which
the analyzer can be operated safely. In addition, a
short working distance (WD) between the sample
surface and the detector orifice (aperture) was
adopted to prevent electrons from passing through
a long distance in the high-pressure region. This
technique is known as ambient pressure X-ray
photoelectron spectroscopy (AP-XPS) [1].
The AP-XPS technique has advanced with the
use of third-generation synchrotron radiation light
sources. High brightness and small focused beams
have allowed the diameter of the aperture to be
reduced. Furthermore, by introducing an electron
lens into a differentially pumped chamber to increase
photoelectron transmission, it has become possible
to lengthen the chamber and exhaust residual
gases with numerous pumps. These techniques can
increase the working pressure in the measurement
chamber to 3000 Pa, close to the saturation vapor
pressure of water at room temperature. In recent
years, AP-XPS has been used in various research
areas such as solid-gas reactions, solid-liquid
interfaces, fuel cells, and batteries. However, the
upper limit of the working pressure is about 3%
of atmospheric pressure. Considering that many
practical chemical reactions occur under atmospheric
pressure or higher, it is desirable to further increase
the pressure limit in AP-XPS.
The key requirements for increasing the pressure
limit in AP-XPS are a high-brightness light source, a
small focused beam, a small aperture, a short WD,
and high-energy photoelectrons generated by a
high-energy excitation light. Using a small aperture
to increase the pressure limit in AP-XPS has two
advantages. First, it can prevent gases from flowing
into the analyzer, and second, it can shorten the
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WD without decreasing the actual pressure at the
sample surface. Regarding the inflow of gases,
we investigated the pressures at a differentially
pumped chamber and an analyzer chamber during
XPS measurement under atmospheric pressure for
apertures of various sizes. We found that an aperture
diameter of ≤ 70 mm can maintain the gaseous
pressure in both chambers at a value allowing
the spectrometer to be operated safely during the
measurement at atmospheric pressure. Concerning
such a short WD, the number of photoelectrons with
a kinetic energy of 8 keV is decreased to ~0.3% as a
result of scattering at nitrogen molecules when they
pass through a distance of 60 mm in the atmospheric
pressure region. Therefore, a WD close to this value
is required in AP-XPS measurement at atmospheric
pressure to detect signals with sufficient intensities.
The actual pressure at the sample surface, however,
may differ from the apparent value measured far from
the aperture if the aperture is too close to the sample.
Previous AP-XPS experiments suggested that the
WD should be twice the aperture diameter in order
not to perturb the gas environment at the sample
surface. Namely, it is necessary to use an aperture
with a diameter of 30 mm to set the WD to 60 mm.
The AP-XPS measurements were conducted at
SPring-8 BL36XU beamline [2]. Excitation light of
7.94 keV focused to a beam size of 20 mm × 20 mm
was used. An AP-XPS system with a commercial
differential pumping-type spectrometer (R4000
HiPP-2, Scienta Omicron Inc.) was installed in the
beamline [3]. The equipment comprises a pre-lens
in a differentially pumped chamber evacuated with
several vacuum pumps and a standard hemispherical
electron energy analyzer. The standard aperture

(a)

(b)
ϕ30μm

300μm

Fig. 1. (a) Front cone of the electron energy
analyzer. (b) Scanning electron microscope image
of the aperture shape at the top of the front cone.
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at the top of the front cone in the spectrometer has
a diameter of 300 mm. In this report, we replaced
the front cone with our custom-made one with an
aperture diameter of 30 mm, which was shaped
by focused ion beam processing, to increase the
pressure limit in the AP-XPS measurement (Fig. 1).
We measured the XPS spectra of a Au(111)
surface grown on a mica substrate with a WD of
60 mm under various gas pressures using the APXPS equipment [4]. The signal intensity obtained
by the spectrometer with the 30 mm aperture was
~ 5% of that obtained with the 500 mm aperture
due to the small acceptance angle. Figure 2
shows the intensity decay of the Au 4f spectra
with increasing gas pressure from 1 Pa to 100 kPa.
Here we use 100 kPa as atmospheric pressure.
The XPS measurement was not affected by the
ambient gas at a pressure of 1 Pa. As the gas
pressure increased, the signal intensity decreased
because the photoelectrons were scattered by the
ambient gas while passing through the sample
to the detector. Although the signal intensity was
very weak, the appearance of the 4f 7/2 peak was
confirmed at atmospheric pressure. The attenuation
of the signal from its signal level at 1 Pa was 0.5%
at 100 kPa. However, the signal-to-noise ratio can
be improved by increasing the acquisition time.
Figure 3 shows the Au 4f spectrum recorded at
atmospheric pressure. The 4f 7/2 and 4f 5/2 peaks can
be clearly observed in the spectrum. The Shirley
background was subtracted from the spectrum,
and the plots were fitted with a Voigt function. The
curve-fitting result shows that the energy difference
between the 4f 7/2 and 4f 5/2 peaks is 3.7 eV and the

intensity ratio 4f7/2 :4f5/2 is approximately 4:3. These
values are in good agreement with the standard
values for Au 4f peaks. Thus, accurate photoelectron
spectroscopy measurement is possible even under
atmospheric pressure using a differential-pumpingtype photoelectron spectrometer with an aperture
of 30 mm.
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Fig. 2. Au 4f 7/2 spectra recorded using 7.94 keV
X-rays at pressures of 1 Pa to 100 kPa. Each spectrum
was recorded in an acquisition time of 10 min.
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Operando three-dimensional XAFS imaging of the degradation of
a polymer electrolyte fuel cell Pt/C cathode electrocatalyst
The 3D visualization of heterogeneous catalysts
is one of the most challenging subjects in catalytic
chemistry and would be helpful for solving serious
problems faced in the practical use of heterogeneous
catalysts. X-ray absorption fine structure (XAFS)
using hard X-rays is a powerful technique for
analyzing the chemical state and local coordination of
heterogeneous catalysts, and the high transmission of
hard X-rays enables operando XAFS measurements
u n d e r c a t a l y s t w o r k i n g c o n d i t i o n s . We h a v e
developed 3D XAFS imaging combining computed
tomography (CT) and XAFS spectroscopy (CT-XAFS)
[1] and used it to visualize the degradation process
of Pt cathode electrocatalysts in a polymer electrolyte
fuel cell (PEFC) under PEFC operating conditions.
PEFCs are promising next-generation energy
devices that can realize high energy conversion, onsite power generation, a sustainable clean power
source, and so forth. For the practical application
and commercialization of PEFCs, the durability of the
cathode electrocatalyst must be improved. It is well
known that the dissolution and degradation of the
cathode electrocatalyst, such as Pt nanoparticles,
proceeds under the practical operation conditions of
fuel-cell vehicles, consisting of repeated cell voltage
operations. We performed operando CT-XAFS at the
Pt L III-edge for a Pt/C cathode electrocatalyst in a
practical membrane electrode assembly (MEA) under

(a)

PEFC operating conditions, and the distribution and
oxidation states of the Pt catalyst before and after an
accelerated degradation test (ADT) were successfully
visualized [2].
The operando CT-XAFS measurements were
performed at SPring-8 BL36XU [3]. X-rays were
monochromatized by Si(111) channel-cut crystals
t h r o u g h a p a p e r r o t a t i o n d i ff u s e r, a n d X - r a y
transmission images of the sample (I1) and I0 images
were recorded by a high-resolution X-ray imaging
unit (Fig. 1). A PEFC cell designed for the CTXAFS measurements was rotated between angles
of – 80° and +80° perpendicular to the optical path
and 1,600 X-ray projection images were recorded at
184 X-ray energies around the Pt LIII-edge. The total
measurement time was less than 2.5 h. We used
a commercial MEA (EIWA Co., Ltd.; 3 × 3 cm2 ) with
a Pt/C cathode catalyst and a Pd/C anode catalyst
(0.5 mg·cm 2 -Pt/Pd ). The MEA was conditioned and
aged in the PEFC cell by supplying H2 (150 mL·min–1)
at the anode and N2 (600 mL·min–1) at the cathode.
Operando CT-XAFS measurements were performed
for the MEA before and after the 20,000 cycles of the
ADT (rectangular voltage cycling between 0.6 and
1.0 V for 3 s) at 1.0 V.
We reconstructed 3D images of three structural
parameters from the series of CT-XAFS data:
morphology images, Pt distribution images, and Pt

(c)
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Fig. 1. (a,b) Schematic and image of CT-XAFS experimental setup at beamline
BL36XU. (c) Image of the PEFC cell designed for the CT-XAFS measurements. [2]
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valence state images in the MEA. The morphology
images were obtained by the reconstruction of CT
data measured at 11.497 keV, which was lower than
the energy of the Pt LIII-edge (Figs. 2(A1, B1)). We
found the clear contrasts derived from the structures
of the components in the MEA, and a heterogeneous
structure with random cracks was clearly imaged in
the cathode catalyst layer.
Then, we reconstructed the Pt L III -edge jump,
which corresponds to the amount of Pt. Figures
2(A2, B2) show 3D reconstructed images of the
Pt L III-edge jump, where the distribution of the Pt
catalyst in the MEA was clearly visualized before and
after the ADT. Before the ADT, the distribution of the
Pt catalyst was observed as tiny spots in the whole
of the cathode catalyst layer, suggesting that the
Pt catalyst was originally dispersed in the cathode
catalyst layer. The 3D images of the distribution of
the Pt catalyst markedly changed after the 20,000
ADT cycles. The observed tiny structures almost
disappeared and the dissolution of the Pt catalyst
from the cathode catalyst layer to the Nafion
membrane was also observed. Severe aggregation
was observed in some parts, whereas the Pt catalyst
was lost in parts around the crack structures. The
3D images of the Pt distribution before and after the
ADT showed the migration and degradation of the

(A1)

Pt cathode catalyst caused by the ADT cycles.
Figures 2(A3, B3) show 3D images of the Pt
valence at 1.0 V obtained by the reconstruction of
the white-line height of the Pt LIII-edge. After the ADT
cycles, it was clear that the 3D image had changed
from yellow to blue, showing decreases in the Pt
valence caused by the ADT. This was observed in
the entire cathode catalyst layer, indicating that Pt
aggregation proceeded in the cathode catalyst layer
with reduction in the active surface area of the Pt
catalyst.
Briefly, we have succeeded in measuring operando
CT-XAFS data of an MEA of a PEFC with a Pt /C
cathode catalyst and reconstructing the Pt distribution
and valence state in the MEA under PEFC operating
conditions for the first time. The operando 3D-CTXAFS images before and after the ADT showed
that the dissolution, migration, and aggregation
of the Pt cathode catalyst occurred in the entire
cathode layer and spread to the Nafion membrane
in the MEA during the ADT. The 3D visualization
by CT-XAFS is a promising method for visualizing
heterogeneous catalyst migration and the degradation
of electrocatalysts in PEFCs to obtain a deeper
understanding of catalyst degradation in PEFCs and
for developing new catalysts and PEFC systems for
practical use.
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Pt 0+
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Fig. 2. Set of 3D images of (1) morphologies, (2) Pt densities, and (3) Pt valence
states for the MEA (A) before and (B) after the 20,000 cycles of the ADT. [2]
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Platonic micelles: A new concept of micelles
since their discovery 100 years ago
Surfactants and lipids comprise hydrophilic
polar headgroups and hydrophobic tails, which are
commonly long hydrocarbon chains. When these
molecules are dispersed in aqueous solutions,
the hydrophobic tails tend to avoid unfavorable
interactions with polar water, while the headgroups
favorably interact with water. This consequently leads
to the formation of aggregates with a certain size
called “micelles.” This term was first used by J. W.
McBain in 1913 to describe an aggregate of soap
molecules, and the first model of spherical micelles
was proposed by G. S. Hartley [1]. In Hartley’s micelle
model, the polar headgroups usually form the exterior
of the aggregate and the hydrophobic moieties form
the interior.
Tanford was the first to formulate the thermodynamics
of micelle formation [2]. His theory and its improvements,
and also recent computer simulations based on
these theories are reasonably consistent with various
experimental results for a wide range of materials. It is
generally accepted that the aggregation number (Nagg)
gradually changes with the surfactant concentration
and other solvent conditions such as the ionic strength
and that Nagg has a certain distribution. However, we
recently observed an interesting phenomenon that
seemingly cannot be rationalized within the above
framework.
We have newly synthesized calix[4]arene-based
amphiphiles, all of which consist of four headgroups
and four alkyl tails and have a conical shape, as
presented in Fig. 1(a). Synchrotron small angle X-ray
scattering (SAXS) measurement was carried out at
SPring-8 BL40B2 to determine the micelle shape
composed of the amphiphile as well as the Nagg .
We first identified that a calix[4]arene-based
amphiphile bearing amines and propyl chains forms
hexamer micelles at pH = 3 without any distribution
in Nagg [3]. We also found that some calix[4]arenebased amphiphiles self-assemble into spherical
micelles exhibiting similar monodispersity of N agg.
The monodispersed aggregation numbers that we
have so far identified are 4, 6, 8, 12, 20. It is quite
surprising that those numbers coincide with the
vertex numbers of regular polyhedral structures, i.e.,
Platonic solids, as illustrated in Fig. 1(a), and we
name them “Platonic micelles.” The monodispersity
and discreteness of Nagg have been found in another
micellar system composed of surfactin, which
consists of a heptapeptide unit (Glu-Leu-D-LeulValAsp-D-Leu-Leu) and a beta-hydroxy fatty acid. The
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X: Hydrophilic groups
R: Alkyl chains
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Nagg = 12

Nagg = 20

Fig. 1. Chemical structure of a calix[4]arenebased amphiphile and schematic illustration of
calix[4]arene-based micelles whose Nagg values
match the vertex numbers of regular polyhedra.

present results indicate that a suitable combination of
amphiphile tail length, head volume, and sufficiently
small N agg, as well as some rigidity of the building
block, is necessary to produce Platonic micelles,
which are monodisperse with a defined Nagg whose
values are chosen from the vertex numbers of regular
polyhedra [4].
There have been no reports of such discreteness
and monodispersity in conventional micelles.
Generally, normal micelles have larger Nagg values
than the present systems. If the interfacial area (ae)
between a hydrophilic domain and a hydrophobic
domain is large and Nagg is small, the way in which
the hydrophobic tails are covered to achieve the
minimum free energy may differ from the systems
with a large N agg. This issue is probably related to
the mathematical problem of how to efficiently cover
a spherical surface with multiple identical spherical
caps. In geometry, this is called the “best packing
on a sphere” or the Tammes problem. For example,
as illustrated in the right of Fig. 2(a), the maximum
coverage with three spherical caps is D(N ) = 0.75.
For 12 caps (left of Fig. 2(a)), we can have a larger
coverage of D(N ) = 0.90 and the centers of the caps
have the same configuration as the vertices of a
regular icosahedron. Here, D(N ) is defined as the
ratio of the sum of the cap areas to the area of the
sphere surface.
Figure 2(b) plots D (N ) against the number of
caps N. For small N, larger D(N ) values are obtained
at certain numbers such as N = 4, 6,12, and 20. It
is surprising that these numbers coincide with our
observed values of Nagg. In an analogy to the above,
it can be reasonably assumed that there are certain
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Fig. 2. (a) Two examples of the best packing of multiple circles on a sphere surface (N = 3 and
12). The Tammes problem and its analogy of how multiple cone-shaped surfactants form spherical
micelles to cover their hydrophobic tail domain (green) with the interface area (red) acting as
spherical caps. (b) Coverage D(N) of the Tammes problem plotted against the number of caps N.

numbers of molecules that can more efficiently cover
spherical micelles than other numbers. One may think
that real molecules do not behave like rigid spherical
caps, but the hard-core potential (i.e., Tammes
problem) is not a necessary condition for an oscillating
D(N) pattern. A similar simulation with the Coulomb
potential exhibits local maxima at the same values of
N as those in the Tammes problem. Therefore, we can
presume that Nagg = 4, 6,12, and 20 are more likely to
be encountered in real micelles. The monodispersity
can be explained in the same framework. When a
certain Nagg is strongly favorable, most aggregates will
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consist of this number of molecules and the system
becomes monodisperse.
We have also observed a very interesting kinetic
transition from calix[4]arene-based dodecamer
micelles to icosamer ones when increasing the
salt concentration (Fig. 3(a)) [5]. N agg remained
unchanged during the first 60 s after the increase
in NaCl concentration, and then abruptly increased
to 20 (Fig. 3(b)). We surmise that this phenomenon
is probably due to the fact that only a few Nagg values
are thermodynamically allowed in the system of
Platonic micelles.
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Fig. 3. (a) Chemical structure of the calix[4]arene-based amphiphile bearing quaternary
amines and schematic illustration of the salt-induced transition of the micelles from
dodecamer to icosamer. (b) Time evolution of Nagg (circles) and the fitting curve.
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In situ analysis of Cs species in an alkali-activated solid
waste incineration fly ash and pyrophyllite-based system
Alkali-activated materials (AAMs) synthesized from
aluminosilicates under highly alkaline conditions, such
as geopolymers and zeolites, have been researched
as alternatives to cement, concrete, and ceramics [1].
One of the alternative uses is as a solidification agent
in the treatment of various wastes. Recently, there
has been much interest in the use of AAMs obtained
from aluminosilicates for the treatment of radionuclidecontaminated waste from the Fukushima Daiichi
Nuclear Power Plant (FDNPP) accident. In particular,
radioactive cesium (134Cs and 137Cs) in radionuclidecontaminated solid waste incineration fly ash (SWIFA),
a residue from thermal treatment of the waste, is
soluble and cannot be stabilized sufficiently by general
solidification using ordinary Portland cement [2].
The solidification process of an AAM obtained
from aluminosilicates may involve the dissolution of
aluminosilicates in a highly alkaline solution, gelation,
reorganization, polymerization/crystallization, and
hardening (Fig. 1(a)) [1]. Kinetic analysis of the
process is essential for the design of curing conditions
and important for understanding the reaction
mechanism for the effective stabilization of hazardous
substances. Although kinetic analyses have been
reported, almost all of them focused on changing the
AAM matrix such as the environment around Si and Al,
which form a Si–O–Al chain or an amorphous phase.
In the stabilization of Cs, Cs species before and after
the stabilization are also important for understanding
the mechanism. However, little research is available
on kinetic analysis focusing on Cs and its species in
O
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AAMs obtained from aluminosilicates.
In this study, we focused on the Cs species
during the reaction in an alkali-activated SWIFA
and pyrophyllite-based system, which simulated the
treatment of radionuclide-contaminated SWIFA from
the FDNPP accident. We investigated the chemical
kinetics of the Cs species during the reaction by
performing an in situ X-ray absorption fine structure
(in situ XAFS) experiment. Pyrophyllite was used in
this system because there is little knowledge of its
application to AAMs as an aluminosilicate source.
SWIFA that had not been treated with any flue gas
control agents (e.g., slaked lime, activated carbon)
was collected from a baghouse at an SWI plant in
Japan. We added CsCl to the SWIFA so that the
concentration of CsCl in the SWIFA was 5 wt% to
simplify the identification of changes in the Cs species.
Pyrophyllite was dehydrated for 12 h at 900°C. Pastes
of the AMM system in this study were prepared by
mixing the same weight of each of the municipal solid
waste incineration fly ash (MSWIFA) with 5 wt% CsCl,
dehydrated pyrophyllite, sodium silicate solution,
and 14 mol/L aqueous NaOH solution. To evaluate
the stabilization of Cs in the system, the Japanese
leaching test (JLT-46) for solid products obtained from
30 g of the pastes was performed at intervals of 0 to
24 h during 48 h curing at four different temperatures
(room temperature, 60°C, 80°C, and 105°C) in
batch experiments. The in situ XAFS experiments
for the system were conducted at SPring-8 BL01B1
(Fig. 1(b)). Approximately 200 g of each paste was
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Fig. 1. (a) Scheme of a reaction process of an AAM obtained from aluminosilicates [1]. (b) Schematic illustration of
in situ X-ray absorption fine structure (in situ XAFS) experiment. (c) Leaching ratio of Cs from products in an alkaliactivated municipal solid waste incineration fly ash and pyrophyllite-based system obtained from Japanese leaching
test (JLT-46). ‘Leaching ratio’ means the weight percentage of Cs in the leachate to the total Cs in a product.
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(Fig. 2(c)). The pollucite content in the case of room
temperature curing was below the detection limit. By
contrast, that in the case of 105°C curing increased
fastest to approximately 60 mol% of the total Cs
species after 12 h. These results and further analyses
of the reaction rate using a simple reaction model (not
shown, see Ref. 3) showed that the pollucite formation
rate was faster under a higher curing temperature.
In addition, the pollucite content had a negative
correlation with the Cs leaching ratio, which suggested
that the formation of pollucite during the change in the
Cs species played an important role in its stabilization
using the system. By calculating the rate constants
of pollucite and the slope of its Arrhenius plot [3], the
activation energy of pollucite formation in the system
was estimated to be 31.5 kJ/mol, which is similar to the
values for geopolymers or zeolite materials in some
alkali-activated systems [4,5]. This result indicates that
pollucite can form as a result of the reaction energy in
the alkali-activated system in this study.
As shown above, we demonstrated the chemical
kinetics of Cs species in an alkali-activated MSWIFA
and pyrophyllite-based system and revealed a
quantitative relationship between the stabilization of
Cs and the formation of pollucite.
Content of Pollucite in Cs
Species (molar ratio)

placed in four custom-built reaction cells, which were
cured under the four curing conditions. The in situ
XAFS spectra at the Cs-K edge were collected in
transmission mode at intervals of approximately 1 to
10 h (6 runs for 34 h) for each curing condition [3].
The leaching ratio of Cs from the product under
room temperature curing decreased very little during
JLT-46, by contrast, that of the product cured at 105°C
decreased the most to less than 10% of its initial
value after 12 h (Fig. 1(c)). These results showed that
the AAM system in this study can be stabilized to a
greater extend and faster by employing a higher curing
temperature and longer curing time.
The results of in situ XAFS experiments on
samples subjected to 60°C and 105°C curing are
shown in Figs. 2(a) and 2(b). The spectra for both
curing conditions markedly changed and became
increasingly similar to that of pollucite with increasing
curing time. The changes in the spectra were greater
and the similarity to pollucite was observed earlier for
curing at 105°C than for curing at 60°C. We estimated
changes in the pollucite content in this system from
all the spectra obtained from the in situ experiments
using factor analysis and linear combination fitting
technique using the spectra of reference materials
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Fig. 2. (a) Cs K-edge X-ray absorption near edge structure (XANES) of pollucite and result of in situ
experiments (60°C and 105°C). (b) Cs K-edge k3χ (k) extended X-ray absorption fine structure (EXAFS)
of pollucite and result of in situ experiments (60°C and 105°C). (c) Estimated content of pollucite
during in situ experiments. Arrows indicate changes in spectral features during the in situ experiments.
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Hydrogen (H) is the most abundant element in the
universe and it has played an important role in the
structure, dynamics, and evolution of the Earth. About
70% of the Earth’s surface is covered with water
(H2O) and a huge amount of water is also estimated
to be maintained in the Earth’s interior. However, the
actual amount, distribution, and origin of the water
deep in the Earth’s interior are unclear. Although
liquid water is generally present on the surface of the
Earth, hydrous phases (which contain hydrogen in
their crystal structure) can retain water in the deep
mantle. Therefore, a significant amount of water
has been transported into the Earth’s interior via the
subduction of hydrous phases in the cold oceanic
lithosphere since the initiation of plate tectonics in the
Archaean. Our research group previously contributed
to understanding of the stability of hydrous phases
at high pressures [1]. Several recent studies have
suggested that d-AlOOH - phase H (MgSiO4H2) solid
solution can retain water without dehydration even
at high pressures and temperatures corresponding
to the base of the mantle [2]. Thus, the surface
water may be transported as far as the core–mantle
boundary (2,900 km depth) [1,2]. However, the strong
dependence of the stability of hydrous minerals on
the chemical composition may prevent the passage
of water to such a great depth. For example, one
of the possible hydrogen carriers, iron hydroxide
e-FeOOH, was recently reported to decompose at
80 GPa (corresponding to 1,900 km depth) to form
FeO2, releasing H2 [3]. This reaction suggests that
the separation of hydrogen and oxygen is cyclic and
that water cannot reach the deeper regions of the
lower mantle. In this study [4], we further examined
the high-pressure behavior of iron hydroxide FeOOH
and obtained data showing the formation of a new
hydrous phase under the conditions of the deep
lower mantle.
First, we conducted first-principles calculations
to determine the stability of FeOOH phases at
high pressures. The calculated relative enthalpies
indicated that the pyrite - type structure may be
stabilized at above ~70 GPa (Fig. 1), although the
previous study suggested that FeOOH decomposes
into FeO and H2 under such conditions.
On the basis of these first-principles predictions,
we performed in situ XRD measurements using a
laser-heated diamond anvil cell (DAC) system at
SPring-8 BL10XU. We used symmetric diamond anvil
cells with 90 mm and 200 mm culet diamond anvils

py111

The pyrite-type high-pressure form of FeOOH

54 GPa, 300 K

14

2θ (degree)

16

18

20

Fig. 1. Typical XRD patterns obtained by in situ
observations at high pressure after heating at
1,500 K. ε, ε-FeOOH; py, pyrite-type FeOOH;
FeHx, dhcp-FeHx; Au, gold; Re, rhenium.

to generate high pressures. Pellets of a-FeOOH
with thickness 10 –15 mm were used as the starting
material. Each sample was coated with sputtered
gold (Au) films on both sides, which acted as an
internal pressure standard and a laser absorber. The
sample was loaded into a sample chamber in a preindented rhenium gasket with insulation provided by
layers of fine-grained SiO2 glass. We used two 100 W
single-mode fiber lasers and heated the sample from
both sides. The temperatures were maintained for
3 – 30 min and measured using spectroradiometry.
Angle-dispersive in situ XRD patterns were obtained
at high pressures and temperatures with an imaging
plate (Rigaku) and an X-ray flat panel detector
(PerkinElmer) with typical exposure times of 30 s
and 1 s, respectively. The wavelengths of the
monochromatic incident X-ray beam were 0.415–
0.416 Å. Pressures were calculated from the various
equations of state for gold.
XRD patterns obtained at ~120 GPa at room
temperature only showed diffraction peaks for
sputtered gold owing to the amorphization of goethite
during the compression process. After the heating
of the sample to ~1500 K, the in situ XRD pattern
showed clear diffraction peaks that can be accounted
for by a simple cubic symmetry (Fig. 2), which
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pyrite-type FeOOH may release the free water by
dehydration to form Fe2O3 when the slabs warm up
during a long period of stagnation at the core-mantle
boundary, as we observed. This dehydration process
at the bottom of the lower mantle may cause partial
melting at this depth. Further studies are required to
test this hypothesis.

Pyrite-type FeOOH
Exp.

26

Volume (Å3)

matches that predicted by theoretical calculation
for the pyrite-type framework of FeO6 octahedra. In
order to determine the stability fields of this phase,
we reheated this sample after decompression. The
peaks corresponding to the pyrite-type FeOOH
remained as the stable phase in the pressure range
between 90 GPa and 129 GPa. Upon heating after
further decompression to ~60 GPa, we observed the
transition of pyrite-type FeOOH to e-FeOOH, which is
known as the polymorph in FeOOH. Thus, the phase
boundary between e-FeOOH and pyrite-type FeOOH
is located between 60 GPa and 90 GPa at 1,500 K.
XRD patterns of the pyrite-type FeOOH were also
obtained in additional in situ experiments up to
2,400 K using the same starting material at ~96 GPa
with weak peaks corresponding to double hexagonalclose-packed (dhcp) FeHx. When the sample was
heated to temperatures of above 2,400 K, the
pyrite-type FeOOH dehydrated into an assemblage
containing an Fe2O3 post-perovskite phase.
Although anhydrous FeO 2 with a pyrite-type
structure was recently reported to be stable above
80 GPa [3], the cell volume of pyrite-type FeOOH
is approximately 8% greater than that of FeO 2
synthesized by a reaction between Fe2O3 and O2 at
about 80 GPa (Fig. 3). Moreover, our first-principles
calculations clearly indicate that pyrite-type FeOOH is
a thermodynamically stable phase since the enthalpy
of the mixture of FeO2 plus H2 is much higher than
that of pyrite-type FeOOH. Thus, pyrite-type FeOOH
or the recently proposed FeOOH x (a partially solid
solution between FeO2 and FeOOH) [5] may deliver
water to the deep lower mantle. The deep-seated
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Fig. 3. Volume of pyrite-type FeOOH as a function
of pressure. The experimental data at 300 K derived
from XRD patterns after annealing at 1500–2400 K
shows a larger volume of pyrite-type FeOOH than
that of anhydrous FeO 2 [3]. Calculated volume
compression curves of pyrite-type FeOOH at 0 K
obtained using GGA + U and LDA + U (solid and
dashed lines, respectively) are shown for comparison.
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Fig. 2. Crystal structures and stability fields of
ε-FeOOH and pyrite-type FeOOH. The appearance
of Fe2O3 post-perovskite (ppv) associated with the
dehydration process was observed above 2,400 K.
Geotherms for cold subducted slabs and the mantle
are shown by thick solid curves.
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Intermediate-depth earthquakes triggered
by localized heating in peridotites
The surface plates of Earth (thickness, ~60 km), on
which we live, move and subduct along with the flow of
the mantle (depths greater than 60 km). Earthquakes
occur through the collision and subduction of plates.
Earthquakes can be divided into three types according
to the depth of hypocenter: i) interplate or crustal
earthquakes (depths <50 km); ii) intermediate-depth
earthquakes (50−300 km); and iii) deep earthquakes
(> 300 km). Intermediate-depth earthquakes often
occur in subduction zones, and sometimes magnitude
7-class ones result in serious disasters. However,
the occurrence of intermediate-depth earthquakes
in subducting slabs has long puzzled geoscientists
because these earthquakes require some mechanism
to accelerate the fault movement at pressures above
1.8 GPa (i.e., depths ≥ 50 km). The frictional strength
is so high that fault movement is inhibited without
a “lubricant” at such high pressures. Since 1960s,
a generally accepted hypothesis has been that
aqueous fluid released from the breakdown reaction
of hydrous minerals (e.g., antigorite and lawsonite)
triggers intermediate-depth earthquakes. However,
the distribution of hydrous minerals, and thus the
aqueous fluid, is limited to the upper part of subducting
slabs, namely, aqueous fluid does not account for the
occurrence of earthquakes in the lower part of slabs.
Here we show that intermediate-depth earthquakes
could be caused by the drastic weakening of peridotites
(i.e., the main constituent of slabs) through localized
heating followed by partial melting [1].
My colleagues and I have conducted uniaxial
deformation experiments on peridotite samples
combined with synchrotron in situ X-ray observations at
pressures of 1.0−2.6 GPa, temperatures of 860−1350 K
and strain rates of 10–5 –10–4 s–1 using a deformationDIA apparatus at SPring-8 BL04B1. The temperature
and pressure ranges were equivalent to the conditions
in the shallower part of subducting slabs. Acoustic
emissions (AEs) were monitored using six piezoceramic
lead-zirconate titanate transducers, each attached to
the rear side of a second-stage anvil. Our AE monitoring
technique (Fig. 1) allowed us to evaluate the threedimensional location and magnitude of microcracks (i.e.,
hypocenters of AEs) in a deforming peridotite sample.
The mechanical and statistical similarities between AEs
and earthquakes have been verified on the basis of
the Gutenberg-Richter relationship and the accelerated
moment release model. In particular, the dependence
of the critical nucleation size of failure on the duration
of quasi-dynamic rupture is known to follow a scaling
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relationship in a wide range of scales from micrometers
(i.e., microcracks) to kilometers (i.e., earthquakes) [2].
The plastic deformation of peridotite samples was
followed by faulting and AEs at an accelerated strain
rate (> 5×10–5 s–1). A decrease in the Gutenberg–Richter
b-value and increases in the AE amplitude and AE rate
were usually observed around the timing of faulting,
probably due to the subcritical growth of cracks. Strong
AE activity was also observed to continue after the
faulting (i.e., aftershocks). Gouge layers consisting of
ultrafine-grained olivine and orthopyroxene (down to
20 nm) developed along faults. Amorphous films were
frequently observed on the grain interfaces (Fig. 2).
Taking into account the possibility of localized heating
(i.e., adiabatic instability caused by the weakeningfeedback mechanism wherein localized deformation
caused further heating), the origin of the amorphous
phase must be evaluated from the viewpoint of the
partial melting of peridotite. In fact, the following
theoretical equation (Eq. 1) [3] predicts that localized
heating is effective when the strain rate exceeds a
threshold value (>10–4 s–1 in a laboratory scale):

ε˙c >

hρ Cp κ RT 2
σ H * L2

(1)

where h is the work hardening coefficient (= 1), ρ is
the density (~3.4 g/cm3 at 1.5 GPa), Cp is the specific
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Fig. 1. Cell assembly viewed as a cross section from the direction
parallel to the X-ray path. A cylindrical peridotite sample
(diameter: 3 mm; length: 5 mm) is placed in the central part of
the cell assembly. Piezoceramic lead-zirconate titanate (PZT)
transducers are attached to the rear side of second-stage anvils
made from tungsten carbide or cubic boron nitride. The transducers
are separated from the anvils by alumina plates. Representative
waveforms detected by transducers are also shown.
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Fig. 2. Element map of ultrafine grains in a gouge layer formed in a failed dunite sample. The map was acquired using
a field-emission TEM JEOL-2100F equipped with an EDS detector system at Ehime University. In the element map,
the grayscale corresponds to the concentration of elements (pink: magnesium; green: iron). Chemical compositions of
olivine and the amorphous phase are plotted in an equilibrium diagram of the Mg2SiO4 −Fe2SiO4 system at 1.4 GPa
under dry conditions. The iron content of the amorphous phase shows that the melting temperature is 2110 ±60 K.

heat (= 817 J/ kg·K), κ is the thermal diffusivity
(= 0.7 mm 2 /s), H* is the activation enthalpy for
deformation (= 554 kJ/mol at 1.5 GPa), and L is the
sample size (= 5.5 mm). In situ X-ray observations
showed that the fault slip rate observed in the
peridotites was sufficient to trigger localized heating.
The partitioning of iron between olivine and the melt
(i.e., amorphous phase) is useful for estimating the
melting temperature in dry dunite (i.e., a monomineralic
peridotite that consists of olivine). Using the calibration
line determined from the chemical composition of
olivine (Mg/(Mg +Fe) = 91 mol%), the concentration
of iron in the amorphous phase was determined to
be Mg/(Mg+Fe) = 59 ± 11 mol%. The estimated iron
content is consistent with the ideal iron content of the
partial melt of olivine within the error bar (i.e., Mg/
(Mg+Fe) = 65 mol%). Thus, the peak temperature
during the localized heating in the dry dunite
was estimated to be ~ 2110 ± 60 K from the iron
concentration in the amorphous phase (Fig. 2). At the
peak temperature, the creep strength of the faults in
dry dunite is thought to decrease to ~35 MPa or less.
Localized heating, which is required for the initiation
of faulting, can be achieved in subducting slabs
(temperatures of 873−973 K and pressures up to
6.5 GPa). It is obvious that the critical strain rate at a
laboratory scale (i.e., ~10–4 s–1) is much higher than
that at a natural scale (1−10 km thickness for each
plane of the double seismic zone) (see Eq. 1). Taking
into account the fact that the plastic deformation of
peridotites follows a power-law form in the shallow
upper mantle, localized heating is considered possible
once the background strain rate exceeds a threshold
value in the range from 10–15 to 10–13 s–1. The strain
rate can be easily increased to the threshold value in
shear zones as a result of dynamic recrystallization
(i.e., grain size reduction via dislocation creep)
followed by diffusion creep (Fig. 3). Localized heating

induced by strain localization in the fine-grained
peridotite shear zone has also been verified by a
numerical model [4] and geological observations [5].
Thus, we conclude that the formation of fine-grained
shear zones may be important for the occurrence of
intermediate-depth earthquakes triggered by localized
heating in subducting slabs.

Localized
heating

Peridotite

Faulting

Localization of
deformation

Fine-grained
zone

Fig. 3. Schematic diagram showing faulting caused by
accelerated strain localization in peridotite with a finegrained shear zone. The dominant deformation mechanisms
are dislocation creep and diffusion creep in the coarsegrained wall rock (gray) and in the fine-grained shear zone
(blue), respectively. Accelerated strain localization triggers
localized heating in the fine-grained shear zone.
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A seismological study revealed that some regions
–
show an increase in bulk sound velocity (VB = √ Ks /ρ )
–
and a decrease in shear wave velocity (VS = √ G/ρ ):
DVB > 0 > DVS, and others show a decrease in VB and
an increase in VS: DVB < 0 < DVS (KS, G, and ρ are the
adiabatic bulk modulus, shear modulus, and density,
respectively) in the deep mantle between depths
of 2000 and 2891 km [1]. This feature is called an
anticorrelated seismic velocity anomaly. The regions
showing this anomaly, which are beneath Africa and
the central Pacific, have attracted attention as large
low shear velocity provinces (LLSVPs) characterized
as DVB > 0 > DVS.
In the 200 km layer at the bottom of the lower
mantle, known as the D″ layer, the anomaly can
be explained by the post-perovskite (pPv) phase
transition of bridgmanite, the most abundant material
of the lower mantle with the perovskite structure, since
V B and VS for the post-perovskite phase are lower
and higher than those for bridgmanite, respectively
[2]. However, this cannot explain the anomaly in the
shallower part from 2000 to 2700 km where the pPv
phase cannot exist.
There have been several proposals for the origin
of the LLSVPs [3]. Thermal heterogeneity has been
considered, but exclusively thermal effects are
insufficient to explain the LLSVPs because usually
both VB and VS decrease with temperature. It is thus
suggested that the LLSVPs have a very different
chemical composition from that of the average mantle.
Although bridgmanite is an iron-aluminum bearing
magnesium silicate, the effects of cation substitution,
especially Fe2+, have not been well investigated. To
address these issues, the elastic properties of ironbearing bridgmanite have been investigated under
ambient conditions. For this purpose, the inelastic X-ray
scattering (IXS) technique was used [3]. Iron-bearing
bridgmanite is a colored material. A single crystal
of bridgmanite is usually tiny (< a few hundred mm).
Therefore, the elastic properties of iron-bearing
bridgmanite should be measured using appropriate
methods. X-rays can be focused relatively easily and
do not basically limit a sample. The valence state of a
bridgmanite has been evaluated by synchrotron-based
57
Fe Mössbauer spectroscopy [3].
The measured samples were single crystals
synthesized at 24 GPa and 1500°C using a Kawaitype multianvil apparatus. The lattice constants
were refined using a four-circle diffractometer with

Residuals (%)

Effect of ferrous iron on elasticity of bridgmanite:
Possible origin of anticorrelated seismic velocity anomaly
observed in the lower mantle
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Fig. 1. Mössbauer spectrum of 57Fe in FeAlBdg. Black circles are raw data from which
the backgrounds have been subtracted. The
red line indicates one doublet fitted to the
data. (Top panel) Fitting residuals.

a laboratory source. The chemical composition
was analyzed using an electron microprobe and
determined as Mg0.943Fe0.045Al0.023Si0.988O3 (FeAl-Bdg).
It is important to identify the valence state of iron in
the crystal. Although the present samples were not
enriched with 57Fe but had iron isotopes with natural
abundance, a Mössbauer spectrum was collected
in the energy domain at SPring-8 BL10XU (Fig. 1).
Taking some constraints imposed by the crystal
structure into account, the absorption lines in this
spectrum are interpreted as an asymmetric doublet.
On the basis of this interpretation, the isomer shift and
quadrupole splitting were determined to be 1.05(6)
and 1.8(1) mm/s, respectively. These values indicate
that the iron in this sample was in a divalent high-spin
state and substituted for magnesium. The intensity
Table 1. Elastic moduli (Voigt-Reuss-Hill average of
Cij values) and elastic wave velocities of bridgmanites
under the ambient conditions.

Mg-Bdg
KS
G

VB
VS

236(4)
166(2)

7.58(6)
6.37(4)

FeAl -Bdg
244(3)
165(1)

7.66(5)
6.32(2)

(GPa)
(km/s)
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asymmetry of this doublet is most probably due to the
sample being a single crystal.
IXS measurements were carried out at SPring-8
BL35XU; MgSiO 3 bridgmanite (Mg-Bdg) was also
measured at BL43LXU as well as at BL35XU as
a reference. Elastic stiffness constants, C ij , were
determined from phonon energies and momenta
obtained from the IXS spectra on the basis of the
Christoffel equation. The number of phonon modes
used to determine the six Cij values was 461 and 319
for Mg-Bdg and FeAl-Bdg, respectively. The rather
redundant data enabled us to determine the Cij values
precisely. Table 1 shows the determined KS and G
together with VB and VS. VB for FeAl-Bdg is higher
than that for Mg-Bdg, whereas V S for FeAl-Bdg is

lower than that for Mg-Bdg. Some cation substitutions
in Mg-Bdg caused the anticorrelation between VB and
VS, though the measurements were carried out under
ambient conditions.
The present results have been applied to a
geochemical and geothermal model assuming a
perovskite mantle [4]. The seismic anomaly observed
in the LLSVPs may be explained by the variation of
Fe2+ and the temperature. When DT is about 226 K,
the LLSVPs can be explained by only 5.4 atom%
of Fe2+ (Fig. 2). These numbers are probably upper
limits as the effect of aluminum has not been taken
into account. The anticorrelated behavior of the elastic
wave velocities has been successfully interpreted on
the basis of the results of laboratory experiments.

Δ(Fe2+)
= –2.7% ΔT = –113 K
(Mg+Fe+Si+Al)

Δ(Fe2+)
(Mg+Fe+Si+Al)
= +2.7%
ΔT = +113 K

–1.0%

ΔVB / VB

+1.0%

+1.0%

ΔVS / VS

–1.0%

Fig. 2. Schematic image of regional variation of seismic velocities, ferrous iron
composition of bridgmanite, and temperature variation at depths between 2000 and
2891 km. The map outline was made using CraftMAP (http://www.craftmap.box-i.net/).
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Melting experiments on Fe–Fe3S system to 254 GPa
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an increase in sulfur concentration in solid Fe with
increasing temperature under subsolidus conditions.
The coexistence of the hcp and B2 phases suggests
that the solubility of sulfur in hcp Fe is lower than the
starting composition (5.9 ± 0.2 wt% S) at 278 GPa.
These indicate that the system we examined in the
present experiments is Fe–Fe 3S binary only up to
254 GPa (see below).
Next, we performed ten separate melting
experiments in a pressure range from 34 to 278 GPa.
Melting of a sample was confirmed by a characteristic
texture. A homogeneous portion with a nonstoichiometric composition was found at the center,
the hottest part of a laser-heated sample, representing
quenched liquid. Either solid Fe or Fe 3S in direct
contact with liquid alloys should represent a liquidus
phase. Interestingly, we sometimes observed both Fe
and Fe3S solids (see Fig. 2 for experiment at 254 GPa)
in contact with liquid, indicating that it represents a
eutectic liquid. Based on liquid compositions and
coexisting solid phases, we constrain the eutectic
liquid composition in the Fe–Fe3S binary system to
254 GPa (Fig. 3). The sulfur concentration in the
eutectic liquid decreases substantially with increasing
pressure; it contains only 5.7 wt.% S at 254 GPa. Our
data also demonstrate that solubility of sulfur in solid

Intensity

Sulfur has been considered to be an important light
element in the Earth's core because of the low melting
temperature of Fe–S alloys and its wide presence in
iron meteorites [1]. Previous density measurements of
liquid Fe–S alloys under high pressure demonstrated
that the outer core density profile is explained by Fe
containing 10 wt.% S. The melting phase relations
in the Fe–FeS system, in particular at 330 GPa
corresponding to the pressure at the solid/liquid core
boundary, are of great importance, because the outer
core liquid composition must be on the iron-rich side of
the eutectic if sulfur is a predominant impurity element.
Fe and FeS exhibit a simple eutectic system at
1 bar, while intermediate compounds are formed
at high pressures; Fe 3S 2 above 14 GPa and Fe 2S
and Fe3S above 21 GPa [2]. Based on in situ X-ray
diffraction (XRD) measurements in a laser-heated
DAC, the eutectic temperature and composition
in the Fe–Fe 3 S system have been previously
determined up to 123 GPa [3]. However, they have
not been examined at the core pressure range above
136 GPa yet.
Melting experiments were performed on the
Fe–Fe3S binary system at high pressures between
34 and 254 GPa in a laser-heated diamond-anvil cell
(DAC). We used starting materials of fine-grained
homogeneous mixtures of Fe and FeS (< 500 nm)
prepared by induction melting and rapid quenching
techniques. Melting phase relations and the liquid/solid
partitioning of sulfur were examined on the basis of a
combination between X-ray diffraction measurements
at SPring-8 BL10XU and electron microprobe
analyses on recovered samples. Angle-dispersive
XRD spectra were collected on a flat panel detector
(FPD) (Perkin Elmer) with typical exposure time of
1 s. Visible fluorescence light induced by X-rays in a
diamond was used to precisely align the laser-heated
spot with an X-ray beam.
First, we have examined subsolidus phase relations
by XRD measurements before exploring melting phase
relations. Using Fe + 5.9 wt% S starting material, four
new peaks from the B2 (CsCl-type) structure appeared
on heating to 2370 K at 270 GPa, in addition to the
hexagonal-close-packed (hcp) phase (Fig. 1). The
B2 structure indicates the ordering of sulfur atoms.
When we further increased the temperature to 3570 K
at 278 GPa, the Debye rings of both hcp Fe and B2
phases became spotty, indicating the grain growth and
thus the stability of hcp + B2 at this P-T condition. The
peaks from the B2 phase diminished, consistent with
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Fig. 1. XRD patterns of Fe + 5.9 wt% S (a)
at 270 GPa and 300 K before heating and
(b) during heating at 270 GPa and 2370 K.
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SiO2
Fe3S

quenched
liquid

Fe

500 nm

SiO2

Fig. 2. STEM bright field image of the
Fe + 5.9 wt% S sample recovered from 254 GPa
and 3550 K, showing the coexistence of liquid,
solid Fe and Fe3S. The presence of SiO2 crystals
indicates that the liquid part was molten.

iron is enhanced at higher pressures. It increases from
<2 wt% S below 50 GPa to 3.4 ± 0.4 wt% S at 80 GPa.
The present experiments further show that solid iron
coexisting with eutectic liquid includes 3.9 ± 0.4 wt% S
at 254 GPa.
Previous studies suggested that seismologicallydeduced liquid outer core density profile is consistent
18

This study (Fe)
This study (Fe3S)
This study (Fe+Fe3S)
Kamada et al., 2010; 2012
Stewart et al., 2007
Fei et al., 2000
Chudinovskikh & Boehler, 2007
Morard et al., 2008

16

Sulfur Content (wt.%)

with that of Fe containing 10 to 14 wt.% S at relevant
conditions. On the other hand, the present study
demonstrates that the eutectic liquid in the Fe–
Fe3S binary system includes only less than 6 wt.%
S at 254 GPa, which should not be much different at
330 GPa, indicating that the liquid Fe with ≥10 wt.%
S previously proposed for the outer core composition
crystallizes the S-rich phase, Fe3S at least to 254 GPa
and the CsCl (B2)-type phase at higher pressure
including solid/liquid core boundary conditions. It
suggests that crystallizing solid is less dense than
coexisting liquid at the ICB, which is not consistent
with seismic observations. Our experiments also
show that liquid Fe + 5.7 wt.% S coexisted with hcp Fe
containing 3.9 wt.% S at 254 GPa, showing a relatively
small difference in sulfur concentration between
coexisting liquid and solid at mid-outer core conditions.
The sulfur contents in coexisting liquid and solid will
be even closer at the solid/liquid core boundary. The
density jump across the solid/liquid core boundary is
not reconciled with such a small difference in impurity
concentration in addition to the difference in density
between solid and liquid. These indicate that sulfur is
not a predominant light element in the core, although it
could still be one of the alloying components.
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Fig. 3. Liquid compositions plotted as a function of pressure. Sulfur concentrations in eutectic
liquids should be more or less than those when coexisting with Fe or Fe3S, respectively.
The change in eutectic composition in the Fe–Fe3S system is shown by green curve. Liquid
compositions obtained in this study are shown by triangles when coexisting with solid Fe,
inverse triangles when in contact with Fe3S, and red circles when both were found.
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Ancient glassware that traveled the Silk Road
The Niizawa Senzuka Tumulus Cluster is one of
the most famous large tumulus clusters consisting
of over 600 burial mounds located at Kashihara City,
Nara Prefecture, Japan [1]. The burial mounds were
constructed from the end of the 4th century through to
the 7th century AD. In 1963, two pieces of glassware,
comprising a transparent pale green facet-cut glass
bowl (Fig. 1(a)) and a deep blue glass dish, were
excavated as grave goods from Tumulus No.126
in the cluster. The burial date of Tumulus No.126 is
considered to be in the late 5th century AD based
on the structural features and associated artifacts of
the tumulus. Because no evidence of primary glass
production from raw materials in Japan dating prior to
the late 7th century AD has previously been found, it
is believed that all earlier glass products were imports
produced overseas. Based on the typological features
of these two pieces of glassware, it is considered
that they were derived from two huge empires
prospered a far distance to the west of Japan: the
Sasanian Empire (ca. 3rd– 7th century AD) in West
Asia and the Roman/Byzantine Empire (ca. 1st–6th
century AD) in the Mediterranean region. Although the
specific provenances of these glasses have not yet
been identified, they can provide important evidence
demonstrating how varied cultures were introduced to
and accepted by ancient Japan. This study thus aims
to reveal the specific provenances of the glassware
based on their chemical compositions. However, it
is not easy to chemically investigate the glassware
as they are designated as important national cultural
properties in Japan and are now stored in the Tokyo
National Museum.

(a)

Therefore, in this study, the author focused on the
rest of the fragments from the glassware excavated
from Niizawa Senzuka Tumulus No.126 in the previous
scientific research conducted by the National Museum
of Nature and Science [1]. The author decided to
analyze not the real bodies of the glassware but
rather fragments believed to be sampled from them.
Two small glass fragments, specimens A and B,
were collected from the rest of the previous scientific
research. Specimen A (Fig. 1(b)) is a transparent palegreen glass fragment believed to be sampled from the
facet-cut glass bowl (Fig. 1(a)). Meanwhile, specimen
B is a tiny blue platelike fragment possibly sampled
from the blue glass dish. Several X-ray fluorescence
(XRF) analytical techniques – a laboratorial XRF
analysis using custom-made spectrometers and a
highly sensitive XRF analysis excited by synchrotron
radiation – were applied to these specimens to
establish their detailed chemical composition
nondestructively. The specific provenances of these
specimens were verified by a comparison between
our analytical results and the literature data of Roman
and Sasanian glass artifacts. Note that only part of
the analytical results obtained for specimen A, the
glass fragment believed to be sampled from the facetcut glass bowl, are given in this article. Please refer
to author’s original paper [2] for further discussion
including the results for specimen B.
The principal chemical composition of specimens
A and B was quantified using two XRF spectrometers,
100FA-IIL and 100FA-V, in a laboratory. These
spectrometers were developed by Ourstex Co. Ltd.
in collaboration with the author. To analyze the trace

(b)

1 cm

Fig. 1. (a) Facet-cut glass bowl excavated from Niizawa Senzuka Tumulus
No.126. Reprinted from the excavation report by Archaeological Institute
of Kashihara [1]. (b) Microscope photograph of specimen A, a piece of
glass fragment believed to be sampled from the facet-cut glass bowl.
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Fig. 2. Comparison of chemical composition between
specimen A and Sasanian glass from Veh Ardašīr, Iraq [3].

heavy elemental composition, including rare earth
elements (REEs), a high-energy synchrotron radiation
(SR) XRF analysis was applied to specimens A and
B in a nondestructive manner. The SR experiment
was conducted at SPring-8 BL08W, the only wiggler
beamline and the highest X-ray energy beamline in
SPring-8. The use of its 116 keV monochromated
X-ray enables the excitation of K-edges of all heavy
elements up to uranium (K-edge: 115.6 keV). All
measurements were carried out in a nondestructive
manner.
From the principal chemical composition obtained
by the laboratorial XRF, it is suggested that specimen
A has a similar chemical composition to Sasanian
glass, characterized by the use of a plant ash soda
flux containing highly concentrated Mg and K. Through
a series of recent scientific investigations of Sasanian
glasses excavated from the royal town of Veh Ardašīr
in Iraq, detailed chemical compositional features of
Sasanian glass have become well understood in
relation to their raw materials. The Sasanian glass
excavated at Veh Ardašīr can be classified into three
compositional groups – named Sasanian 1a, Sasanian
1b and Sasanian 2 – according to the use of different
raw materials (plant ashes and silica sources) and
the principal production period. Figure 2 shows a biplot focusing on elements derived from the silica
source (aluminum and cerium) for comparison of the
chemical composition between specimen A and the
three compositional groups in the Sasanian glass
from Veh Ardašīr [3]. As evidenced by Fig. 2, the
chemical composition of specimen A is characterized
by the use of a highly pure silica source; the chemical
compositional feature of specimen A closely matches

that of Sasanian 2 glass. This indicates that the glass
bowl found in Japan was originally manufactured using
glass produced in the Sasanian Empire. Considering
the discovery of similar facet-cut glass bowls in the
Sasanian region, it is also possible that both the
primary and secondary glass production of the glass
bowl were conducted at workshop(s) in the Sasanian
region. Even if it took several decades for the bowl to
be transferred from the Sasanian glass workshop to
Nara, the possible production period of Sasanian 2
glass (4th–7th century AD) corresponds to the burial
date of Tumulus No.126 (late 5th century AD).
In conclusion, on the basis of nondestructive
X-ray analysis of a small fragment using the highly
brilliant and high-energy X-rays of SPring-8, this study
demonstrated the possibility that the precious glass
bowl discovered at a tumulus in Japan was glassware
manufactured in the Sasanian Empire and transported
to Japan along the Silk Road around the same time.
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Disruption of human stratum corneum lipid structure
by sodium dodecyl sulfate
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method used is particularly useful for detecting small
changes in the SC structure [1]. The measurement
specifications of BL19B2 were as follows. All samples
were exposed to an X-ray beam at 28 keV for 30 s
at approximately 25°C. An X-ray beam with 200 mm
diameter was used to allow the observation of the
whole SC sample. A photon-counting pixel array
detector (PILATUS 2M, Dectris) was used. The
camera length, i.e., the distance between the sample
and the detector, was ca. 700 mm. The measurement
specifications of BL40B2 were as follows. All
samples were exposed to an X-ray beam at 15 keV
for 30 s at about 25°C. The camera length was ca.
500 mm. The diffraction pattern was obtained with a
300 mm × 300 mm imaging plate (R-AXIS, Rigaku). A
wide-q-range X-ray diffraction profile was recorded
every 3 min.
The SAXD profiles for the long lamellar structure
of human SC after treatment with 10 wt% SDS, 1 wt%
SDS, and without SDS (i.e., with distilled water) up
to 129 min are shown in Figs. 1(a), 1(b), and 1(c),
respectively [2]. Treatment with 10 wt% SDS led to
the third-order peak of the long lamellar structure at
about S = 0.22 nm–1 being smeared out with time as
shown in Fig. 1(a). Treatment with 1 wt% SDS led
to similar behavior for the third-order peak. Without
SDS, the third-order peak did not change. The very
weak fourth-order peak of the long lamellar structure
at about S = 0.29 nm–1 became weaker after the SDS
treatments, similar to the behavior of the third-order
peaks in both the 10 wt% and 1 wt% SDS treatments,
and the peak at about S = 0.29 nm –1 remained
unchanged when distilled water was applied. These

(b)

0.23

S (nm–1)

0.28

Normalized Intensity (arb. units)

500
450
400
350
300
250
200
150
100
50
0
0.18

Normalized Intensity (arb. units)

Normalized Intensity (arb. units)

The skin maintains the body temperature and
forms the outer barrier of the human body, protecting
it against various environmental hazards, including
exposure to chemical stimulants, poisons, microbial
invasions, hazardous ultraviolet radiation, and other
possible physical and chemical hazards. Furthermore,
its low permeability to water protects the body from
excessive dehydration. Maintenance of an optimal
functional state requires that the skin be kept clean.
Detergents are major ingredients of body soaps and
cleansers. However, harsh detergents can damage the
skin. The stratum corneum (SC) is the outermost layer
of the skin and it contains corneocytes and intercellular
lipids, which form lamellar structures. These wellorganized structures are especially important for
the barrier function of the skin, and detergents
may impair this function by disrupting the lamellar
structure. We used X-ray diffraction to evaluate
structural modifications in human SC resulting from
sodium dodecyl sulfate (SDS) treatment, focusing
on how SDS affects SC lipid structures such as the
lamellar structure and the hydrocarbon-chain packing
structures. We investigated structural changes in
isolated human SC using small- and wide-angle X-ray
diffraction.
Human SC sheets were obtained from Biopredic
International (Rennes, France). The dried samples
were rehydrated in an incubator until they were
25 wt% hydrated. Reagent-grade SDS was purchased
from Wako (Japan). Solutions with 1 wt% and 10 wt%
SDS were prepared in Carmody buffer (pH 7.0). The
X-ray diffraction measurements were performed
using SPring-8 BL19B2 and BL40B2 beamlines. The
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(c)

0.23

S (nm–1)

Fig. 1. SAXD profiles of human SC treated with 10 wt% SDS (a), 1 wt% SDS (b), and
without SDS (c). The profiles before treatment are indicated by a red curve. The profiles
after treatment were recorded every 3 min up to 129 min. The illustrated intensity
profiles are shifted in the vertical direction successively from blue to green curves with
time. The white arrow denotes the third-order peaks for the long lamellar structure. The
peak at 0.24 nm–1 in (b) is due to neutral lipids, which were sometimes observed.
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strong peak predominantly occurred.
This study clearly demonstrated the process of
human SC collapse caused by detergent. Bouwstra
et al. [3] and Kuemple et al. [4] pointed out that the
long lamellar structure in skin plays an important role
in maintaining the skin barrier function. Therefore, the
observed effect of surfactants on the long lamellar
structure should be considered in the development of
cleansers.
In an experiment involving washing women’s
arms in SDS, transepidermal water loss (TEWL)
values temporarily increased and skin capacitance
decreased. In other words, the change in the
long lamellar structure plays a key role in the
development of dry skin after using detergents. On
the basis of these studies, we developed new body
soap products that can maintain the skin capacitance
after taking a bath.
Recently, Mojumdar et al. [5] pointed out that water
molecules are stored in two crystallographic locations
of the long lamellar structure. We also speculate that
SDS was incorporated in the two locations and, as
a result, two types of structural change took place.
Further detailed study on the permeation of SDS in
SC is now in progress.
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results clearly indicate that the change in the long
lamellar diffraction peak profile was caused by SDS.
On the other hand, the short lamellar structure was
not influenced by SDS treatment. Additionally, the
intensities and the positions of peaks corresponding
to hydrocarbon-chain packing structures did not
change markedly both after SDS treatment of the SC
and treatment without SDS. On the basis of these
findings, we propose that the long lamellar structure is
predominantly affected by the SDS treatment.
Upon 10 wt% SDS treatment, the X-ray diffraction
peak for the long lamellar structure became broad
and the intensity gradually diminished. To investigate
this behavior further, the third-order X-ray diffraction
profile at about S = 0.22 nm−1 was analyzed using two
Gaussian functions. The final disordered lipid state was
reached through two types of structural change, where
one exhibits a strong diffraction peak and the other
exhibits a weak peak. We propose that the disordered
lipid state results from the incorporation of SDS into
the long lamellar structure through the two processes.
As shown in Fig. 2, the structural change for 1 wt%
SDS treatment exhibited similar behavior to the strong
diffraction peak for 10 wt% SDS treatment, but owing
to the weak effect, the behavior corresponding to the
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Fig. 2. Repeat distance (a) and intensity (b) of the third-order X-ray diffraction profiles
obtained from the long lamellar structure of the SC treated with 1 wt% SDS. (c) Repeat
distance of the third-order X-ray diffraction profiles obtained from the long lamellar
structure of the SC without SDS treatment. (a) The repeat distance first decreased, then
started to increase and finally saturated. (b) The intensity first increased and then decreased.
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HAXPES for a better tire performance: Chemical state analysis
of adhesive interface between rubber and steel cords
Most of us routinely use vehicles for transportation,
either by driving a car or by taking taxis and buses,
and all of us rely on merchandise distribution services,
where vehicles play an essential role. Nowadays, there
are more than 1.2 billion registered vehicles (passenger
cars and commercial vehicles) worldwide from remote
regions to urban areas, and around 100 million vehicles
are manufactured every year [1]. It is no exaggeration
to state that our modern society is supported by
vehicles. One of the key components of vehicles is
rubber tires. The tires literally support the vehicle, and
the tire performance affects the steering control, noise
and vibration characteristics, fuel consumption, and
other factors.
The present de facto standard of vehicular tires
is the radial tire, in which twisted steel cords are
embedded in a steel belt (Fig. 1(a)). The most important
role of the steel belt is to suppress shape deformation
of the tire in order for the tire to keep a tight grip on the
road surface and to produce efficient transmission of
the traction force from the vehicle to the road. However,
if the rubber compound surrounding the steel cords
fails to hold the cords, the tire will be deformed, making
proper steering of the vehicle difficult. Therefore, it is
vital to develop strong and durable adhesion between
rubber and the steel cords.
To realize strong rubber-to-steel adhesion, brassplated cords have been commercially used. This is
because rubber-to-brass bonding is superior to rubberto-steel bonding. Electron spectroscopy, such as X-ray
photoelectron spectroscopy (XPS) and Auger electron
spectroscopy (AES), has been utilized to elucidate
the adhesion mechanism between rubber and brass
since the late 1970s [2]. It was soon recognized that
copper sulfide is a key chemical species to cause
strong adhesion. However, details of the morphology
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and chemical composition of the adhesive interface still
remain unclear.
XPS and AES are powerful tools for the chemical
state analysis of solids. However, because of the
short inelastic mean free paths of electrons in solid
materials, the adhesive interface must be exposed to
the surface when these techniques are used. Among
several methods to expose a rubber/brass interface,
the so-called “filter paper method” [3] is a novel method
to obtain a sulfurized brass surface that imitates the
rubber/brass adhesive interface without the rubber
molecules. Figure 2 shows S 2p core-level spectra of
two samples whose interface has been “exposed” by
the filter paper method [4]: One was prepared under
optimum reaction conditions (heating at 170°C for
10 min, which result in strong adhesion), and the other
was obtained under overcuring conditions (170°C for
40 min). Lineshape analysis of the spectra enabled
us to identify CuS and CuxS (x ≈ 2) on the optimum
sample. As the reaction time is prolonged and the
adhesion strength is weakened, the amounts of both
CuS and CuxS decreased while ZnS is increasingly
formed. These observations support the already known
fact that copper sulfide acts as an adhesive agent at
the interface. The new finding is that, although CuxS is
a minor species, there is a strong correlation between
the adhesion strength and the amount of CuxS. This
implies that CuxS (x ≈ 2) is a more important adhesive
agent than CuS.
Despite the fact that the XPS study in combination
with the filter paper method has provided useful
information on the chemical state at the adhesive
interface, the “exposed” interfaces are not guaranteed
to reflect the real chemical state of the buried interface.
Therefore, bulk-sensitive hard X-ray photoelectron
spectroscopy (HAXPES) was employed to directly
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Fig. 1. (a) Cross-sectional view of a radial tire. (b) Schematic illustrations of the chemical compositions at
rubber/brass interfaces proposed by the outcomes of the present study. In the optimum state (left), where strong
adhesion is realized, the adhesive interface is mainly composed of copper sulfide. Degradation of the adhesion
is characterized by the decomposition of copper sulfide and the accumulation of Zn-containing species (right).
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Fig. 2. S 2p XPS spectra of the exposed interfaces
prepared under the optimum conditions (170°C, 10 min)
and the overcuring conditions (170°C, 40 min). The
photon energies used were (a) 260 eV and (b) 1060 eV.

investigate the rubber/brass adhesive interface buried
beneath a 100-nm-thick rubber film [5]. The HAXPES
measurements were carried out at SPring-8 BL47XU,
and typical spectra are shown in Fig. 3(a). Here, angle-
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resolved measurements were concluded to distinguish
between the species in the rubber compound and
those at the adhesive interface. The S 1s spectrum is
composed of at least two components: On the basis of
the relative intensity variation as a function of the angle,
the lower binding-energy (BE) component is assigned
to the S species at the interface region, while the
higher BE component is related to those in the rubber
compound. The lower BE component of the sample
prepared under the overcuring conditions is reproduced
by a single-peak, whereas a double-peak structure
is necessary for the optimum sample (Fig. 3(b)). The
double-peak structure is characteristic of CuS. The
transformation from the double-peak structure to the
single-peak structure as the reaction time is prolonged
reflects the decomposition of CuS and the formation of
ZnS. Although the identification of CuxS (x ≈ 2) was not
possible in the present study, it was demonstrated that
HAXPES is capable of following chemical changes at a
buried rubber/brass adhesive interface.
On the basis of the results obtained from the
present XPS and HAXPES studies, a more accurate
view of the chemical composition of the adhesive
interface between rubber and brass was obtained
(Fig. 1(b)). With this newly proposed model, a
technical solution can be found to realize stronger and
more degradation-resistant adhesion, enabling the
development of new tires with a better performance.
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Fig. 3. (a) Angle-resolved HAXPES spectra of S 1s, Cu 2p3/2, and C 1s core levels of the rubber-bonded brass sample
subjected to heating at 170°C for 40 min. The photon energy was 7.94 keV. Upper panels show intensity plots of the
spectra, and energy distribution curves are shown in the lower panels. (b) S 1s spectra of two differently prepared samples
measured at detection angles (θ d) of 0° and 60°. The interface component (the lower BE component) in the spectrum of
the optimum sample consists of two subcomponents with a 1:2 intensity ratio, which is characteristic of CuS.
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Effects of spinning speed and draw ratio
on the fibril structure development
of poly(ethylene terephthalate) fiber after neck-drawing
The properties of polymeric materials are strongly
we analyzed the fibril structure development after
related to their higher-order structure. However, the
the necking, i.e., the rapid extension of a fiber or film
higher-order structure is very complicated, that is,
with a rapid change in diameter. The running fiber
the molecular chains are considerably entangled with
was drawn continuously by the speed difference
each other, part of them are oriented along certain
between the fiber-feeding and take-up rollers while
axes, and part of them are crystallized. Thus, it is
heating by CO2 laser irradiation [4]. Owing to the rapid
and homogeneous heating by laser irradiation, the
difficult to predict the properties of polymeric products
location of the necking point hardly changed during
quantitatively from the limited information of the
the on-line measurement. Also, by moving the laserhigher-order structure. The mechanical and thermal
irradiation point, we were able to change the distance
properties, namely tensile strength and thermal
between the necking point and the X-ray beam
shrinkage are particularly important properties of
irradiation point, and analyze the fiber structure at a
synthetic fibers and films, but they cannot be designed
certain elapsed time after the necking. The ultrahigh
accurately from the ordinary higher-order structure
intensity X-ray beam of SPring-8 BL03XU used in
parameters, such as the molecular orientation,
this study enable high-precision measurements not
crystallinity, crystal and amorphous orientations,
only with an improved S/N ratio but also with a 0.1 ms
crystallite size, and disorder parameters. For example,
time resolution. The high time resolution allowed us
the tensile strength of industrial-grade poly(ethylene
to analyze the effects of processing conditions on the
terephthalate) (PET) fibers is far below the theoretical
fibril structure development.
value, less than 5% in general, despite the high crystal
SAXS patterns obtained during drawing under the
orientation and high crystallinity. This is due to the lack
same drawing stress of about 100 MPa are shown
of information on the fibril structure, which is thought
in Fig. 1. The figure indicates the development of
to be a bundle of highly oriented molecular chains
a long-period structure, involving phase separation
and thought to bear the external force applied on the
from the fibrillar-shaped smectic phase to a series of
fibers and films. The bundle structure is formed by
crystallites and amorphous phases connecting them,
the orientation-induced crystallization during the meltthat is, so-called microfibril. It is interesting that the
spinning and/or drawing processes with the extension
structure development clearly depends on the spinning
of entangled molecular chain networks. Kikutani et
speed and laser irradiation on the spin-line, but the
al. [1] suggested that the uniformity of molecular
SAXS pattern of the drawn fiber does not change
chain networks determines the fibril structure and
significantly among the samples. This reveals that the
influences the tensile strength of the obtained PET
in situ measurement of fibril structure development
fibers. It is difficult to observe the fibril structure
directly by SAXS measurements of the
obtained fibers because there is no obvious
500 m/min Laser
500 m/min
1000 m/min
1500 m/min
2000 m/min
density difference between the fibrils and
–1.0ms
–1.0ms
–1.0ms
–1.0ms
the surrounding matrix. However, we found –1.0ms
a fibrillar-shaped smectic phase of nmorder width and 10-nm-order length during 0.19ms
0.22ms
0.19ms
0.23ms
0.26ms
the development of the fiber structure less
than 1 ms after necking [2]. This should 0.45ms
0.44ms
0.37ms
0.43ms
0.44ms
be the embryo of the microfibrils and
should influence the tensile strength of the
0.64ms
0.61ms
0.57ms
0.72ms
0.65ms
resulting fiber [3]. Thus, in this study, we
focused on the fibril structure development
2.0ms
2.0ms
2.0ms
2.0ms
after necking and also on the effects of the 2.0ms
processing conditions of the spinning speed
of the fiber before the drawing and the draw drawn
drawn
drawn
drawn
drawn
ratio or drawing stress.
By obtaining WAXD and SAXS patterns
Fig. 1. SAXS patterns for certain elapsed times after necking.
during a continuous neck-drawing process,
The drawing stress was about 100 MPa for all samples.
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amorphous phase. The fibrillar-shaped smectic phase
was transformed into microfibrils composed of series
of crystallite/amorphous structure until 2 ms after
necking. In contrast, for the higher-speed spun fiber,
so-called partially oriented yarn (POY), the oriented
nuclei that formed in the spinning process are thought
to inhibit the development of the smectic phase. As
a result, POY is suitable for producing low shrinkage
fibers because lamella crystals that mutually interlock
with each other tend to be formed. In contrast, UDY
is suitable for producing high-strength fibers because
uniformly ordered fibrils tend to be formed.
High drawing stress
Minimum
drawing stress Low speed spinning High speed spinning

Molecule network
structure

(UDY)

(POY)
Oriented
nuclei

~ 0.3 ms
Shear-band-like
structure

Smectic phase

Crystallite

Running direction

can provide more information about the fibril structure
than structure analyses of the obtained products.
This is because the effect of metastable fibrillarshaped structure can be observed during the structure
development, but it is obscured by the development
of a density difference between the crystallites and
the surrounding amorphous phase. For example,
the long period obtained from the SAXS pattern is
plotted against the elapsed time after necking in Fig. 2.
Although the long period becomes almost the same for
each drawn fiber regardless of the spinning speed, the
development profiles are clearly different between the
fibers taken-up at 500 m/min and 1000 – 2000 m/min.
The fiber taken-up at 500 m/min required a longer time
for the formation of long period structure, and showed
a clear decrease in the long period with elapsed time.
The delay of phase separation, or crystallization, can
be explained by the effect of the smectic phase on
inhibiting crystallization because more amount and
a longer fibril length of the fibrillar-shaped smectic
phase for the taken-up at 500 m/min than those at
1000 – 2000 m/min were observed by the WAXD
measurement.
The model of fibril structure development based
on the in situ WAXD and SAXS measurements is
shown in Fig. 3. At the minimum drawing stress for
stable drawing of about 30 MPa, at which the draw
ratio is almost the same as the natural draw ratio, no
smectic phase was formed, a clear X-shaped pattern
was observed for the SAXS pattern about 0.3 ms after
necking, and the X-shaped pattern was transformed
into a four-point pattern within 1 ms after necking.
This indicates that crystallites were formed along the
shear-band-like structure formed by the necking. With
increasing drawing stress for a low-speed spun fiber,
so-called undrawn yarn (UDY), the fibrillar-shaped
smectic phase tended to develop along the fiber axis,
inhibiting the direct crystallization from the oriented

~0.8 ms

Tie-chains

Lamellae crystal

~ 2.0 ms

Fig. 3. Schematic diagrams of fiber structure
development. The structures of the molecular
network in the fibers are shown as blue lines.
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Fig. 2. Long periods obtained from SAXS patterns
plotted against the elapsed time after necking.
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Beam Performance
Recent update of accelerators
One of the recent works on the SPring-8 accelerator
complex has been to renew the low-level radiofrequency (LLRF) system of the storage ring. The
LLRF system is distributed at four RF stations along
the storage ring, and the existing system based on
analogue NIM modules has been dedicated to user
operations since the SPring-8 accelerator complex
was constructed in the 90s. Now we are aiming to
replace the existing system with a new one based on
the modern standard MicroTCA.4 before the existing
system becomes unreliable due to its degradation
over time. Also, one of our concerns is that some of
the electric parts inside the system will no longer be
available on the market.
This fiscal year we first tested our new LLRF
system at the test RF stand, and its operation was
successfully demonstrated. Therefore, we installed
the new LLRF system in one of the four RF stations,
called the A-station, after finishing this fiscal year's user
operation in February 2018. From the beginning of user
operation in fiscal year 2018, we plan to commence
user operations with the new LLRF system at one of
the four RF stations. Later, we intend to complete the
installation of the new system in all four RF stations
unless some unexpected problems occur. The new
system is expected to provide more reliable and stable
user operations by taking advantage of MicroTCA.4 [1].

Another recent work has been to replace one of
the dipole electromagnets used in the beam transport
from the booster synchrotron to the storage ring with
a newly developed permanent magnet-based dipole
magnet. At SPring-8, we have studied a possibility of
applying permanent magnet-based dipole magnets
for next generation light sources, especially SPring8-II [2]. Permanent magnets are advantageous over
conventional electromagnets in that they consume
less power, are physically more compact, and there
is less risk of a magnet-related accelerator failure due
to, for example, a power failure or water leakage. It
follows that a permanent magnet could be beneficial
to both the facility and its users. However, there are
also practical challenges in using permanent magnets
as the main magnets for light sources. For example,
the behavior of a permanent magnet is known to be
temperature-dependent, which may result in a shift in
the electron energy caused by ambient temperature
drift in the accelerator tunnel. Radiation damage
of the permanent magnet is also a concern when
one considers the fact that the demagnetization of
undulator permanent magnets has been observed at
several accelerator facilities [3]. In recent years, we
have designed, fabricated, and tested several kinds
of permanent dipole magnets to overcome these
challenges [2]. In this fiscal year, we fabricated a
2-m-long C-shaped permanent dipole magnet, in which
the magnetic circuit was designed so that the dipole
magnetic field was insensitive to temperature drift. After
implementing several measurements in the magnet
measurement room (see Fig.1), we replaced one of
the beam transport magnets between the booster
synchrotron and the storage ring, SSBT-BM5, with the
permanent dipole magnet after the end of this fiscal
year’s user operation. We will start operations with the
new permanent dipole magnet in fiscal year 2018.

Shiro Takano and Takahiro Watanabe*
Japan Synchrotron Radiation Research Institute (JASRI)
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Fig. 1. Permanent dipole magnet under magnetic field
measurement. The magnet consists of four segments;
the first and third segments are made of samariumcobalt, and the second and fourth segments are made
of neodymium-iron-boron (NdFeB).
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A new high-resolution X-ray spectrometer
for studying electronic dynamics
Non-resonant inelastic X-ray scattering (NRIXS)
is an interesting tool for spectroscopic investigations,
with access to large momentum transfers allowing
investigation beyond the dipole limit, and over atomic
scale correlation lengths. NRIXS with ~eV resolution
has been used to investigate valence structure,
particle-hole excitations and plasmons. However, the
method has significant practical constraints and it is
only relatively recently that experimental work has
begun to focus on narrower electronic (non-phonon)
spectral features at ~eV energy transfers [1]. This, in
large part, is due to instrumental limitations, as one
needs both high resolution and high spectral intensity.
However, given the possibility to directly investigate
transitions of d electrons and the dispersion of such
excitations (e.g., orbitons) there is significant interest.
Non-resonant scattering offers some advantages
relative to resonant inelastic X-ray scattering (RIXS).
NRIXS is relatively simple to interpret and calculate
as the NRIXS cross section responds directly to
the electronic charge density of the initial and final
states via the non-resonant A2 term of the interaction
Hamiltonian: avoiding the intermediate states from
the resonant interaction, the A • p term, reduces
count-rates but simplifies interpretation. The choice
of X-ray energy in a non-resonant experiment is
flexible, so it can be chosen to optimize optical
performance to facilitate improved resolution. The
energy can also be chosen to be relatively high
to improve transmission into and out-of sample

(b)

(a)

TG-Analyzer

Medium Resolution
Monochromator
Focusing
Mirror
~1 W
Si (440) / Si (660)
Nested Channel-Cut

environments, and to increase the illuminated volume
of a sample.
H e re w e u se d a n a l yze rs w i th a co n trolled
temperature gradient (TG) [2] to allow good, 25 meV,
resolution with a single element detector with a large
space near the sample. The main elements of the
spectrometer are shown in Fig. 1(a), and include the
medium resolution monochromator, a bent cylindrical
focusing mirror, stages and environment for the
sample, and the analyzer system on the two-theta
arm (Fig. 1(b)). This is installed at SPring-8 BL43LXU
[3]. The operating energy of the spectrometer is
15816 eV, corresponding to the energy of the Si
(888) back-reflection analyzer crystals. A TG of
ΔT g = 1.32 K/80 mm was applied over the analyzer
with improvement as seen in the inset in Fig. 2(a),
even using a single element detector placed 20 cm
from the sample.
We use the new spectrometer to investigate a
band of d-d excitations in NiO as we increase the
temperature from 20 to 800 K, through the Neel point
at TN = 523 K [2]. The NiO crystal was placed inside
of a closed-cycle cryofurnace. Measurements were
done at Q = (2.5 2.5 2.5) reciprocal lattice units (rlu),
|Q| = 6.52 Å–1, with the acceptance of the analyzer
being ΔQ = (0.05 0.22 0.22) rlu. This Q is near the
maximum intensity for this band of excitations.
The measured spectra are shown in Figs. 2(b)
and 3(a), after background subtraction. At low
temperatures, some structure is evident, and the

ΔTg = 1.32 K/80 mm

Sample

(~0.5 W)

Single
Element
Δ E = 25 meV Detector

Δ E = 22 meV

Si (888) Pixelated R1900
Spherical Analyzer

2 m – 2θ arm

Fig. 1. 25 meV resolution Non-resonant IXS spectrometer
with temperature-gradient (TG) analyzer. (a) Schematic
showing the main components. (b) Photo of the spectrometer.
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Fig. 2. Spectrometer response. (a) Measured
scattering, with the TG, from plexiglass at its
structure factor maximum where its response is
predominantly elastic. The inset shows the resolution
with and without TG. (b) The d-d excitation in NiO
appears clearly above background.
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spectra can be fit using two Gaussian lines, or a
more complex multiplet to reproduce all of the fine
structure. At higher temperatures the response
broadens, shifts to lower energies, and becomes
increasingly Gaussian. The temperature dependence
of the center and width of the response are shown
in Figs. 3(b) and 3(c). The energy decreases steeply
in the neighborhood of the Neel point, and then
continues to drop (Fig. 3(b)). The width increases
approximately linearly with temperature (Fig. 3(c)).
This data is the first to show the impact of
phonons on electronic excitations: the linewidth
increase is well fit using a simple model of thermally
induced fluctuations with a scale factor of 53(3)
meV energy shift per pm of Ni-O lattice constant
expansion (solid line in Fig. 3(c)). Applying the same
value for the thermal expansion then allows the Neel
point to be more clearly observed in the temperatureinduced shift of the center of the response (Fig. 3(b)).
The experimental value of 53(3) meV is in reasonable
agreement with the 44.5 meV/pm estimated from
ab initio ligand field theory [4].
This work demonstrates the potential of a new
high-resolution spectrometer now coming on line at
the RIKEN SPring-8 Center.
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Fig. 3. (a) Temperature dependence of the d-d spectra of
NiO measured at Q = (2.5 2.5 2.5) rlu. One TG analyzer
(0.0024 sr) and single element detector 2×2 mm 2 were
used. (b, c) Temperature dependence of the d-d excitation
parameters. (b) Line position before and after correction
for thermal expansion, using either the calculated value for
the energy change (44 meV/pm) or the experimental value
(53 meV/pm, see Ref. 2). Solid lines are guides for the eye.
(c) Width of the excitation compared to the model in Ref. 2.
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Fresnel zone plate with apodized aperture
for hard X-ray Gaussian beam optics
X-ray tomographic microscopy is a high spatial
resolution three-dimensional (3D) computed
tomography (CT) system using an X-ray full-field
microscope optics. This system is called a nano-CT
system because of its spatial resolution of from several
tens to several hundreds of nanometers whereas the
spatial resolution of a micro-CT system using a simple
projection optics is limited to around 1 mm. X-ray
nano-CT system using a Fresnel zone plate (FZP)
as an objective are now open for user experiments
at SPring-8 BL37XU and BL47XU, and are used in
various fields such as materials, minerals, space/earth
science, industrial use, and batteries.
An FZP is known as an approximately off-axisaberration-free optics in the hard X-ray region [1].
However, it has been pointed out that some kinds of
noises such as periodic fringes, edge enhancement,
and streak noise tend to occur, particularly in the
peripheral region of the field of view. Figure 1(a)
shows an example of nano-CT measurement. Edge
enhancement and contrast unevenness due to streak
noise, which are severe obstacles to quantitative
measurement, are observed in the CT image.
The reason for this is as follows. An image
obtained with a full-field microscope optical system
is expressed by the convolution of the transmittance
function of the object and the point spread function
(PSF) of the optical system. Here, the pupil function
of the objective and the PSF are related by a Fourier
transform. In general, since the objective has a
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Fig. 1. Nano-CT images and CT value histograms of a
Kilabo meteorite measured (a) by using a conventional FZP
and (b) by using an apodization FZP as the objective. X-ray
energy is 8 keV, voxel size is 83.7 nm, exposure time is
0.5 s, and CT scan time is 30 min for 1800 images/180 deg.
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circular or rectangular aperture, its PSF is expressed
as a Bessel function or a Sinc function, respectively.
These functions are known as having ripples (multiple
side peaks) around the main peak that cause periodic
noise called ringing. Although ringing is generally
inconspicuous in the paraxial region corresponding to
the central region of the field of view, it becomes more
conspicuous in the off-axis region corresponding to
the periphery of the field of view. Therefore, even if
an ideal aberration-free lens is used, these noises are
generated because of its finite aperture. Furthermore,
since the ringing contains the phase information of the
object, large contrast noise is generated even with a
small absorption object.
These noises can be effectively reduced by
introducing a Gaussian beam optical system, whose
electric field or intensity distribution can be regarded
as approximately Gaussian. Therefore, its Fourier
plane also has a Gaussian profile. Gaussian beam
optics has some advantages such as (i) they are easy
to handle mathematically, (ii) it is possible to remove
high frequency speckle and fringe noises, and (iii)
it is not necessary to set clear boundary conditions
for the object. In recent years, several techniques for
Gaussian beam optics in the X-ray region have been
proposed [2,3]. In the case of a full-field microscope
optical system, both the pupil function of the objective
and the PSF are represented by their Gaussians.
Since a Gaussian beam does not have ripples, no
fringe noise is observed in the image. To convert a
general objective aperture having a clear boundary
into one with an ambiguous boundary, it is effective
to install a filter whose transmittance gradually
decreases from the central region to the peripheral
region. This method of reducing the ripples by
multiplying by an appropriate filter at the Fourier space
is called apodization. An FZP with an apodization
function (apodization FZP, A-FZP) was developed for
introducing a Gaussian beam optical system into the
optical system of an X-ray nano-CT system [4].
The aperture function of the FZP optics can be
expressed as the first-order diffraction efficiency
distribution. In the hard X-ray region, the zone depth
is related to the diffraction efficiency distribution. In the
case of a conventional FZP, which has a uniform zone
depth, therefore, it has a pupil function defined as a
definite circle or rectangle as shown in Fig. 2(a). On
the other hand, as shown in Fig. 2(b), when an FZP
has a structure in which the zone thickness decreases
toward the periphery, the diffraction efficiency
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Conventional FZP

Apodization FZP

Overview
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Point spread
function Bessel (Sinc) function

Gaussian-like

Fig. 2. Schematic drawings of conventional FZP (left)
and A-FZP (right). A-FZP has a gradually decreasing
zone thickness from the central region to the peripheral
region, whereas conventional FZP has an even zone
structure (upper). A-FZP has a Gaussian-like aperture
function (middle) and also has a Gaussian-like PSF
(lower), realizing a Gaussian beam optics.

gradually decreases in the peripheral region. This
naturally realizes an FZP with an apodized aperture.
Such a zone structure, which seems to be difficult to
fabricate, however, it is not so difficult to realize. For a
dry-etching process, which is one of the manufacturing
processes used in the fabrication of FZPs by electronbeam lithography, it is known that the etching
depth decreases with the patterns width. Such a
phenomenon is called the microloading effect [5]. So
far, this effect has been very problematic in fabricating
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an FZP having a uniform zone depth. Fortunately,
however, it is a very convenient effect in fabricating
an A-FZP. In other words, the zone structure that was
previously recognized as a poorly finished FZP was
actually an excellent A-FZP.
By actively employing the microloading effect,
an A-FZP with an outermost zone width of 50 nm
was fabricated by NTT Advanced Technology.
Figure 3 shows the focal beam profile measured by
a microbeam knife-edge scan as a performance test.
The measured spot size was 55 nm in full width at
the half maximum (FWHM), representing the nearly
diffraction-limited resolution. This profile, in which
ripples are considerably suppressed compared with
the theoretical value for the conventional focus,
has a shape resembling a Gaussian. An example
of measurement using the nano-CT system with
this A-FZP as an objective is shown in Fig. 1(b).
The measured sample is the same as that of
Fig. 1(a) measured with a conventional FZP. Edge
enhancement, streak noise, and contrast unevenness,
as can be seen in Fig. 1(a), are considerably
suppressed in Fig. 1(b). Comparing the histograms
of the linear absorption coefficient (LAC), Fig. 1(a)
shows a single broad peak, whereas Fig. 1(b) clearly
shows two separate peaks in the histogram. These
results show that the introduction of a Gaussian beam
realizes marked noise suppression and enables more
quantitative and sensitive measurement.
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Fig. 3. Focused beam profile of A-FZP (with outermost zone width of 50 nm) measured by
microbeam knife-edge scan (left) and magnified view of the bottom region of the profile
(right). X-ray energy is 8 keV. Measured spot size was 55 nm, corresponding to the nearly
diffraction-limited resolution of the FZP with an outermost zone width of 50 nm. Red line in
the right view shows the theoretical value of the PSF of the conventional FZP. Measured value
shows that the ripples were considerably suppressed compared with the red line.
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opportunities for user experiments, and the net user
time in FY2017 across user shifts at BL1 to BL3 is
expected to exceed 5000 hours, while maintaining
high laser availability and short-pulse characteristics
with efficient multi-beamline operations. Figure 1
shows the typical intensity stability at the three FEL
beamlines.
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A large jump in performance has been achieved
by introducing BL2 and BL3 pulse-by-pulse switching
operations in user experiments [1,2]. Since September
2017 [1], three FEL beamlines, BL1 for soft-X-ray FEL,
and BL2 and BL3 for hard X-ray FELs, have been
available simultaneously for a variety of experiments.
This new operation standard significantly increases
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Fig. 1. Typical laser intensity trends during user experiments. The upper, middle,
and lower graphs show the intensity stability at BL3, BL2, and BL1, respectively.
The repetition rates of SACLA and BL1 dedicated accelerator are 60 Hz.
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SPring-8
I. Introduction
It was the last year that SPring-8 celebrated the
20th anniversary since its start of operation in 1997.
SPring-8 was stably operated throughout 2017 with
the total operation time of the accelerator complex and
the total user beam time of 5281.6 h and 4478.7 h,
respectively, with the total down time of 29 h. SPring-8
had to complete all its operations by the middle of
February 2018.
Regarding its research proposal system, SPring-8
designated the Cross-SR Facility Use Proposals for
Industrial Application as a priority field of the priority
research program on 25 September 2017. Concerning
the contract beamlines, there were five interim reviews
conducted for Research Center for Nuclear Physics,
Osaka University (BL33LEP I), and the project was
authorized to continue. Upon the expiration of their
contract terms, reviews were also conducted for
SUNBEAM Consortium (BL16B2, BL16XU), Hyogo ID
(BL24XU, Hyogo Prefecture), and their proposals for
the next term were approved.
At present, SPring-8 users number is as many as
13,000, all of whom are members of the SPring-8 User
Community (SPRUC).

It is important for SPring-8 to jointly organize
scientific events with SPRUC, such as the SPring-8
Symposium, to facilitate dialogue between
users and the facility staff. In 2017, the SPring-8
Symposium was held at Hiroshima University on
September 4–5, with a participant number of 267.
SPring-8 also accelerates communication between
users and the industry. The Joint Conference on
Industrial Applications of SPring-8 was held in
Kawasaki on August 31 to September 1, 2017, with
258 participants. As part of its continuous effort
towards fostering of human resources in synchrotron
sciences, SPring-8 organized the 17th SPring-8
Summer School with 90 students of graduate schools
nationwide, in cooperation with Hyogo University,
Kwansei Gakuin University, the University of Tokyo,
Okayama University, Osaka University, Japan Atomic
Energy Agency, National Institutes for Quantum and
Radiological Science and Technology, and RIKEN.
Furthermore, SPring-8 and SPRUC organized the 1st
SPring-8 Autumn School with 43 participants which
included 3rd year university students and researcher
of companies.

II. Machine Operation
The operation statistics for the last five fiscal years
are shown in Fig. 1. In FY2017, the total operation
time of the accelerator complex was 5281.6 h. The
operation time of the storage ring was 5270.4 h, 85.0%
of which (4478.7 h) was for SR experiments. This
excellent figure of the user time represents a storage
ring availability of 99.3%, and a remarkable availability
higher than 99% has been accomplished throughout
the last five fiscal years. The downtime resulting from
failure accounted for 0.64% (28.7 h) of the total user
time. The intensity of the light source, i.e., the stored
current is kept extremely stable within 0.1% thanks to
the top-up operation, in which the current is filled up
at any time on demand. In 93.4% of the user time in
FY2017 the stored current stayed at 100 mA by the
top-up operation, but in 5.8% at 70 mA as a result of
failure of the RF system.
The variety of operation modes for SR experiments
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is one of the characteristics of SPring-8. The operation
modes are grouped into several-bunch, and hybrid-filling
modes. Several-bunch mode consists of equally spaced
bunches or bunch-trains, i.e., 203 bunches, or 29 trains
of 11 bunches, and hybrid-filling mode is composed of
long bunch train and isolated single bunches as shown
in Table 1, where a share of each operation mode is
also shown. An isolated bunch impurity is routinely
maintained better than 10–8 in the top-up operation by
the bunch cleaning in the booster. The bunch current
is also kept constant within 1% by means of the top-up
operation. In the operation of the “11/29-filling+1single
bunch” mode in the 8th cycle, failure of the timing
system incurred a shift of the injection timing signal by
one RF bucket, and it disabled us from maintaining the
5 mA single bunch for about 40h.
Table 2 summarizes the beam parameters of the
storage ring.
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Fig. 1. Operation statistics for most recent five fiscal years.
Table 1. Operation modes in FY2017
Single bunch
Share of
current (mA) operation time (%)
203 bunches
18.1
4 bunch-train × 84
7.4
11 bunch-train × 29
20.7
1/7-filling + 5 single bunches
8.0
3
2/29-filling + 26 single bunches
3.2
1.4
1/14-filling + 12 single bunches
14.4
1.6
4/58-filling + 53 single bunches
6.4
1
11/29-filling + 1 single bunch
21.8
5

Energy [GeV]
Number of buckets
Tunes ( νx / νy )
Current [ mA ]:

8
2436
41.14 / 19.34

single bunch
multi bunch
Bunch length ( σ ) [ psec ]
Horizontal emittance [ nm • rad ]
Vertical emittance [ pm • rad ]
Coupling [ % ]
RF Voltage [ MV ]
Momentum acceptance [ % ]
Beam size (σx / σy)* [ μ m ]
Long ID section
ID section
BM1 section
BM2 section
Beam divergence (σx' / σy' )* [ μ rad]
Long ID section
ID section
BM1 section
BM2 section
Operational chromaticities ( ξx / ξy )
Lifetime [ hr] :
100 mA (multi bunch)
1 mA (single bunch)
Horizontal dispersion [ m ] :
Long ID section
ID section
BM1 section
BM2 section
Fast orbit stability (0.1 – 200 Hz) [ μ m ]
horizontal (rms)
vertical (rms)

12
100
13
2.4 *
4.8 *
0.2
14.4 * * ~ 16
3.2 (~ 256 MeV)
333 / 7
316 / 5
94 / 12
100 / 12
8 / 0.7
9 / 1.0
58 / 0.5
68 / 0.5
+2 / +2 * * *

~ 250
~ 30
0.153
0.146
0.039
0.059

~4
~1

* Assuming 0.2% coupling
* * Power saving mode
* * * With bunch-by-bunch feedback

III. Beamlines
The SPring-8 storage ring can accommodate up to
62 beamlines: 34 insertion devices, 4 long undulators,
and 24 bending magnets. At present, 57 beamlines
are in operation, covering a wide variety of research
fields involving synchrotron radiation science and
technology. The beamlines are classified into the
following three types.
(1) Public Beamlines (26 beamlines operating)
(2) Contract Beamlines (19 beamlines operating)
(3) RIKEN Beamlines (12 beamlines operating)

There are now 26 public beamlines in full operation.
The beamlines that are proposed and constructed by
external organizations, such as universities, research
institutes, private companies and consortiums, are
called contract beamlines and are exclusively used
by the contractors for their own research purposes.
At present, 19 contract beamlines are in operation.
The beamlines constructed by RIKEN except for
public beamlines are called RIKEN beamlines, and
are mainly used for RIKEN's own research activities,
with partial availability for public use. RIKEN is now
operating 12 beamlines.
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To illustrate the beamline portfolio of SPring-8, a
beamline map is shown in Fig. 2 together with the

BL23SU
BL24XU
BL25SU
BL26B1
BL26B2
BL27SU
BL28XU

beamline classification. The research fields of each
beamline are presented in Table 3.

JAEA Actinide Science II (Japan Atomic Energy Agency)
Hyogo ID (Hyogo Prefecture)
Soft X-ray Spectroscopy of Solid
RIKEN Structural Genomics I
RIKEN Structural Genomics II
Soft X-ray Photochemistry
RISING II

JAEA Actinide Science I (Japan Atomic Energy Agency) BL22XU
Medical and Imaging I BL20B2
Medical and Imaging II BL20XU
Engineering Science Research I BL19B2

RIKEN SR Physics BL19LXU
RIKEN Coherent Soft X-ray Spectroscopy BL17SU
SUNBEAM BM BL16B2

(Kyoto University)

(SUNBEAM Consortium)

BL28B2 White Beam X-ray Diffraction
BL29XU RIKEN Coherent X-ray Optics
BL31LEP Laser-Electron Photon II

SUNBEAM ID BL16XU

(SUNBEAM Consortium)

WEBRAM BL15XU

(Research Center for Nuclear Physics, Osaka University)

(National Institute for Materials Science)

BL32XU RIKEN Targeted Proteins
BL32B2 RIKEN

Engineering Science Research II BL14B2
QST Quantum Dynamics II BL14B1

(National Institutes for Quantum and Radiological Science and Technology)

BL33XU TOYOTA

(TOYOTA Central R&D Labs., Inc.)

Beamline Map

BL33LEP Laser-Electron Photon

(Research Center for Nuclear Physics, Osaka University)

BL35XU High Resolution lnelastic Scattering
BL36XU Catalytic Reaction Dynamics for Fuel Cells

Total number of beamlines : 62

: 34 (
• Insertion Device (6 m)
• Long Straight Sec. (30 m) : 4 (
• Bending Magnet
: 24 (

(The University of Electro-Communications)

BL37XU Trace Element Analysis
BL38B1 Structural Biology III
BL38B2 RIKEN Diagnosis Beamline II
BL39XU Magnetic Materials
BL40XU High Flux
BL40B2 Structural Biology II
BL41XU Structural Biology I
BL43 IR Infrared Materials Science
BL43LXU RIKEN Quantum NanoDynamics
BL44XU Macromolecular Assemblies

Beamline
Bending Magnets
X-ray Undulator
Soft X-ray Undulator
Wiggler

Main Bldg.

)
)
)

QST Quantum Dynamics I BL11XU

(National Institutes for Quantum and Radiological Science and Technology)

High Pressure Research BL10XU

Nuclear Resonant Scattering
Hyogo BM (Hyogo Prefecture)
High Energy Inelastic Scattering
The University-of-Tokyo Outstation Beamline for Materials Science

BL09XU
BL08B2
BL08W
BL07LSU

Advanced Softmaterial BL03XU

(Advanced Softmaterial Beamline Consortium)

Powder Diffraction BL02B2

Single Crystal Structure Analysis BL02B1
XAFS BL01B1

IR:
LEP:
LXU:
LSU:

Infrared Radiation
Laser-Electron Photon
Long-length X-ray Undulator
Long-length Soft X-ray Undulator

WEBRAM: Wide Energy Range Beamline for Research in Advanced Materials
NSRRC: National Synchrotron Radiation Research Center, Taiwan
RISING: Research & Development Initiative for Scientific
Innovation of New Generation Batteries

Fig. 2. Beamline map.
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NSRRC ID BL12XU

(National Synchrotron Radiation Research Center)

(The University of Tokyo)

RIKEN Materials Science
RIKEN Structural Biology I
Engineering Science Research III
HAXPES•μCT

BL:
B1, B2:
XU:
SU:
W:

(National Synchrotron Radiation Research Center)

RIKEN Diagnosis Beamline I BL05XU
High Energy X-ray Diffraction BL04B2
High Temperature and High Pressure Research BL04B1

(Institute for Protein Research, Osaka University)

BL44B2
BL45XU
BL46XU
BL47XU

Surface and Interface Structures BL13XU
NSRRC BM BL12B2

: Public Beamlines
: Contract Beamlines
: RIKEN Beamlines

Table 3. List of beamlines
BL #

Beamline Name

(Public Use)
or

(First Beam)
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Areas of Research and Available Techniques

Public Beamlines
BL01B1

XAFS

(Oct. 1997)

XAFS in wide energy region ( 3.8 to 113 keV). XAFS of dilute systems and thin films.
Quick XAFS with a time resolution of seconds to tens of seconds.

BL02B1

Single Crystal Structure
Analysis

(Oct. 1997)

Charge density study and crystal structure analysis from accurate single crystal X-ray diffraction.
(X-ray energy range: 8 –115 keV)

BL02B2

Powder Diffraction

BL04B1

High Temperature and
High Pressure Research

BL04B2

High Energy X-ray
Diffraction

BL08W

(Sept. 1999)

Charge density study and phase identification of crystalline materials from accurate powder diffraction
measurements. (X-ray energy range: 12.4 – 35 keV)

(Oct. 1997)

High temperature and high pressure research with the multi-anvil press by powder X-ray diffraction,
radiography and ultrasonic measurement.

(Sept. 1999)

Pair distribution function analysis for glass, liquid, and amorphous materials. High-energy X-ray total
scattering. Containerless levitation.

High Energy Inelastic
Scattering

(Oct. 1997)

Magnetic Compton scattering. High-resolution Compton scattering. High-energy Bragg scattering.
High-energy fluorescent X-ray analysis.

BL09XU

Nuclear Resonant
Scattering

(Oct. 1997)

Lattice dynamics using nuclear inelastic scattering. Mössbauer spectroscopy, especially for the surface/interface
study and under the extreme conditions. Hard X-ray photoelectron spectroscopy (HAXPES). Depth analysis
of HAXPES with high flux and energy resolution.

BL10XU

High Pressure Research

(Oct. 1997)

Structure analysis and phase transitions under ultra high pressure ( DAC experiment).
Earth and planetary science.

BL13XU

Surface and Interface
Structures

(Sept. 2001)

Atomic-scale structural analysis of surfaces and interfaces of crystalline materials, ultra-thin films,
and nanostructures. Surface X-ray diffraction (SXRD). Microbeam diffraction.

BL14B2

Engineering Science
Research II

(Sept. 2007)

X-ray Imaging. XAFS in wide energy region ( 3.8 to 72 keV ). XAFS of dilute systems and thin films.

BL19B2

Engineering Science
Research I

(Nov. 2001)

Residual stress measurement. Structural analysis of thin film, surface, interface. Powder diffraction.
X-ray imaging, X-ray topography. Ultra-small angle X-ray scattering.

BL20XU

Medical and Imaging II

(Sept. 2001)

Microimaging. Micro- /nano-tomography, phase-contrast microtomography, X-ray diffraction tomography
(XRD-CT), hard X-ray microbeam/scanning microscopy, imaging microscopy, microtomography,
phase-contrast microtomography X-ray diffraction tomography (XRD-CT), X-ray holography, coherent
X-ray optics, and other experiments on X-ray optics and developments of optical elements.
Refraction-enhanced imaging, phase-contrast CT. Ultra-small angle scattering.

BL20B2

Medical and Imaging I

(Sept. 1999)

Microimaging: microtomography, phase-contrast microtomography with grating interferometer for biological
specimen and other kinds of specimen. Evaluation and development of various kinds of optical elements for
novel imaging techniques. Large field X-ray topography.

BL25SU

Soft X-ray Spectroscopy
of Solid

(Apr. 1998)

Study of electronic state of solids by soft X-ray photoemission spectroscopy (PES) including angle-resolved
PES (ARPES). Atomic arrangement analysis of surfaces by photoelectron diffraction (PED) technique using
two-dimensional photoemission analyzer. Magnetic state analysis by magnetic circular dichroism (MCD) of
soft X-ray absorption and its element-specific magnetization curve measurements. Chemical and magnetic
imaging by soft X-ray scanning microscopy and photoelectron emission microscopy (PEEM).

BL27SU

Soft X-ray Photochemistry

(May 1998)

Ambient atmospheric pressure soft X-ray photoabsorption spectroscopy. Chemical state analysis of light
elements in dilute samples (NEXAFS). Elemental and chemical mapping using micro soft X-ray beam.
Soft X-ray emission spectroscopy for solids.

BL28B2

White Beam X-ray
Diffraction

(Sept. 1999)

White X-ray diffraction and topography. Time-resolved energy-dispersive XAFS ( DXAFS) for studies
of chemical and/or physical reaction process. Biomedical imaging and radiation biology studies.
High energy X-ray microtomography.

BL35XU

High Resolution Inelastic
Scattering

(Sept. 2001)

Materials dynamics on ~meV energy scales using inelastic X-ray scattering (IXS).

BL37XU

Trace Element Analysis

(Nov. 2002)

X-ray microbeam spectrochemical analysis. Ultra trace element analysis. High energy X-ray
fluorescence analysis.

BL38B1

Structural Biology lll

(Oct. 2000)

Structural biology. Macromolecular crystallography. Automatic data collection.

BL39XU

Magnetic Materials

(Oct. 1997)

X-ray magnetic circular dichroism (XMCD) spectroscopy and element-specific magnetometry under
multiple-extreme conditions. XMCD / XAS using a 100 nm focussed X-ray beam. X-ray emission
spectroscopy. Resonant X-ray magnetic scattering.

BL40XU

High Flux

(Apr. 2000)

Time-resolved diffraction and scattering experiments. Microbeam X-ray diffraction and scattering experiments.
X-ray photon correlation spectroscopy. Fluorescence analysis. Quick XAFS. Submicrometer-scale single
crystal structure analysis with high flux and zone plate focused X-ray beam. Single shot imaging with X-ray
choppers. Laser pump-X-ray probe experiment.

BL40B2

Structural Biology II

(Sept. 1999)

BL41XU

Structural Biology l

(Oct. 1997)

Structural biology. Macromolecular crystallography. Microcrystallography. High resolution data collection.

BL43IR

Infrared Materials Science

(Apr. 2000)

Infrared microspectroscopy.

BL46XU

Engineering Science
Research lll

(Nov. 2000)

Structural characterization of thin films by X-ray diffraction and X-ray reflectivity measurement.
Residual stress measurement. Time resolved X-ray diffraction measurement.
Hard X-ray photoemission spectroscopy.

BL47XU

HAXPES • μCT

(Oct. 1997)

Hard X-ray photoelectron spectroscopy (HAXPES). Depth analysis of angle resolved HAXPES
with wide acceptance lens. Projection type microtomography. Imaging type microtomography.
Hard X-ray microbeam/scanning microscopy.

Noncrystalline small and wide angle X-ray scattering.
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BL #

Beamline Name

(Public Use)
or

(First Beam)

Areas of Research and Available Techniques

Contract Beamlines
BL03XU

Advanced Softmaterial

Structural characterization of softmaterials using small- and wide-angle X-ray scattering.

(Advanced Softmaterial Beamline Consortium)

(Nov. 2009) Grazing-incidence small- and wide-angle X-ray scattering for thin films.

X-ray diffraction and reflectivity measurements for softmaterials.

The University-of-Tokyo Outstation Beamline
(Oct. 2009) Time-resolved soft X-ray spectroscopy, nano-beam photoemission spectroscopy, ultra high-resolution
BL07LSU for Materials Science
soft X-ray emission spectroscopy, and any methods requiring the highly brilliant soft X-ray beam.
(The University of Tokyo)

BL08B2
BL11XU
BL12B2
BL12XU
BL14B1
BL15XU
BL16B2
BL16XU
BL22XU
BL23SU

BL24XU

BL28XU

Hyogo BM

(Jun. 2005)

QST Quantum Dynamics I

(Oct. 1998) Synchrotron radiation Mössbauer spectroscopy. XAFS. Resonant inelastic X-ray scattering

NSRRC BM

(Oct. 2000) X-ray absorption spectroscopy. Powder X-ray diffraction. High resolution X-ray scattering.

(Hyogo Prefecture)

(National Institutes for Quantum & Radiological Science & Technology)

(National Synchrotron Rad. Res. Center)

NSRRC ID

(National Synchrotron Rad. Res. Center)

QST Quantum Dynamics II

(National Institute for Materials Science)

SUNBEAM BM

(SUNBEAM Consortium)

(Dec. 2001) Non-resonant or resonant inelastic X-ray scattering. Hard X-ray photoemission spectroscopy.
(Dec. 1997) Materials science under high-temperature and high-pressure, Energy-dispersive XAFS. X-ray

diffraction for surface structure analyses.

(Jan. 2000) Hard X-ray photoelectron spectroscopy. High-precision X-ray powder diffraction.

Characterization of secondary battery related materials, semiconductors, fuel cells, catalysts,

(Oct. 1998) and several industrial materials using X-ray absorption fine structure measurements,

X-ray diffraction (including X-ray reflectivity technique) and X-ray topography.

SUNBEAM ID

Characterization of secondary battery related materials, semiconductors, fuel cells, catalysts, and structural
(Oct. 1998) materials using X-ray diffraction, X-ray microbeam based evaluation techniques (including X-ray
magnetic circular dichroism), hard X-ray photoemission spectroscopy and fluorescence X-ray analysis.

JAEA Actinide Science I

(May 2002) Materials science under high-pressure. Resonant X-ray scattering. Speckle scattering.

JAEA Actinide Science II

(Feb. 1998) Surface chemistry with supersonic molecular beam. Biophysical spectroscopy. Photoelectron

(SUNBEAM Consortium)
(Japan Atomic Energy Agency)
(Japan Atomic Energy Agency)

Hyogo ID

(Hyogo Prefecture)

RISING II

(Kyoto University)

Laser-Electron Photon II
BL31LEP (RCNP, Osaka University)
Laser-Electron Photon
BL33LEP (RCNP, Osaka University)
BL33XU

spectroscopy. In situ X-ray diffraction during molecular-beam epitaxial growth.
Protein crystallography.

(National Institutes for Quantum & Radiological Science & Technology)

WEBRAM

XAFS in a wide energy region. Small angle X-ray scattering for structural analyses of polymer and
nanocomposite materials. X-ray topography. Imaging. Powder diffraction with a high angular-resolution.

TOYOTA

(TOYOTA Central R&D Labs., Inc.)

Residual stress / strain distribution analysis.

spectroscopy. Magnetic circular dichroism.

Surface/interface analysis for industry by fluorescent X-ray analysis, strain measurements and grazing
incidence X-ray diffraction. Microbeam formation studies for material and life sciences. Scanning and
(May. 1998) imaging microscope. Micro-tomography. Micro-XAFS. Microbeam small- and wide-angle X-ray scattering
for local structure analysis. Bright field X-ray topography. Near-ambient pressure hard X-ray photoelectron
spectroscopy. 2016 Bright-field X-ray topography under multiple-beam diffraction condition.
Characterization of rechargeable battery reactions and battery related materials by resonance

(Apr. 2012) X-ray diffraction, X-ray absorption spectroscopy (XAS), X-ray diffraction spectroscopy (XDS),

and hard X-ray photoemission spectroscopy (HAXPES).
Production of high intensity GeV photon beam by laser-backward Compton scattering.
(Oct. 2013) Hadron physics via photonucleon and photonuclear reactions. Test and calibration of detectors
with GeV gamma-ray and converted electrons/positrons.
Meson photoproduction from nucleon and nucleus. Photoexcitation of hyperons, nucleon
(Jun. 1999) resonances, and other exotic states. Photonuclear reactions. Beam diagnoses. Test and
calibration of detectors with GeV photon beam.
(Apr. 2009) Time-resolved XAFS. Characterization of industrial materials, such as catalysts,

secondary batteries, fuel cells.

BL36XU

Catalytic Reaction Dynamics for Fuel Cells (Jan.2013) Real time analysis of catalytic reaction dynamics for fuel cells: time resolved XAFS and

BL44XU

Macromolecular Assemblies

X-ray diffraction, 2D scanning microscopic XAFS, 3D computed tomography/laminography XAFS,
ambient pressure hard X-ray photoelectron spectroscopy.

(The University of Electro-Communications)
(IPR, Osaka University)

(May 1999)

Crystal structure analysis of biological macromolecular assemblies (e.g., membrane protein complexes,
protein complexes, protein-nucleic acid complexes, and viruses).

RIKEN Beamlines
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BL05XU

RIKEN Diagnosis Beamline I

BL17SU

RIKEN Coherent Soft
X-ray Spectroscopy

(Mar. 2004) Accelerator beam diagnostics. R&D of accelerator components.
(Sept. 2003) High resolution photoemission spectroscopy. Soft X-ray emission spectroscopy.

Soft X-ray diffraction spectroscopy. Soft X-ray microspectroscopy.

BL19LXU RIKEN SR Physics

(Oct. 2000) SR science with highly brilliant X-ray beam.

BL26B1

RIKEN Structural Genomics I

(Apr. 2002) Structural biology research based on single crystal X-ray diffraction.

BL26B2

RIKEN Structural Genomics II

(Apr. 2002) Structural biology research based on single crystal X-ray diffraction.

BL29XU

RIKEN Coherent X-ray Optics

(Dec. 1998) X-ray optics, especially coherent X-ray optics.

BL32XU

RIKEN Targeted Proteins

(Oct. 2009) Protein microcrystallography.

BL38B2

RIKEN Diagnosis Beamline II

BL43LXU

RIKEN Quantum NanoDynamics

(Oct. 2011) High resolution inelastic X-ray scattering for investigating atomic and electronic dynamics.

BL44B2

RIKEN Materials Science

(Feb. 1998) Structural materials science research using powder X-ray diffraction.

BL45XU

RIKEN Structural Biology I

(Sept. 1999) Accelerator beam diagnostics.

(Jul. 1997)

Time-resolved and static structures of non-crystalline biological materials using small-angle
scattering and diffraction techniques.
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IV. User Program and Statistics
SPring-8 calls for public use proposals twice
a year, in principle. The submitted proposals are
reviewed by the SPring-8 Proposal Review Committee
(SPring-8 PRC). Since 1997, SPring-8 has accepted
a variety of proposals. For the promotion of research
on industrial applications at SPring-8, the Industrial
Application Division was established in 2005. With
consultation support for industrial users provided
by the division's coordinators, currently, Industrial
Application Proposals account for approximately
16%–20% of the total number of proposals
conducted at the public beamlines. In addition, the
Measurement Service was introduced in 2007B,
wherein the personnel of the Industrial Application
Division carries out XAFS measurements on behalf
of users at BL14B2. SPring-8 also launched a Protein
Crystallography Data Collection Service at BL38B1

and Powder X-ray Diffraction Measurement Service
at BL19B2 in 2009B, a Hard X-ray Photoemission
Spectroscopy (HAXPES) Measurement Service,
and a Thin Film Analysis (GIXD/XRR) Measurement
Service at BL46XU in 2012B, and a Small Angle
Scattering (SAXS) Measurement Service at BL19B2
in 2014B.
SPring-8 has consistently provided ~4,500h
of user beamtime per year. Since the start of its
operation in 1997, SPring-8 has succeeded in
providing users with a total beamtime of 79,401h.
The beamtime available to users, the number of
experiments conducted, and the number of user visits
at the public and contract beamlines are summarized
in Fig. 3. Part of the proposals are for proprietary use,
for which refereed reports are not required. Figures 4
to 13 show the information on user programs.

1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
97B

98A

99A 99B 00A 00B 01A 01B 02A 02B 03A 03B 04A 04B 05A 05B 06A 06B 07A 07B 08A 08B 09A 09B 10A 10B 11A 11B 12A 12B 13A 13B 14A 14B 15A 15B 16A 16B 17A 17B

18A

General Proposal, Urgent Proposal
Proprietary Proposal (General Proposal, Time-designated Proposal):beamtime Fee Charged

Measurement Service Also Available

Long-term Proposal
Budding Researchers Support Proposal

(One-year Proposal Also Available)

Non-Proprietary Grant-Aided Proposal: Program Fee Charged
One-year Proposal(1 Public BL) 4 Public BLs

7 Public BLs

Beamtime Reserved for Structual Biology Public BLs

PX-BL Operation

Medical Bio EX Proposal
Medical Bio Trial-Use Proposal

Trial-Use
Trial-Use

Priority Field

Industrial Application Proposal (Trial Use Proposal)

Cross-SR Facility Use Proposal for Industrial Application

Strategic Use Proposal

for Industry

Industrial Application Proposal

Industrial Application Proposal New Industial Area Proposal

Nanotechnology Support Nanotechnology Support Proposal
Protain 3000 Protain 500 Proposal
Green/Life Innovation Proposal SR Smart Innovation Proposal
Social Interest Proposal
Strategy Proposal

JASRI Proposal

Power User Proposal

Partner User Proposal
SPring-8 Epoch-Making Initiatives Project

Fig. 3. Categories of proposals for the public beamlines.
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Fig. 4. Numbers of conducted experiments.

Submitted
Approved
Approved / Submitted

100

1000

80

60

40

200
20

0

0

Research Term

Fig. 5. Numbers of submitted proposals and approved
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V. Research Outcome
1400
1200

Number of Publications

As of March 2018, the total number
of registered refereed papers from
SPring-8 was 14,069. Figure14 shows
the annual statistics of refereed papers.
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Fig. 14. Number of refereed publications.

VI. Budget and Personnel
When SPring-8 started operation in 1997, it was
jointly managed by RIKEN, JAERI (now JAEA),
and JASRI. However, JAERI withdrew from the
management of SPring-8 on September 30, 2005.
SPring-8 is currently administered by RIKEN and JASRI
collaboratively.

The total budget for the operation of SPring-8 in
FY2017 was about 9.4 billion yen. As of October 2016,
RIKEN and JASRI have a total of 441 staff members.
Figure 15 shows the annual budget allocated to
operations, maintenance, and promotion of SPring-8.
Figure 16 shows the manpower of RIKEN and JASRI.
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Fig. 15. SPring-8 budget.
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Fig. 16. Personnel at SPring-8: JASRI and RIKEN.

VII. Research Complex
The facilities of SPring-8, SACLA, and
NewSUBARU form the Center of Excellence (COE) at
the SPring-8 campus where JASRI, public beamline
users, the contractors of contract beamlines,
RIKEN, and the University of Hyogo work in close
cooperation, forming a research complex where
112

each member has their own role in delivering highquality results to the field of synchrotron radiation
science and technology. The organizational charts
of RIKEN and JASRI, which are at the center of this
research complex, are shown in Fig. 17 and Fig. 18,
respectively.
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RIKEN
RIKEN SPring-8 Center
Director

T. Ishikawa
Deputy Director

H. Tanaka
K. Namba

Innovative Light Sources Division

Advanced X-Ray Laser Group

Control System & Information Technology Group

T. Tanaka
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H. Tanaka

T. Ishikawa
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M. Yamamoto

M. Yamamoto
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T. Ishikawa
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H. Tanaka
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Harima Administrative Division

K. Sorimachi

SPring-8 Center Promotion Office

K. Sorimachi
Harima Information Systems Office

M. Kurokawa

Harima Safety Center

K. Yamashita

Fig. 17. RIKEN Harima Branch chart as of April 2018.

Japan Synchrotron Radiation Research Institute (JASRI)
President : Y. Doi

Managing Exec. Director : A. Yamakawa, R. Tanaka, M. Abe

Research Sector
Light Source Div.

S. Goto

Beam Dynamics and Monitor Group
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T. Matsushita

S. Takano

T. Watanabe
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Fig. 18. JASRI chart as of April 2018.
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VIII. SPring-8 Users Community (SPRUC)
The SPring-8 Users Community (SPRUC) is a user society that includes not only all users but also
potential users who are interested in using SPring-8. In addition to these individuals, representative
organizations comprising 26 institutes (principal universities, national/international research institutes,
industries, beamline consortiums) participate in SPRUC to discuss further promotion of the utilization of
SPring-8 from strategic and perspective viewpoints.
As one of the key activities of SPRUC, the SPring-8 Symposium is held annually at the site of one
of the representing organizations jointly with RIKEN and JASRI. SPring-8 Symposium 2017, with the
theme "Future vision of SPring-8", was held at Hiroshima University on September 4 and 5, 2017. In
the symposium, a panel discussion was performed at the special session to debate on the theme.
The award ceremony of SPRUC 2017 Young Scientist award which was conferred to two researchers
(Dr. Shinji Miwa, Osaka University and Dr. Tatsuya Sakamaki, Tohoku University) was also held at the
symposium. SPring-8 Symposium 2018 is scheduled to be held on August 25 and 26 at Himeji City Hall,
jointly hosted by University of Hyogo.
SPRUC has continued to promote the activities of "SPRUC multidisciplinary research groups" in order
to develop the use of SPring-8 in the new areas that will be important to future science and technology.
Four multidisciplinary research fields were designated in 2014, and two multidisciplinary research
groups for nanodevice science and application were launched in 2015. The groups actively performed
an innovative use of SPring-8, and the nanodevice science research group is now preparing to launch the
SPRUC Research Group at the next term. In addition, 3rd Term Research Groups each actively organized a
workshop in FY2017.
In order to discuss medium- and long-term plans for the future performance of detectors and
measurement systems, a SPRUC working group on high-performance beamline technologies was launched
in December 2016. The working group sent out questionnaire about the comments to the plan for the high
performance technologies to the SPRUC user group, and summarized the results. The result was submitted
to the chair of SPRUC, Prof. Nakagawa, as "the Midterm report", and is now open on the SPRUC website.
At last, the two projects which started in FY2017 are described: First, the "SPring-8 Autumn School" was
held on September 18–21, 2017, in order to open for beginners such as younger students and researchers
who have never used SPring-8 beamlines. The school was a great success and will be held also in FY2018.
The second is "SPRUC-RIKEN-JASRI 3-way meeting", which was organized in order to discuss the
future issues and to feedback the opinions from SPRUC to the SPring-8 facility. At the meeting, the four
representatives from each organizations come together at a pace of every two months.
								
								
							

SPRUC 2017 Young Scientist Award
Prof. Y. Amemiya, Dr. T. Sakamaki, Dr. S. Miwa and Prof. A. Nakagawa
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Osaka University
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IX. Outreach Activities
To find new users in unexplored fields of application, SPring-8 holds various serialized seminars named
“Workshop on Advanced Techniques and Applications at SPring-8”. Here are some representatives.

w 15th: Novel functional materials using biological systems and the origins
August 24, 2017 • Campus Plaza Kyoto (Kyoto)
w 16th Cultural property analysis with SPring-8
June 10, 2017 • Tohoku University of Art and Design (Yamagata)
w 17th Current status and future prospects of protein structural biology at SPring-8
August 3-4, 2017 • Osaka University (Osaka)
w 18th Frontiers of metal nanoparticle catalyst development – Controlling with the structure
and the function – (Co-hosted by Industrial Users Society of SPring-8)
December 1, 2017 • AP Shinagawa (Tokyo)
w 15th Novel functional materials using biological systems and the origins
August 24, 2017 • Campus Plaza Kyoto (Kyoto)
w 23rd and 24th Acceleration of drug discovery with SPring-8 - the utilization and the usage system (23rd) February 26, 2018 - Knowledge Capital Osaka (Osaka)
(24th) March 5, 2018 - Fukurashia Tokyo Station (Tokyo)
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SACLA
I. Machine Operation
& Beamlines

Table 2, Figs. 1 and 2 provide statistics on
proposals, users, and beamtime.

Our sixth year of operations proceeded without any
significant issues. Operation statistics are summarized
in Table 1. The ratio of downtime to user time was kept
below 4%, a reasonably low rate for linac-based light
sources.
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80
70
60
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Table 1. Operation Statistics for FY2017

40
30
20

Time (h)
Total operation time

6281

User time

5466

10
0

2012A 2012B 2013A 2013B 2014A 2014B 2015A 2015B 2016A 2016B 2017A 2017B

Research Term

Fig. 1

701

Study time

4574

Downtime

234

Proposals Approved/Carried Out

Facility tuning time

Proposals Submitted
Proposals Approved/Carried Out

In 2012, two beamlines, BL3 for XFEL and BL1 for
broadband spontaneous light, were open for users,
while all experiments were conducted with BL3.
As the newest beamline, construction of BL2 was
completed during the summer shutdown of 2014, and
first laser amplification was achieved on October 21.
An upgraded beamline for soft X-ray FEL, BL1, which
combines the prototype accelerator of SACLA (SCSS),
started operation in 2016. For more details, please
refer to SACLA Beam Performance in this volume.

II. User Program and Statistics
SACLA calls for public user proposals twice per
year.
In FY2016, JASRI introduced the proprietary
research of General Proposals and the Proprietary
Time-Designated Proposals. The project leaders
of these proprietary proposals are not required to
publish their research results, but required to pay each
beamtime fee. In addition, to apply for the proprietary
research the project leaders should be affiliated with a
corporate enterprise located and registered in Japan.

60

Foreign
National or Public Research Institute
University or Other Educational Institute
Industry

50
40
30
20
10
0

2012A 2012B 2013A 2013B 2014A 2014B 2015A 2015B 2016A 2016B 2017A 2017B

Research Term

Fig. 2
Table 2. Number of proposals submitted, proposals
approved/carried out, cumulative users, and
beamtime available by research term
Proposals Approved / Carried Out
Cumulative Beamtime
Proprietary
Priority Non-proprietary
Carried Out
Strategy
General Time-Designated Users
General
(Shifts)
Proposals Proposals
Proposals
Proposals

Half-year
Research
Term

Proposals
Submitted

2012A

55

25

(12)

(13)

–

–

297

126

2012B

49

27

(19)

(8)

–

–

461

154

2013A

59

24

(15)

(9)

–

–

268

117

2013B

68

30

(19)

(11)

–

–

410

139

2014A

49

28

(20)

(8)

–

–

400

147

2014B

70

29

(17)

(12)

–

–

430

140

2015A

66

33

(23)

(10)

–

–

527

144

2015B

63

35

(23)

(12)

–

–

552

152

2016A

65

34

(21)

(12)

(1)

–

538

158

2016B

86

43

(21)

(20)

(1)

(1)

650

197

2017A

84

43

–

(43)

(0)

(0)

577

210

2017B

85

50

–

(50)

(0)

(0)

642

244

One shift = 12 hours at SACLA beamlines
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