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1PREFACE

PREFACE

On behalf of the staff of the Photon Factory (PF) we are pleased to present PF Highlights 2016. 
We hope that many people will read the PF Highlights to know about the latest topics in synchrotron 
radiation science from the PF, including slow positron science. This PF Highlights 2016 covers re-
search activities carried out in fiscal 2016 (April 2016 – March 2017), and includes 34 scientific high-
lights from eight research fields as well as statistics on “Operation and Proposals”.     

  
In order to strongly promote the future plan of the PF, Prof. Nobumasa Funamori and Prof. Tohru 

Honda joined the PF leadership from Synchrotron Radiation Science Division I and Accelerator Labo-
ratory Division VII, respectively. The PF is one of the oldest large synchrotron radiation facilities in the 

world, and there is now an urgent need to proceed with the plan for the next light source facility. The High Energy Ac-
celerator Research Organization (KEK) has pursued the energy recovery linac (ERL) as a next-generation light source 
for the last ten years. However, KEK has recently decided to promptly introduce a storage ring-type high-brilliance light 
source instead of the ERL because most of the contributions to photon science expected from the ERL can be realized 
more quickly by such a light source. In FY2016 we completed the conceptual design report of the light source in close 
collaboration with our user community (PF User Association). KEK is now working on the details of an all-Japan effort 
to realize the high-brightness light source together with relevant organizations. We will also develop the long-term stra-
tegic outlook of Photon Science at KEK to play a number of long-term roles as an inter-university research organiza-
tion.

At the Tsukuba campus of KEK, we are currently operating two storage rings, the 2.5-GeV PF and the 6.5-GeV PF-
AR (PF-Advanced Ring), to promote inter-university collaboration and encourage joint research projects. In FY2016 we 
had about 800 active approved proposals, 3,000 registered users and 500 publications. The inter-university research 
program has been going well and the activities are becoming increasingly important. The PF is also participating in 
the following large national projects of the Ministry of Education, Culture, Sports, Science and Technology: “Elements 
Strategy Initiative to Form Core Research Centers”, “Platform for Drug Discovery, Informatics, and Structural Life Sci-
ence”, “Photon and Quantum Basic Research Coordinated Development Program”, “Cross-ministerial Strategic Inno-
vation Promotion Program (SIP)”, and “Impulsing Paradigm Change through Disruptive Technologies Program”. The 
PF is also serving as an administrative facility in the Photon Beam Platform to open up new research fields for industrial 
use. KEK is participating in the Tsukuba Innovation Arena (TIA) for open innovation and creating new knowledge for 
industrial applications using accelerator and quantum beams; the PF is playing an important role in the TIA activities. 
Moreover, we are promoting international collaboration: the Indian beamline was established in 2009 after both the In-
dian and Japanese prime ministers welcomed it in a joint statement. This beamline is actively being used, making the 
project highly successful.

   
The PF has actively been upgrading the facilities including beamlines and experimental equipment. As a ma-

jor reconstruction, the direct beam transport line for the PF-AR has been constructed to coexist with the Super-
KEKB project using the common linac. We succeeded in injecting electrons at 6.5 GeV full energy and storing them 
in the PF-AR in February 2017. This upgrade will make it possible to operate in top-up mode in the near future. 
The beamline NW2A of the PF-AR was reconstructed to realize three-dimensional X-ray absorption fine structure 
(XAFS) imaging with 50 nm spatial resolution in the project of structural materials for innovation of SIP. This X-ray 
microscope will be applied to many scientific fields such as environmental science and energy science as well as 
structural materials science. We are also planning to totally upgrade the BL-19 of the PF to promote the industrial 
use of scanning transmission X-ray microscopy (STXM) in collaboration with a user group. This beamline will con-
tribute greatly to basic science in the free-port as well as industrial use. In this way, we are focusing on industrial 
use of synchrotron radiation at the PF based on fundamental photon science to create innovation in many scientific 
fields.                                                                                                                                                             

                                                                                                                                                              Youichi Murakami
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 1   Atomic and Molecular Science               

Comprehensive Understanding of the Decay Dynamics of the 
Doubly Excited Q2

1Πu(1) State in Photoexcitation of Hydrogen 
Molecules

The dynamics of doubly excited molecules mediated by the absorption of a single photon are a subject of current in-
terest. The key to observing the doubly excited states is measuring cross sections free of ionization as a function of 
incident photon energy. In the present investigation, we measured the absolute values of the cross section for the for-
mation of a 2p atom pair in the photoexcitation of H2 and D2 against the incident photon energy in the range of doubly 
excited states by means of the coincidence detection of a pair of Lyman-α photons. It turns out that the cross-section 
curves are attributed only to the contribution of the doubly excited Q2 

1Πu (1) state. Using the present results and previ-
ous ones obtained by our group [1], the dissociation dynamics of the Q2 

1Πu (1) state are comprehensively revealed.

The doubly excited states of molecules are embed-
ded in an ionization continuum. Because of the super-
position of the electronically discrete and continuous 
states, doubly excited states of molecules are not de-
scribed as a product of the electronic and nuclear wave-
functions unlike the states below the ionization energy. 
The dynamics of doubly excited molecules have thus 
attracted much research as one of few-body correlated 
systems. Even for the simplest neutral molecule, hydro-
gen, the dynamics of its doubly excited states are not 
fully understood. Experimentally, the key to observing 
doubly excited molecules is measuring cross sections 
free of ionization against the excitation energy since 
the ionization makes a large contribution that prevents 
doubly excited states from being observed. Among the 
doubly excited states of hydrogen molecules, the Q2 

1Πu 

(1) state is known to play an important role in the forma-
tion of 2s and 2p fragment atoms [2, 3, 4, 5]. The photo-
excitation process of H2 via the Q2 

1Πu (1) state is shown 
below.

H2 +γex → H2(Q2 
1Πu (1))      (1)

        → H(2s) + H(2p)     (2)
        → H(2p) + H(2p)     (3)
               → H2

+(1sσg) + e−       (4)
                    → H2

+(2pσu) + e−       (5)

In process (1), γex stands for the incident photon. 
The oscillator strengths of process (2) for H2 and D2, 
f2s2p(Q2 

1Πu (1)), were measured [5] and are shown in 
Table 1, while those of process (3) are not yet known. 
In the present study [6], we aimed to measure the cross 
sections of process (3) for H2 and D2 against the inci-
dent photon energy and obtain a comprehensive under-
standing of the decay dynamics of the Q2 

1Πu (1) state of 
H2 and D2.

In the present experiment the pair of Lyman-α pho-
tons emitted by a pair of H (2p) atoms was detected in 
coincidence. This method was established by Odagiri 
et al. [4], and is referred to as the (γ, 2γ) method. Fig-
ure 1 shows the cross section of process (3) for H2 
and D2 against the incident photon energy together 
with the theoretical cross sections of neutral dissocia-
tion in photoexcitation to the Q2 

1Πu (1) state of H2 and 
D2 [7]. It turns out that the pair of 2p atoms is produced 
only from the Q2 

1Πu (1) state since the shapes of the 
experimental and theoretical curves are in agreement 
with each other. By integrating the experimental curves 
in Fig. 1, the oscillator strengths of process (3) for H2 
and D2, f2p 2p(Q2 

1Πu (1)), are obtained and are shown in 
Table 1. Interestingly, the Q2 

1Πu (1) state contributes 
to the 2p+2p and 2s+2p channels, which indicates that 

Table 1: Experimental oscillator strengths of 2p+2p pair formation, f2p2p(Q2 
1Πu (1)), and those of 2s+2p pair formation, f2s2p(Q2 

1Πu (1)), in the 
photoexcitation to the Q2 

1Πu (1) state of H2 and D2. The ratio of the oscillator strengths, f D2/f H2, is also shown for each channel.

H2 D2 f D2/f H2

f2p 2p(Q2 
1Πu (1)) [6] 3.5 × 10−4 2.4 × 10−4 0.69

f2s 2p(Q2 
1Πu (1)) [5] 21 × 10−4 14 × 10−4 0.67
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Tech., 2Sophia Univ.)

the non-adiabatic transition from the Q2 
1Πu (1) state to 

some doubly excited state, probably the Q2 
1Πu (2) state, 

is involved. The schematic potential energy curves of 
the Q2 

1Πu (1) and Q2 
1Πu (2) states are shown in Fig. 2 

[5, 6]. There is an avoided crossing between these 
potential energy curves at the internuclear distance of 
~5.6 a0, where a0 is the Bohr radius [8]. As shown in 
Table 1, it is remarkable that the isotope effects on the 
oscillator strengths of 2p+2p pair formation and 2s+2p 
pair formation in photoexcitation to the Q2 

1Πu (1) state 
of H2 and D2, f 

D2/f H2, are almost the same. This chan-
nel independence shows that the isotope effects on the 
oscillator strengths of both channels are dominated by 
the early dynamics of the Q2 

1Πu (1) state before the 
doubly excited molecule in the Q2 

1Πu (1) state reaches 
the branching point into 2p+2p formation and 2s+2p 
formation around ~5.6 a0. The dissociation dynamics of 
the photoexcited Q2 

1Πu (1) state of H2 and D2 have thus 
been comprehensively determined.

Figure 1: Absolute values of the cross sections of 2p atom pair formation in the photoexcitation of H2 (squares) and D2 (diamonds) against the 
incident photon energy [6]. Curves show the theoretical cross sections of neutral dissociation σND in photoexcitation to the Q2 

1Πu (1) states of 
H2 (solid line) and D2 (dashed line) [7], of which values are shown on the right vertical axis. Reproduced with permission.

Figure 2: Schematic potential energy curves of the doubly excited Q2 
1Πu (1) and Q2 

1Πu (2) states of H2 and D2 [5, 6]. The arrows show the 
dissociation pathways of the molecule photoexcited to the Q2 

1Πu (1) state in the Franck-Condon region (FC region). Reproduced with permis-
sion.

REFERENCES
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[3] M. Glass-Maujean and H. Schmoranzer, J. Phys. B 38, 1093 

(2005).  
[4] T. Odagiri, M. Murata, M. Kato and N. Kouchi, J. Phys. B 

37, 3909 (2004).  
[5] T. Odagiri, Y. Kumagai, M. Nakano, T. Tanabe, I. H. Suzuki, 

M. Kitajima and N. Kouchi, Phys. Rev. A 84, 053401 (2011).  
[6] K. Hosaka, K. Shiino, Y. Nakanishi, T. Odagiri, M. Kitajima 

and N. Kouchi, Phys. Rev. A 93, 063423 (2016).
[7] J. L. Sanz-Vicario, H. Bachau and F. Martín, Phys. Rev. A 73, 
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 2   Materials Science

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Interface-Driven Noncollinear Magnetic Structure and Phase 
Transition of Fe Thin Films

We investigated the magnetic structure and its temperature dependence of Fe thin films grown on the MgO(001) sur-
face by means of nuclear resonant X-ray scattering (NRS). By fabricating Fe films δ-doped with 57Fe, depth-resolved 
analysis of the magnetic structure was performed. The Fe film was found to have a noncollinear magnetic structure, 
which was also confirmed with first-principles calculations. Moreover, the magnetic phase transition is suggested to 
start at the interface at a lower temperature than the entire film.

The magnetic structure of magnetic thin films is of 
fundamental interest as well as of practical importance 
for magnetic storage devices. One particular feature of 
a thin magnetic film is that the symmetry breaking at the 
interface causes the interface magnetocrystalline an-
isotropy through the spin-orbit interaction, which might 
compete with the bulk magnetocrystalline anisotropy 
and shape anisotropy. When competing interactions are 
present, the magnetization is not necessarily uniform 
in the entire film, and a noncollinear magnetic structure 
might appear [1, 2]. The phase transition behavior at the 
interface, furthermore, could be different from that of the 
bulk due to the modification of the exchange interaction 
at the interface [3].

In our previous study, we investigated the magneti-
zation of Fe films with NRS of X-rays in a glancing inci-
dence condition, which revealed magnetization canting 
at the surface of the film [4]. In the present report, we 
demonstrate direct depth-resolved analysis of the mag-
netic structure of Fe films grown on MgO(001). NRS-
sensitive-57Fe was δ-doped either at the interface or in 
the middle of the film, where the magnetization at the 
interface or middle of the film was selectively probed by 
NRS [5]. The experiment was performed at AR-NE1A.

The hyperfine structure of the 57Fe nucleus can 
be measured as quantum beats in the time spec-
trum of NRS. The direction of the internal magnetic 
field 𝐵𝐵ℎ𝑓𝑓   at the 57Fe nucleus site is analyzed on the 
basis of the selection rule for the magnetic-dipole 
transition depending on the incident direction 𝑘𝑘𝑆𝑆𝑆𝑆  
and the polarization direction of magnetic field 𝐻𝐻𝑆𝑆𝑆𝑆  
of the incident X-ray [6]. For α-Fe with 𝐵𝐵ℎ𝑓𝑓   of 33 T, 
the main quantum beat frequencies in the cases of 
( 𝐵𝐵ℎ𝑓𝑓 ⊥ 𝐻𝐻𝑆𝑆𝑆𝑆 and 𝐵𝐵ℎ𝑓𝑓 ⊥ 𝑘𝑘𝑆𝑆𝑆𝑆 ), ( 𝐵𝐵ℎ𝑓𝑓 ∥ 𝐻𝐻𝑆𝑆𝑆𝑆 and 𝐵𝐵ℎ𝑓𝑓 ⊥ 𝑘𝑘𝑆𝑆𝑆𝑆 ) and        
(𝐵𝐵ℎ𝑓𝑓 ⊥ 𝐻𝐻𝑆𝑆𝑆𝑆 and 𝐵𝐵ℎ𝑓𝑓 ∥ 𝑘𝑘𝑆𝑆𝑆𝑆 ) are (124 and 72), (72) and (72 
MHz), respectively.

Figure 1 shows the NRS time spectra and 
the results of frequency analysis of the sample 
56Fe (20 nm)/57Fe (1 nm)/MgO(001). In Fig. 1 
e-h, one quantum beat frequency of 72 MHz is 
dominant at all azimuthal angles, which indicates 

the existence of the perpendicular magnetiza-
tion component. The experiments for the sample 
56Fe (10 nm)/57Fe (1 nm)/56Fe (10 nm)/MgO(001), on the 
other hand, clearly showed the existence of the parallel 
magnetization component. From these results, the an-
gles of the magnetization direction at the interface and 
middle of the film with respect to the surface parallel 
direction were estimated at 58±8˚ and 6±5˚. This sug-
gests that the Fe film on MgO(001) has a noncollinear 
magnetic structure with the magnetization canted near 
the interface. We also conducted similar experiments 
for the Fe films grown on Al2O3(0001). In contrast to 
the results for the film on MgO(001), the magnetization 
direction was found to be mainly parallel to the interface 
both at the interface and middle of the film.

Figure 1 Time spectra of the nuclear resonant scattering for 
56Fe/57Fe/MgO(001) at a glancing angle of 5.2 mrad and azimuths 
of (a) MgO[110], (b) MgO[010], (c) MgO[110] and (d) MgO[100]. 
The frequency spectra obtained for (a)-(d) are shown in (e)-(h), 
respectively.
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(1The Univ. of Tokyo, 2Kyoto Inst. of Tech., 3Osaka Univ., 
4KEK-IMSS-PF)

The temperature dependence of the 𝐵𝐵ℎ𝑓𝑓   value for 
56Fe/57Fe/MgO(001) and 56Fe/57Fe/56Fe/MgO(001) was 
evaluated by frequency analysis, which is plotted as a 
function of the sample temperature in Fig. 2. The exper-
imental data suggest that 𝐵𝐵ℎ𝑓𝑓   at the interface becomes 
smaller than that of the middle of the film with increasing 
temperature, suggesting that the magnetic phase transi-
tion starts at the interface at a lower temperature than 
the entire film.

Figure 2 Temperature dependence of 𝐵𝐵ℎ𝑓𝑓   taken for 56Fe/57Fe/
MgO(001) (   ) and 56Fe/57Fe/56Fe/MgO(001) (+). Solid and dotted 
curves are fits with a common TC value to the data of the former 
and latter samples, respectively.

The detailed noncollinear magnetic structure of Fe/
MgO(001) was examined by first-principles calculations 
[5]. By taking account of a perpendicular magnetocrys-
talline anisotropy energy and the interlayer exchange 
energy, it is found that the local magnetization direction 
𝜃𝜃(𝑧𝑧)  changes gradually from 𝜃𝜃int  = 59.3˚ to 𝜃𝜃mid  = 55˚ 
for the Fe (25 ML)/MgO(001) model (1 monolayer (ML) 
= 0.142 nm), as shown in Fig. 3a. Furthermore, we eval-
uated the stability of a noncollinear magnetic structure 
for the film with various thicknesses by taking account of 
the interface anisotropic energy, exchange energy and 
the shape anisotropic energy. As a result, it is found that 
the noncollinear magnetic structure with 𝜃𝜃int  ≤ 40˚ and  
𝜃𝜃mid  = 0˚ is energetically stable for the Fe film thickness 
of 26 nm as shown in Fig. 3b, which is roughly consis-
tent with the present experiment result.

Figure 3 (a) Schematic figure of the slab model for Fe/MgO(001) 
used in the first-principles calculations. 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖  and 𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚  are the 
angles of the Fe spin moments at the interface and middle of the 
film. The values are the magnitude of the local spin moments 
in 𝜇𝜇𝐵𝐵 . (b) Schematic figure of MgO/Fe(001) used in the model 
calculations. The MgO/Fe(001) interface contains 5 ML of MgO 
and 200 ML of Fe, where the characters A, B, and C at the bottom 
of the Fe layers denote the layers that are connected to those 
indicated by the same characters at the top. The spatial change 
of the local magnetization direction 𝜃𝜃(𝑧𝑧)  of Fe atoms is shown for 
W = 26 nm and 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖  = 40˚.

REFERENCES
[1] D. L. Mills, Phys. Rev. B 39, 12306 (1989).
[2] R. C. O’Handley and J. P. Woods, Phys. Rev. B 42, 6568 
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[3] U. Gradmann, J. Magn. Magn. Mater. 100, 481 (1991).
[4] T. Kawauchi, K. Fukutani, M. Matsumoto, K. Oda, T. Okano, 

X. W. Zhang, S. Kishimoto and Y. Yoda, Phys. Rev. B 84, 
020415 (2011).

[5] T. Kawauchi, Y. Miura, X. Zhang and K. Fukutani, Phys. Rev. 
B 95, 014432 (2017).

[6] G. V. Smirnov, Hyp. Int. 123, 31 (1999).
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 2   Materials Science

Two-Dimensional Electronic States Localized on the Clean 
Surface of the Topological Kondo Insulator YbB12

The unconventional two-dimensional electronic state localized on the atomically-flat clean surface of an ytterbium dode-
caboride (YbB12) single crystal was discovered by using synchrotron-radiation angle-resolved photoelectron spectros-
copy. The surface electronic state of YbB12 was revealed to be protected by the synergetic effect between the topology 
and strong electron correlation (Kondo effect) of the three-dimensional (bulk) bands of YbB12. These results warrant 
further research on the combination between topological surface states and strong electron correlation.

Different from the inside of a crystal (bulk), where 
atoms align according to the perfect three-dimensional 
periodicity, various unique phenomena occur on the 
surface of a crystal. Among them, the surface electronic 
states strongly related to the bulk atomic/electronic 
structures are an interesting field as the crossover re-
gion between three-dimensional bulk and two-dimen-
sional surface. Among such physical phenomena, a 
Topological Surface State (TSS) [1], whose properties 
are determined by the symmetry of the electronic state 
in the bulk, has attracted much attention in the last de-
cade. The TSS shows a metallic band structure host-
ing the two-dimensional conduction path on the crystal 
surface without being affected by fine atomic structures 
or by contaminations on the crystalline surface. The 
spin orientation of the TSS varies depending on the flow 
of electrons even if the bulk has no magnetism. These 
features of TSS are attractive for industrial applications 
such as next-generation spintronic devices. On the 
other hand, from a scientific point of view, electronic 
correlation effects on the TSS in particular have been 
discussed in recent years.

Strong electron-correlation effects cause various 
phenomena such as high-temperature superconduc-
tivity and giant magnetoresistance in bulk electronic 
structures. Various new physical phenomena due to 
the combination of these phenomena and the TSS are 
theoretically predicted [2]. However, it is difficult to ex-
perimentally fabricate the TSS which is closely involved 
in strong electronic correlation effects. One particular 
insulator, samarium hexaboride (SmB6), which is called 
the Topological Kondo Insulator (TKI) and transitions 
from metal to semiconductor via the Kondo effect at low 
temperatures, was reported [3]. However, since some 
researchers interpreted the surface electronic state 
of SmB6 differently [4], it is still unclear whether or not 
SmB6 is really a TKI or if there exists a TSS that would 
appear through electronic correlation.

In this work, we have discovered a new TSS on 
a clean surface of ytterbium dodecaboride (YbB12) by 
synchrotron-radiation angle-resolved photoelectron 
spectroscopy (ARPES). YbB12 is known as another typi-
cal material that undergoes the metal to semiconductor 
transition via the Kondo effect as SmB6, but its surface 

electronic structure had been unclear since an experi-
mental technique for obtaining a clean surface of YbB12 
had not been established. We succeeded in obtaining 
an atomically-flat clean surface of YbB12 in an ultra-high 
vacuum chamber [5] and revealed that the surface state 
showed continuous dispersion across the Fermi level, 
indicating its metallic nature, as well as clear hybridiza-
tion and reconstruction as expected from the Kondo ef-
fect of the bulk electronic structure [6].

Figure 1 shows the wide-valence band spectra for 
the YbB12(001) surface cleaned in-situ by flashing the 
sample up to 1650 K for ~10 s. The upper (lower) spec-
trum is obtained with the surface- (bulk-) sensitive condi-
tion taken at the photon energy of 80 eV (500 eV). The 
Yb2+-4f peaks (0, 1.5 eV) and Yb3+-4f multiplet peaks 
appeared in the same way in both the bulk and surface 
region, indicating that a clean surface without any con-
tamination was prepared successfully: the broad hump 
at 1–4 eV in the surface spectrum is from B-2sp bands 
which are not visible in the 500-eV excitation spectrum 
of the bulk-sensitive condition because of the low cross 
section of the B-2sp bands at the excitation photon en-
ergy.

Figure 1: Wide valence-band spectra of the clean surface of 
YbB12(001) taken at the excitation photon energies of 80 eV 
(surface sensitive) and 500 eV (bulk sensitive) at the temperature 
of 20 K.
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Figure 2 is an ARPES image showing the surface 
electronic structure at the temperature of 20 K. As indi-
cated by the yellow guide in Fig. 2a, the surface states 
clearly disperse across the Fermi level, indicating its 
metallic nature. The metallic nature is not the three-
dimensional bulk bands of YbB12 since it shows a metal-
to-semiconductor transition with decreasing temperature 
and thus the bulk bands are absent around the Fermi 
level. Figure 2b is the circular dichroism of ARPES 
indicating the helical orbital polarization of the metallic 
surface state. Such orbital polarization is closely related 
to the spin polarization. These results strongly suggest 
that the metallic surface state on YbB12(001) is the to-
pological surface state. Moreover, since the TSS dis-
perses across the bulk Kondo gap, this topological state 
is driven by the Kondo effect.

Figure 2: (a) ARPES image of YbB12(001). The dark area shows high electron intensity. Yellow lines are guides to the eye for surface-state 
dispersions. The lower inset is the momentum distribution curve at the Fermi level. (b) Orbital polarization structure obtained by circular 
dichroism of ARPES. The red/blue area represents the polarization along the opposite direction to each other. Dashed lines are surface-state 
dispersions in (a).
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Massless Dirac Fermion in Borophene

Honeycomb structures of group IV elements can host massless Dirac fermions with nontrivial Berry phases. Their po-
tential for electronic applications has attracted great interest and spurred a broad search for new Dirac materials espe-
cially in monolayer structures. We present a detailed investigation of the β12 sheet, which is a borophene structure that 
can form spontaneously on a Ag(111) surface. Our tight-binding analysis revealed that the lattice of the β12 sheet hosts 
Dirac cones, and each Dirac cone could be split by overlayer-substrate interactions. These unusual electronic struc-
tures were confirmed by angle-resolved photoemission spectroscopy and validated by first-principles calculations.

One of the promising routes for realizing novel two-
dimensional materials is by tailoring or modifying the 
honeycomb lattice. An example is a monolayer boron 
sheet (i.e., borophene), which is realized by introducing 
periodic boron atoms in a honeycomb-like lattice. As bo-
ron has one less electron than carbon, the honeycomb 
structure is unstable, but the introduction of additional 
boron atoms in the honeycomb lattice can stabilize 
the structure by balancing out the two- and multicenter 
bonds. Depending on the arrangements of the extra 
boron atoms, various monolayer-boron structures have 
been proposed, such as α  sheet and β  sheet. Recently, 
several monolayer boron phases have been experi-
mentally realized on Ag(111) [1-4]. For example, it was 
reported that there were a stable striped phase and a 
metastable homogeneous phase [1]. The striped phase 
was proposed to be a complete triangular lattice with 
anisotropic, out-of-plane buckling. In another study, a 
similar striped phase with a different rotation angle was 
observed [3]. This phase, named β12 sheet (Fig. 1h), 
has an essentially flat structure and interacts weakly 
with the Ag(111) substrate [3, 4]. However, there have 
been few experimental investigations on the electronic 
properties of monolayer boron.

We synthesized β12 borophene and studied its 
electronic structure by angle-resolved photoemission 
spectroscopy at BL-2A [5]. A schematic drawing of the 
Brillouin Zone (BZ) of Ag(111) with the three domain 
orientations is shown in Fig. 1a, together with the mea-
sured Fermi surface. The band structure from the boron 
layer shows one Fermi pocket centered at the S point of 
the β12 sheet and a pair of Fermi pockets centered at the 
M
＿

 point of Ag(111), as indicated by the red and black 
arrows, respectively. The photoemission bands derived 

from the boron layer do not disperse with photon en-
ergy, which is in agreement with its two-dimensional 
characteristic.

The pair of Fermi pockets centered at the M
＿

 point 
of Ag(111) is associated with Dirac cones. In Fig. 1b, 
we show constant energy contours (CECs) at different 
binding energies (EB). With increasing binding energies, 
the Fermi pockets first shrink in size and then become 
points at EB = −0.25 eV. Further increase of the binding 
energy leads to a pair of closed contours which touch 
each other at EB = −0.68 eV. The pair of closed contours 
merges into one contour at higher binding energies. 
The measurements of cut 1 using p polarized light (Fig. 
1d) reveal a Dirac cone as well as the bulk sp band of 
Ag(111). The Dirac point is located at approximately 0.25 
eV below the Fermi level, in agreement with the evolu-
tion of the CECs in Fig. 1b. The linear dispersing bands 
extend to as deep as 2 eV. Within the first BZ of the β12 
sheet, we observed two pairs of Dirac cones in total, as 
schematically illustrated in Fig. 1g.

The orbital contribution of the boron bands can be 
probed by switching the linear polarization of the in-
cident light. The s polarized light primarily probes the 
in-plane px and py orbitals, while the p polarized light 
probes both the in-plane (px and py) and out-of-plane 
(pz) orbitals. The band structures along cut 1 measured 
with s and p polarized light are shown in Figs. 1c and 
1d, respectively. The Dirac cone was not observed with 
the s polarized light, leaving only the bulk sp bands of 
Ag(111). This means that the Dirac cones originate from 
the pz orbital of boron.

Recent successes in graphene science indicate that 
“borophene”, as revealed by our work, is an interesting 
new field of research in physics and technology.
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Figure 1: Band structures of the β12 sheet on Ag(111). (a) The Fermi surface of the β12 sheet on Ag(111). The black, green, and blue 
rectangles indicate the BZ of three equivalent domains; the gray hexagon indicates the BZ of Ag(111). The black and red arrows indicate the 
bands of the boron layer. The surface state (SS) and bulk sp band of Ag(111) are also observed because the coverage of boron is less than 1 
ML. The pink lines indicate cuts 1–3 where the ARPES intensity plots in (c)–(f) were measured. (b) CECs derived from the second-derivative 
energy distribution curves measured in the black dotted rectangle in (a). EF in the figure corresponds to the Fermi level. All the data in (a) and 
(b) were measured with p polarized light. (c) ARPES intensity plot measured along cut 1 with s polarized light. (d)–(f) ARPES intensity plots 
measured with p polarized light along cut 1 to cut 3, respectively. The yellow dashed lines indicate the Dirac cones (DC). All the ARPES data 
in (a)–(f) were measured with a photon energy of 80 eV. (g) Schematic drawing of the Dirac cones according to our experimental results. (h) 
Relaxed structure model of the β12 sheet on Ag(111) from our first-principles calculations. The orange and blue balls indicate the B and Ag 
atoms, respectively. (i) and (j) Calculated partial DOS of B atoms and Ag atoms, respectively. (k) Calculated band structure along cut 1.
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Atomic Configuration of Germanene on an Al(111) Substrate 
Determined by using Total-Reflection High-Energy Positron 
Diffraction (TRHEPD)

We investigated the atomic configuration of germanene, a Ge counterpart of graphene, on an Al(111) substrate by us-
ing total-reflection high-energy positron diffraction (TRHEPD). The intensity analysis on the basis of dynamical diffrac-
tion theory showed that one Ge atom in the unit cell is shifted upwards, indicating an asymmetric structure. Our result is 
in sharp contrast to the previous structure model of a symmetric structure in which two Ge atoms are shifted upwards. 
However, the newly proposed structure does not contradict the experimental findings on electronic states in the previ-
ous studies.

Two-dimensional atomic sheets are attracting in-
creasing research interest worldwide. A major type is 
graphene, a two-dimensional atomic sheet of carbon. 
Graphene with a honeycomb structure is attracting 
much attention because it has many promising charac-
teristics such as extremely high carrier mobility, which 
stems from the unique electronic state of the so-called 
Dirac cone. Replacing carbon atoms by other group IV 
elements in the periodic table while keeping the hon-
eycomb framework leads to the creation of novel two-
dimensional functional materials. The Si and Ge coun-
terparts of graphene are called silicene and germanene, 
respectively. In addition to high carrier mobility, these 
are predicted to have other fascinating properties such 
as quantum spin-Hall effect due to the expected buck-
led configurations from the strong sp3 bonding character 
and the larger spin–orbit interaction in the relatively 
heavier atoms [1].

According to theoretical predictions [2], silicene 
and germanene have a buckled structure in the ground 

state. The electronic band structure strongly depends 
on the magnitude of the buckling [2]. However, since 
silicene and germanene do not exist in nature there has 
been no experimental investigation on the buckling. Af-
ter pioneering works on the successful fabrication of si-
licene on a Ag(111) [3, 4] and ZrB2 thin film [5] in 2012, 
silicene and germanene have been synthesized on vari-
ous substrate surfaces. In 2013, we showed experimen-
tal evidence of the bucking configuration in silicene on a 
Ag(111) substrate [6].

In 2015, a uniform large-area germanene was suc-
cessfully fabricated on an Al(111) substrate. Eight Ge 
atoms are included in the unit cell (see Fig. 1). In previ-
ous studies, it was suggested that two Ge atoms (labeled 
2 and 7) in the unit cell are shifted upwards, leading to 
a symmetric structure (right of Fig. 1). However, the 
detailed atomic positions remained unknown. Thus, we 
tried to experimentally determine the atomic positions 
using total-reflection high-energy positron diffraction 
(TRHEPD) [7].

Figure 1: Atomic configuration of germanene on an Al(111) substrate determined in this study (left) and predicted in previous reports (right). 
Yellow and orange circles indicate the Ge atoms. Gray ones are the Al atoms. The unit cell is indicated by a light orange parallelogram. To 
highlight the bulked configuration, the Ge atoms shifted upwards are denoted by large yellow circles.
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TRHEPD is a surface-sensitive tool owing to the 
positive charge of the positron. The positron is the anti-
particle of the electron and has the same mass and spin 
as the electron. Because the sign of the electric charge 
is opposite to that of the electron, the crystal potential 
for every material is positive. Thus, the refractive index 
for the positron is less than unity. This means that total 
reflection takes place at the material surface. For in-
stance, the critical angle of the total reflection is estimat-
ed to be 2.0° using Snell’s law when a positron beam 
with an energy of 10 keV is incident on a Si surface. Un-
der the total reflection condition, the penetration depth 
of the positron beam reaches 0.5–1.0 Å, which corre-
sponds to the thickness of one atomic layer. Therefore, 
the TRHEPD technique is suitable for determining the 
structure of two-dimensional atomic sheets suspended 
on particular substrates. TRHEPD apparatus combined 

with an electron linear accelerator was constructed 
jointly by JAEA and KEK.

As a result, we found that germanene on an Al(111) 
substrate has an asymmetric structure (left of Fig. 
1), which is in sharp contrast to the symmetric one in 
previous reports [8]. We measured the rocking curves 
(TRHEPD intensity versus glancing angle) at a sym-
metric azimuth (Fig. 2). The intensity distributions of the 
equivalent diffraction spots, e.g., −1/3 1/3 and 1/3 −1/3 
spots in Fig. 2, exhibit different shapes. Assuming the 
symmetric structure as reported in previous studies, 
the intensity distributions should show the same shape. 
Intensity analysis based on the dynamical diffraction 
theory confirmed that one Ge atom (labeled 7) in the 
unit cell is shifted upwards, giving rise to an asymmetric 
structure [7]. The newly proposed structure will help 
clarify the property of germanene on an Al(111) sub-
strate.

Figure 2: TRHEPD rocking curves for germanene on an Al(111) 
substrate. Open circles indicate the measured intensities. Solid 
lines are the intensities calculated using the optimum parameters.
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Discovery of the Peculiar Structural Relationship in Iron-Based 
Superconductors

In this work, the crystal structure of an iron oxypnictide LaFeAsO1−xHx is studied as a function of pressure using synchro-
tron X-ray diffraction. We found that the As–Fe–As angle of the FeAs4 tetrahedron widens with application of pressure. 
This disputes a widely accepted structural guideline that superconductivity favors regular tetrahedron, even though the 
superconducting critical temperature (Tc) increases from 18 K (at ambient pressure) to 52 K (at 6 GPa) for x = 0.2. In 
addition, the second parent phase at x ~ 0.5 is suppressed by a pressure as low as ~1.5 GPa. This is in contrast to the 
first parent phase at x ~ 0, which exhibits robustness under pressure. We suggest that certain spin-fluctuation from the 
second parent phase is strongly related to the high Tc observed under pressure. 

Iron pnictides are a new family of high-temperature 
superconductors, commonly termed as iron-based su-
perconductors [1]. A significant number of studies on 
chemical substitution in iron pnictides have resulted in 
an empirical guideline that the superconducting criti-
cal temperature (Tc) is maximized when the geometry 
of FePn4 (Pn = pnictogen) unit approaches the regular 
tetrahedron. The application of pressure is a direct and 
clean way to modify the local geometry of FePn4 with-
out the degradation of the crystal in comparison to the 
chemical substitution. Hence it is a significant method to 
study the interplay between the structure and the Tc.

One of the fascinating materials in iron pnictides is 
LaFeAsO1-xHx, which has a ZrCuSiAs-type structure 
with alternating stacks of conducting FeAs4 and insulat-
ing (O,H)La4 layers. As shown in Fig.1, LaFeAsO1-xHx 
exhibits a unique phase diagram on hydrogen anion 
substitution, i.e., electron doping: two superconduct-
ing domes with Tc

max = 26 K at x ~ 0.08 (SC1) and 
Tc

max = 37 K at x ~ 0.35 (SC2), and two parent phases 
at x ~ 0 (PP1) and x ~ 0.5 (PP2) [2]. The SC2 and PP2 
are rarely observed among high-Tc materials because 
they usually become normal metal in the heavily elec-
tron-doped region. Takahashi et al. have recently dem-
onstrated that applying pressure on LaFeAsO0.72H0.18 

induced a notable enhancement of the Tc from 18 K at 
ambient pressure to 52 K at 6 GPa [3]. 

To clarify the relation between the FeAs4 geometry 
and the Tc, the synchrotron X-ray diffraction experiment 
of LaFeAsO1-xHx (x = 0, 0.2, and 0.51) under pressure 
was examined at BL-8B and AR-NE1A. The results 
reveal that the FeAs4 unit deviates from the regular 
tetrahedron on application of pressure, which is an 
unexpected finding that breaks the hitherto believed 
guideline of approaching a regular FePn4 tetrahedron 
for increasing the Tc [4]. In addition, at high pressure, 
rapid suppression of the peculiar PP2 is found, while the 
conventional PP1 is robust against pressure. The pres-
sure responses of the FeAs4 deformation, the parent 
phases, and their correlation are previously unexplained 
peculiarities in 1111-type iron pnictides.

Figure 2 shows the contour plots of Tc against the 
As-Fe-As bond angle (As-Fe-As) and Fe-As bond length 
(dFe-As) under pressure, where the values of Tc in the 
whole map are interpolated from ref. [3]. The pressure 
triggers a merger of the two SC domes at ambient pres-
sure into a single SC dome along with the increase of Tc 
to 52 K at 6 GPa for x = 0.2. After the merge, the ridge 
line of Tc runs along the line for x = 0.20 as the pressure 
increased. 

Figure 1: Phase diagram of LaFeAsO1−xHx at ambient pressure and 6 GPa. Inset: crystal structure of LaFeAsO1−xHx. The carriers are located 
in the FeAs4 layer.
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In iron-based superconductors, the relation between 
the maximum Tc and structural parameters of FeAs4 
has been so far proposed as follows: the highest Tc is 
achieved when As-Fe-As approaches 109.5° as in a regu-
lar tetrahedron of FeAs4 or when the As height from the 
Fe plane (hAs = dFe-Ascos(As-Fe-As/2)) is ~1.38 Å. Theoreti-
cal argument has been advanced that antiferromagnetic 
spin- or orbital-fluctuation is maximized as FeAs4 adopts 
a nearly regular tetrahedron geometry, leading to an op-
timum Tc. The former is strongly related to the number 
and topology of Fermi surfaces, while the latter is due 
to the electron-phonon interaction. In agreement with 
the above rule, SmFeAsO0.78H0.22, which has the highest 
Tc of 55 K in iron pnictides, has nearly ideal values of        
As-Fe-As (109.3°) and hAs (1.386 Å) at ambient pressure. 
Moreover, the As-Fe-As for BaFe2As2 and LiFeAs act 
toward and away from the regular tetrahedron of FeAs4 
along with increasing and decreasing the Tc, respec-
tively. However, the results reveal that while As-Fe-As and 
hAs of LaFeAsO0.8H0.2 deviate from the optimum values 
with pressure (see Fig. 2), the Tc increases significantly. 
Thus, this work highlights the inconsistencies in the 
guides for increasing the Tc. The electronic state cal-
culations illustrate that the Fermi surface topologies of 
LaFeAsO0.8H0.2 are unaltered on the application of pres-
sure. Additionally, the bandwidth of Fe-3d widens with 
pressure because of the shortening of dFe-As, resulting in 
a decrease of the spin-fluctuation that should cause the 
Tc to decrease as well. Thus, the properties examined 
so far fail to account for the increase in Tc under pres-
sure.

In general, the nature of the parent phase influences 
the superconducting state of high-Tc superconductors. 
That is, fluctuations derived from the parent phase 
may enhance the pairing of superconducting electrons. 
Thus, the origins of SC1 and SC2 adhering to PP1 and 

PP2, respectively, can be considered as the fluctuations 
from PP1 and PP2. Since the widely accepted structural 
guide for increasing the Tc is tied to the itinerant spin-
fluctuation, the deviation from the regular tetrahedron by 
applying pressure means the reduction of the fluctua-
tion from PP1. Consequently, the fluctuation from PP2 
should be more significant for the superconductivity 
under pressure. This fluctuation is accompanied with a 
strongly localized character of PP2 as the orbital selec-
tive Mott phase. It is therefore suggested that the local-
ized spin-fluctuation from PP2 is the principal origin for 
superconductivity under pressure. The relation between 
the present results and the other mechanism of orbital- 
or charge-fluctuations remains unclear. To identify the 
above suggestion, the investigation of spin/structural 
dynamics in this system is required.

Figure 2: Contour plots of Tc for LaFeAsO1−xHx as a function of the As-Fe-As bond angle ( As-Fe-As) and the Fe-As distance (dFe-As). The regular 
tetrahedron angle and the As height (hAs) = 1.38 Å in FeAs4 are shown as broken lines.
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Figure 1: (a) Chemical structures of alkylated BTBTs, (b) Crystal packing structures of BTBT and mono-Cn-BTBTs, (c) Alkyl chain-
length dependences of the d-spacing values calculated for the (00l) refractions in the powder XRD patterns of mono-Cn-BTBT (red   ). The 
corresponding values derived from the unit cell parameters of single crystals are also plotted (black ♦).

Effects of Substituted Alkyl Chain Length on Molecular Packing 
and Properties in Solution-Processable Organic Semiconductors

We report the stabilization and modulation of layered-herringbone (LHB) packing, which is known to afford high-perfor-
mance organic thin-film transistors, based on crystal structure analyses for alkyl-substituted benzothieno[3,2-b][1]ben-
zothiophenes (BTBTs). Substitutions with relatively long alkyl chains effectively stabilize LHB packing due to interchain 
ordering, whereas substitutions with short alkyl chains impede the LHB packing. The solubilities, thermal characteristics, 
and charge transport properties of the alkylated BTBTs closely correlate with the variation of the molecular packings 
depending on the alkyl chain length. The origin of the alkyl chain length dependences was investigated by theoretical 
calculations of the intermolecular interactions within each packing structure.

Solution-processable organic semiconductors (OSC) 
are key materials for flexible and printed electronics 
technologies. Various OSCs have been developed so 
far for tuning crystal structure and material properties by 
introducing substituents into the p-conjugated skeletons. 
One of the essential requirements for solution-process-
able OSCs is the formation of layered-herringbone 
(LHB) packing, which is unique and known to be the 
most suitable for realizing uniform thin film fabrication 
and efficient two-dimensional carrier transport in organic 
thin-film transistors (OTFTs). However, a systematic 
understanding of the chemical substitution effects on 
molecular packing structures of OSCs has not yet been 
obtained.

In order to clarify the effects of alkyl chain substitu-
tion, which is the most fundamental chemical modifica-
tion for improving the solubility and solution-processabil-
ity of OSCs, here we report a systematic investigation 

of the alkyl chain-length (n) dependences of molecular 
packing and material properties based on the structural 
characterizations for three series of symmetrically and 
asymmetrically alkyl-substituted benzothieno[3,2-b][1]
benzothiophene (BTBT) derivatives [1]: asymmetric 
monoalkylated BTBT (mono-Cn-BTBT), symmetric di-
alkylated BTBT (di-Cn-BTBT), and asymmetric phenyl-
alkylated BTBT (Ph-BTBT-Cn) (Fig. 1a). 

Full structural analyses were successfully conducted 
for mono-Cn-BTBT (n = 2, 3, 4, and 9), for di-Cn-BTBT 
(n = 2, 3, 4, and 5), and for Ph-BTBT-Cn (n = 3, 4, 5, 6, 
8, 10) [2-5]. Single crystals for the measurements were 
obtained via recrystallization from toluene or 1,2-dichlo-
robenzene at room temperature. Powder X-ray diffrac-
tion experiments were also conducted for all the mono-
Cn-BTBTs with long alkyl chains (n = 4–16). The unit cell 
molecular packing structures for mono-Cn-BTBTs and 
unsubstituted BTBT (n = 0) are shown in Fig. 1b. We 
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found that the compounds with n = 4 and 9 exhibited 
the LHB packing motif of the BTBT skeleton and iso-
lated alkyl chain layers. The d-spacing values estimated 
from (00l) reflections in the powder XRD patterns of 
mono-Cn-BTBTs systematically increase with increas-
ing alkyl chain length and roughly correspond to the 
nominal length of two mono-Cn-BTBT molecules (Fig. 
1c). These results clearly indicate that all the mono-Cn-
BTBT compounds with long alkyl chains form isostruc-
tural LHB packing. On the other hand, the compounds 
with shorter alkyl chains do not form a layer-by-layer 
structure but adopt various molecular packing motifs de-
pending on the different n. A similar trend was observed 
in the molecular packing motifs for the di-Cn-BTBT and 
Ph-BTBT-Cn compounds; LHB packings were observed 
for the compounds with n ≥ 6 for dialkylated, and n ≥ 5 
for phenyl-alkylated BTBTs [2-4].

All three series of compounds show similar alkyl 
chain length dependence in solubility and thermal char-
acteristics. Figure 2a shows the solubility and melting 
point of the mono-Cn-BTBT compounds plotted as a 
function of n. The rapid increase and decrease at rela-
tively short alkyl chain length regions may correspond 
to the variation of molecular packing. The subsequent 
gradual decrease at longer n may be ascribed to the 
increased cohesive forces between the alkyl chains in 
the crystals. Melting points and phase transition tem-
peratures, which relate to thermal durability of OTFTs, 
also exhibit similar alkyl chain length dependences. The 
results demonstrate that the structural features govern 
the solubilities and thermal characteristics of the three 
series of compounds, and this is associated with the co-
hesive forces between the alkyl chains, which increase 
with increasing n.

Intermolecular attractive forces within the LHB 
packing were evaluated by DFT calculations using 
single crystal structures (Fig. 2b). The attractive forces 

between neighboring molecules are roughly isotropic 
within the herringbone-packed molecular layer, along 
the face-to-edge and p-stack directions. This should be 
the origin of the formation of highly two-dimensional mo-
lecular layers in the crystals. The intermolecular interac-
tions between the alkyl chains within the layers increase 
with the increase of n, which help to increase the total 
cohesive energy and thus decrease solubility with n. In 
contrast, the calculated transfer integrals between HO-
MOs, which relate to the hole transport properties within 
the LHB, are highly anisotropic at shorter n, while they 
become larger and more isotropic at longer n. All the re-
sults clearly demonstrate how and why the alkyl chains 
play crucial roles in the formation of layer-by-layer and 
LHB packing motifs and determination of the material 
properties.

Figure 2: (a) Solvent solubilities at 25°C (left) and thermal characteristics (right) of mono-Cn-BTBTs and (b) Calculated intermolecular 
interaction energies and transfer integrals for LHB packing of BTBT, mono-C4-, and mono-C9-BTBT.
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Magneto-Ionic Phase Switching in an Electron-Donor/-Acceptor 
Metal-Organic Framework using a Li-Ion Battery System

Magnetic phase switching between the paramagnetic and ferrimagnetic states in a neutral electron-donor/-acceptor 
metal-organic framework (D/A-MOF) has been demonstrated by electron-filling control using a Li-ion battery (LIB) 
system, in which a D/A-MOF is incorporated as a cathode. Selective electron-doping to the acceptor sites of the frame-
work, accompanied by insertion of Li ions into pores in the material, has been achieved by tuning the battery voltage. 
X-ray diffraction measurements indicate that Li ions are inserted into the void spaces prepared by removing the crystal 
solvent, accompanied by expansion of the flexible framework without significant collapse of coordination bonds.

Electrical control of magnetism has attracted great 
interest in the field of materials science and spintron-
ics [1]. In these research fields, various approaches for 
electrical magnetism control, such as magnetic domain 
reversal by polarized spin-current flow and electric-field 
modulation of magnetic anisotropy, have been sug-
gested and demonstrated. Electron-filling control us-
ing a field effect transistor (FET) in correlated electron 
systems is also a representative approach to modulate 
magnetic properties by electrical means. In diluted 
magnetic semiconductors, the stability of the ferromag-
netic phase is successfully controlled by tuning electron 
density using FET systems. However, the application of 
FET systems is inevitably limited to thin films or materi-
als interfaces because of the electrostatic screening 
effect of electric-field-induced carriers, which prevents 
penetration of the electric field into the bulk region.

Recently, Li-ion battery (LIB) systems have been 
attracting attention as another type of device for filling 
control, which is applicable to bulk materials [2-4]. In an 
LIB system, Li-ion migration accompanied by a redox 
reaction in electrodes is used for energy storage. This 
mechanism can be used to control the electron density 
of the electrode materials, because equal numbers of 
electrons and Li+ ions are introduced to the electrode 
materials to maintain charge neutrality. In our recent 
study, taking advantage of this LIB characteristic, we at-
tempted to control the magnetism in bulk compounds by 

the Li-ion migration that accompanies redox reactions, 
i.e. ‘magneto-ionic control’ [5].

As a target material, we selected an electron-donor/-
acceptor metal-organic framework (D/A-MOF), which 
is composed of paddlewheel-type diruthenium(II, II) 
complex as a donor (D) unit, and 7,7,8,8-tetracyano-
p-quinodimethane (TCNQ) derivative as an acceptor 
(A) unit. Since the D/A-MOFs are porous redox-active 
compounds, they are suitable for the electrodes of LIB 
systems. A notable characteristic of the D/A-MOF is that 
the magnetic order appears when A is in a radical state 
with an unpaired spin. Focusing on this characteristic, 
we carried out selective electron-filling control of the A 
sites in the paramagnetic neutral D/A-MOF, in which A 
sites have no radical spin, by tuning the battery voltage 
in discharge/charge cycles (Fig. 1a). In this study, to ob-
tain a neutral system for magnetism control, a combina-
tion of [Ru2

II,II(CF3CO2)4(THF)2] and BTDA-TCNQ, which 
have a positive ∆EH-L(DA) ≡ ELUMO(A) − EHOMO(D) value, 
was chosen to suppress electron transfer from D to A. 
Indeed, this D/A combination resulted in a new neu-
tral D2A-type layered MOF, [{Ru2

II,II(CF3CO2)4}2(BTDA-
TCNQ)]·nCH2Cl2·(p-xylene) (1) (Fig. 2a). In the electron-
filling control by an LIB system, since Li-ion insertion into 
the target material is necessary, we removed the crystal 
solvent CH2Cl2 by evacuating 1 to produce a space for 
accommodating Li ions. For the CH2Cl2 removed com-
pound, [{Ru2

II,II(CF3CO2)4}2(BTDA-TCNQ)]·(p-xylene) (1’) 

Figure 1: (a) Schematic figure of magnetism control in D/A-MOF by an LIB system. (b) Magnetic phase switching by Li-ion insertion.
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(Fig. 2b), we attempted electron-doping through Li-
ion insertion. Figure 1b shows the temperature de-
pendence of magnetization of pristine (1’) and Li-
ion-inserted samples, Lix[{Ru2

II,II(CF3CO2)4}2(BTDA-
TCNQ)]·(p-xylene). A rapid increase of magnetization 
around 80 K is observed for the Li-ion-inserted sample 
at 2.66 V vs. Li/Li+ (x = 1). This result indicates that 
ferrimagnetic order is induced from the paramagnetic 
state by electron-filling of BTDA-TCNQ units through Li-
ion insertion (Fig. 1a). Furthermore, we succeeded in 
reversible phase switching with the discharge/charge 
cycle of an LIB system between the paramagnetic and 
ferrimagnetic states (Fig. 1a).

The structural variation driven by the accommoda-
tion of Li ions in 1’ was confirmed by synchrotron X-ray 
diffraction measurements. Figure 2c shows the powder 
X-ray diffraction (PXRD) patterns of the pristine sample 
(1’) (x = 0) and the Li-ion-inserted sample at 2.66 V vs. 
Li/Li+ (x = 1). The PXRD pattern of the Li-ion-inserted 
sample is different from that of 1’, which crystallizes 
in the triclinic space group P–1 (Fig. 2b). Notably, the 
PXRD pattern of the Li-ion-inserted sample can be 
indexed to the monoclinic space group C2/m, which is 
the same as that of the as-synthesized compound 1 
containing CH2Cl2 (Fig. 2a). These facts indicate that 

the crystal structure of 1’ is modified during the process 
of Li-ion insertion and, ultimately, the material adopts a 
structure similar to that of the CH2Cl2 solvated sample 
(1). Li ions seem to be inserted into the void spaces 
located in 1’, which is produced by removal of CH2Cl2 
from 1, accompanied by expansion of the flexible frame-
work, like recovering to the structure of 1, without signifi-
cant collapse of the coordination bonds in the layered 
framework.

Figure 2: (a) The crystal structure of as-synthesized sample containing CH2Cl2 (1). (b) The crystal structure of dried sample (1’) after 
removing CH2Cl2. (c) The PXRD patterns for the pristine (1’) (red line) and the Li-ion-inserted material (2.66 V vs. Li/Li+) (blue line). The 
pattern of 1 is shown for comparison (black line).
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Structural Change of the Rutile-TiO2(110) Surface during the 
Water Wettability Transition Studied by X-Ray CTR Scattering

A hydrophobic TiO2 surface can be converted to a hydrophilic one by UV light irradiation. This phenomenon was discov-
ered about 20 years ago and has been used in coating applications. However, the mechanism is not well understood. 
In particular, it is not clear whether and how the surface structure is involved. We studied the possible structural change 
of the rutile-TiO2(110) surface by using X-ray crystal truncation rod (CTR) scattering. We observed the occurrence of 
the surface structural change in real time during the photoirradiation. We determined the structure of hydrophobic and 
hydrophilic surfaces and propose a possible mechanism of the water wettability transition.

TiO2 is a major photocatalyst used in a wide range 
of applications. In the late 1990s, it was found that a 
hydrophobic TiO2 surface can be converted to a hydro-
philic one by irradiating it with UV-light whose energy 
is greater than the bandgap of 3 eV [1]. This photoin-
duced property extends the range of applications to, 
for instance, anti-fog coatings, self-cleaning coatings, 
and heat dissipation coatings [2]. However, the mecha-
nism of the wettability transition remains unclear, even 
though many experimental and theoretical studies have 
attempted to determine the atomic-scale processes oc-
curring at the surface. In particular, there is no consen-
sus about whether the surface structure changes during 
the wettability transition. Several groups concluded that 
photocatalytic decomposition of hydrophobic surface 
contaminants results in the hydrophilic surface [3]. In 
contrast, other groups claimed that an intrinsic photoin-
duced surface structural change leads to the hydrophi-
licity [4]. The controversy likely arises from the difficulty 
in observing the possible surface structural change at 
the atomic scale under ambient conditions, as conven-

tional electron-based surface science techniques gener-
ally cannot be used under such conditions. Furthermore, 
since the hydrophilic surface is a short-lived metastable 
state in vacuum, in-vacuo surface analysis is difficult [2]. 
Theoretical studies are also challenging, since the ener-
gy hierarchy of the water adsorption phases is affected 
by the calculation conditions [5]. X-ray crystal truncation 
rod (CTR) scattering is capable of determining atomic 
structures across interfaces under ambient conditions. 
Thus, an in-situ CTR study can provide valuable infor-
mation on the surface structural change.

We performed time-resolved and static CTR scatter-
ing measurements on the rutile-TiO2(110) surface under 
humid conditions [6]. The surface structural change was 
observed in real time by using the wavelength-disper-
sive method (Fig. 1a) [7]. The time-resolved measure-
ments were performed at AR-NW2A. We observed the 
change of scattering profile of the (01L) rod during UV-
light (λ = 365 nm, 87 mW/cm2) irradiation (Fig. 1b). Fig-
ure 1c shows the time evolution of the intensity at the 

Figure 1: (a) A schematic illustration of the time-resolved CTR measurement in wavelength-dispersive mode during UV-light irradiation on the 
rutile-TiO2(110) surface. (b) Scattering intensity profiles of the (01L) rod measured at the photoirradiation (λ = 365 nm, 87 mW/cm2) time of 10 
s and 400 s. (c) Time evolutions of the normalized intensity at selected points (indicated by arrows in (a)) of the (01L) rod.
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different positions of the (01L) rod, which clearly shows 
that the intensity change is not uniform along the rod, 
namely, the intensity increases at L = 1.32, decreases 
at L = 1.85, and hardly changes at L = 1.65. Such a 
non-uniform change demonstrates the occurrence of an 
atomic-scale structural change. The changes in intensity 
almost finish in a few hundreds of seconds; this times-
cale is consistent with that of the wettability transition as 
observed by water contact angle measurements [4].

Details of the surface structural change were re-
vealed by quantitative structure analysis of static CTR 
data measured on the hydrophobic (non-photoirradiated) 
and hydrophilic (photoirradiated) surfaces [6]. The 
measurements were performed at BL-4C. Based on 
the structure analysis, the following structure model is 
suggested for the hydrophobic surface. The surface 
TiO layer is terminated with two kinds of oxygen atoms, 
denoted by OT and OB in Fig. 2a. The determined Ti–O 
bond length indicates that the OT is in the form of a wa-
ter molecule and the OB is not bonded with hydrogen at-
oms. The surface is partially covered with ordered water 
molecules (denoted by AW). On the hydrophilic surface, 
the analysis indicates that large positional fluctuations 
occur at the OT, OB and the surface TiO layer and that 
the ordered AW layer becomes disordered.

The structural change can be interpreted, in terms 
of the water wettability transition, as being caused by a 
photoinduced proton transfer from the intact water at the 
OT site to the non-hydroxylated oxygen at the OB site, 
which results in an increase of population of the surface 
OH group. It is known that the photo-generated hole 
and electron finally reach the surface. According to ref. 
8, the intact water at the OT site reacts with the hole to 
become an OH group, and the proton emitted from the 
water can be transferred to the neighboring non-hydrox-
ylated oxygen at the OB site. The resulting OH groups 

at the OT and OB sites can be active sites for the water 
adsorption, and a larger number of water molecules can 
be adsorbed (Fig. 2b). The OH groups at the neighbor-
ing OT and OB sites can make a hydrogen bond with 
each other. The hydrogen bonds might cause a large 
positional displacement of the OT and OB from the lattice 
site, which can induce local lattice strain at the underly-
ing TiO layer, as observed in the CTR analysis. The 
adsorbed water molecules on the relatively disordered 
surface might be so disordered that they are invisible in 
the diffraction data analysis. The relatively disordered 
surface would be metastable and would recover to the 
hydrophobic one in the dark [2].

Figure 2: Structural models of the (a) hydrophobic and (b) hydrophilic surfaces. Hydrogen bonds are represented by light-blue lines.
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Crystal Structure and Magnetic Properties of Nanosized Y3Fe5O12 
Epitaxial Layers for Microwave Applications

By using laser molecular beam epitaxy, nanometer size yttrium iron garnet (Y3Fe5O12, YIG) layers have been grown on 
gadolinium gallium garnet (Gd3Ga5O12, GGG) [1 1 1]-oriented substrates. Atomic force microscopy revealed remarkably 
flat step-and-terrace surface morphology with step height of 1.8 Å characteristic of YIG(1 1 1) surface. Structural stud-
ies by electron and X-ray diffraction showed that YIG layer is epitaxial and pseudomorphic to the substrate. Analysis of 
spatial distribution of X-ray diffraction intensity, which was measured at BL-3A provided useful information for under-
standing important specific features of epitaxial growth of YIG nanosized films. X-ray magnetic circular dichroism (XMCD) 
measurements at BL-16A enabled site-selective magnetometry.

Yttrium iron garnet (YIG, Y3Fe5O12) films are used 
in microwave devices for many years. Recently it has 
been shown [1] that in thin (<100 nm) films a substan-
tial reduction of spin wave damping constant can be 
expected, that is of considerable interest for modern mi-
crowave devices. In present work, YIG layers on (1 1 1) 
gadolinium gallium garnet (Gd3Ga5O12, GGG) substrate 
were grown by Laser-Molecular Beam Epitaxy. Various 
growth parameters were used (substrate temperature, 
oxygen pressure, film thickness). To minimize spin 
wave relaxation, YIG films with ultra flat interfaces, con-
trolled stress and stoichiometry have been grown. Fig. 
1a shows surface morphology of typical ultra flat YIG 
film with well-pronounced atomic steps on the surface.

To study crystal structure, growth induced film stress 
and interface layer X-Ray diffraction patterns were mea-
sured at BL-3A, Fig. 1b. The diffraction pattern from the 
YIG/GGG(1 1 1) heterostructure is a set of round shape 
substrate reflections and streaks from YIG film. Diffrac-
tion intensity along the streaks is modulated by Laue 
oscillations. Measurements of both specular and non-
specular reflections as well as streaks were performed 

using point Silicon Drift Detector (SDD) and 2D PILA-
TUS 100K detector. After taking series of 2D images, 
the 3D intensity distribution in the reciprocal space was 
obtained and analyzed using dedicated software [2]. It 
was found that in the (1 1 1) plane lattice constant of the 
substrate and the film coincide, and along the normal ([1 
1 1] direction) the YIG film is stretched out. The value 
of this deformation depends on the growth temperature 
and the thickness of YIG layer.

Kinematic approximation was used for modeling dif-
fraction intensity distribution along the streaks. This en-
abled obtaining additional information on the layer struc-
ture, more accurate lattice constant values, the gradient 
of the lattice constants along the substrate normal, the 
distance between last plane of the substrate and first 
plane of the layer, as well as the interface roughness. It 
was found that in YIG layers with the thickness greater 
than 6 nm, there is a gradient of lattice parameter in 
direction of the surface normal; the bottom part of the 
film is less deformed than the top one. It was also found 
that YIG layers grown at a high temperature are less 
strained than the layers grown at a lower temperature.

Figure 1: YIG film grown at 1000°C: (a) measured by atomic-force-microscopy surface morphology with atomic steps of 1.8 Å; (b) X-ray 
diffraction pattern near YIG and GGG (4 4 4) reflections and intensity distribution along the streak (blue curve) and nearby background (red 
curve). 
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In YIG lattice, Fe3+ ions are known to occupy tetra-
hedral (24d) and octahedral (16a) positions forming two 
anti-parallel magnetic sublattices. Magnetic properties 
of the films were studied by magneto-optic Kerr effect 
(MOKE), vibrating sample magnetometer (VSM), fer-
romagnetic resonance, and XMCD techniques [3-5]. 
While MOKE and VSM provide information about the 
total magnetization, XMCD makes it possible to study 
magnetization of the individual magnetic sublattices. 

Figure 2: Calculated and experimental XAS and XMCD spectra of YIG film (a) and measured by XMCD hysteresis loops for two sublattices 

formed by iron ions in Td and Oh sites (b).

Figure 2a shows typical XAS and XMCD spectra of 
YIG film. To analyze contributions of Td and Oh magnet-
ic sublattices, numerical simulations have been carried 
out with the use of CTM4XAS software [6]. One can see 
calculated and experimental curves have very similar 
characteristic features. Slight difference may be attrib-
uted to the charge transfer effects as well as to non-
linearity of the measured total-electron-yield signal due 
to sample charging and saturation effects occurring at 
high X-ray intensity. It can be also seen from the mod-
eled spectra that by choosing the appropriate photon 
energy it is possible to make the XMCD measurements 
to be more sensitive to the magnetization of Oh or Td 
sublattice.

At E = 708.9 eV (Oh) XMCD signal is mostly propor-
tional to the octahedral sublattice magnetization while 
at E = 710 eV (Td) XMCD probes the sum of octahedral 
and tetrahedral sublattice magnetizations with main 
contribution of the tetrahedral one. Magnetization curves 
measured at these two energies for magnetic field 
oriented 60° off-the normal are shown in Fig. 2b. As 
expected, the magnetization loops at 708.9 eV and 710 

eV are of the opposite sign. The in-plane magnetization 
curves show very narrow hysteresis loop in agreement 
with the results of MOKE vector magnetometry [5].

Using data on the crystal quality and growth induced 
strain of YIG films, as well as their magnetic properties 
it was possible to optimize the growth conditions of the 
films for obtaining a record low damping of spin waves 
[4].
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 2   Materials Science

X-Ray Diffraction Study of Charge Density Waves in the 
Antiferromagnet GdNiC2

X-ray diffraction measurements on GdNiC2 have revealed intriguing behaviors originating from the interplay between 
charge density waves (CDWs) and magnetism. We found satellite peaks characterized by an incommensurate wave 
vector (0.5, η, 0) with η ≈ 0.52 below 205 K, suggesting the formation of a CDW. A transition to a commensurate phase 
with η = 0.5 occurs. The CDW lattice modulation is anomalously reduced below an antiferromagnetic transition tem-
perature. Successive CDW transitions take place in magnetic fields. An incommensurate phase with (0.5, η, ζ) and that 
with (0.5, η, 0) are induced by magnetic fields. The CDWs disappear in coincidence with magnetic transitions in higher 
magnetic fields.

Low-dimensional systems exhibit noticeable proper-
ties, such as the charge density wave (CDW) and spin 
density wave. The CDW is a modulation of conduction 
electron density accompanied by a lattice modulation. 
Recently, much attention has been focused on RNiC2 
compounds (R denotes a rare-earth element), which 
show intriguing phenomena related to the interplay be-
tween CDWs and magnetism. The RNiC2 compounds 
have an orthorhombic structure with the space group 
Amm2. For SmNiC2, electrical resistivity and X-ray dif-
fraction measurements revealed the emergence of the 
CDW characterized by the wave vector (0.5, η, 0) with 

then it locks into a commensurate value of 1/2 at T1C. 
As shown in Fig. 1b, the intensity of the satellite peak 
decreases with decreasing temperature below the anti-
ferromagnetic transition temperature (TN), accompanied 
by the sharp decrease in the resistivity [2]. This means 
that the CDW lattice modulation is anomalously reduced 
below TN. We observed diffuse scattering above T1. The 
intensity distribution of the diffuse scattering has inten-
sity maxima at the positions characterized by (0.5, η, 0) 
and (0.5, 0.5, 0.5), indicating the presence of soft pho-
non modes originating from CDW instabilities. Similar 
intensity distributions were observed in SmNiC2 [1] and 
TbNiC2 [2].

Figure 1c displays CDW and magnetic transition 
temperatures against the room temperature unit-cell vol-
ume in GdNiC2, SmNiC2, TbNiC2, and other RNiC2 com-
pounds [2]. The CDW transition temperatures T1 and 
T1C appear to decrease with increasing unit-cell volume. 
Magnetic transitions have unfavorable effects on CDWs 
in GdNiC2, SmNiC2, and TbNiC2. In SmNiC2, the CDW 
order characterized by (0.5, η, 0) disappears below the 
ferromagnetic transition temperature (TC). In TbNiC2, the 
CDW satellite peaks given by (0.5, 0.5, 0) survive and 
those given by (0.5, 0.5, 0.5) disappear below TN.

Figure 1: (a) Temperature dependences of (a) 𝜂 and (b) integrated intensity of a satellite peak characterized by (0.5, η, 0) in GdNiC2 [2]. (c) 
CDW transition temperatures plotted against the room temperature unit-cell volume in R NiC2 [2].

η ≈ 0.52 below 148 K [1]. Destruction of the CDW oc-
curs in coincidence with a ferromagnetic transition [1]. 
Investigations of the phenomena due to the interplay 
between CDWs and magnetism have led to an im-
proved understanding of the interplay among different 
types of orders.

We have performed X-ray diffraction experiments on 
GdNiC2 at BL-3A to investigate CDW phenomena and 
the effect of the antiferromagnetic order on the CDW [2]. 
Satellite peaks given by (0.5, η, 0) appear below T1 = 
205 K, at which the resistivity shows a sharp inflection. 
The temperature dependence of η is shown in Fig. 1a. 
The value of η varies with decreasing temperature, and 



23HIGHLIGHTS

S. Shimomura1, N. Hanasaki2, C. Hayashi3, Y. Kobayashi3, 
H. Nakao4, K. Mikami5, Y. Nogami5 and H. Onodera6 (1Kyoto 
Sangyo Univ., 2Osaka Univ., 3Keio Univ., 4KEK-IMSS-PF/
CMRC, 5Okayama Univ., 6Tohoku Univ.)

The behavior of CDWs should be affected by exter-
nal magnetic fields through the interplay between CDWs 
and magnetism. We have also performed X-ray diffrac-
tion experiments in magnetic fields at BL-3A. Figure 2a 
shows the magnetic-field-temperature phase diagram of 
GdNiC2, determined by magnetization measurements 
in magnetic fields applied parallel to the c-axis [3]. Vari-
ous magnetic and electronic states exist in the phase 
diagram. At 5 K (Fig. 2b), a CDW satellite peak given 
by (0.5, 0.5, 0) was observed in the antiferromagnetic 
phase 2 (AFM2 phase), which is the spin-flop state, as 
well as the antiferromagnetic phase 1 (AFM1 phase). 
The satellite peak disappears in the metamagnetic (MM) 
phase, in which the directions of the Gd moments are 
probably tilted toward the magnetic field. At 19 K, the 
intermediate phase 2 (IM2 phase) is stabilized above 
4.5 T, and the satellite peak shifts its position toward an 
incommensurate position characterized by (0.5, η, ζ) as 
shown in Fig. 2c. The satellite peak disappears in the 
intermediate phase 1 (IM1 phase), where the magne-
tization value is close to half of the saturation moment. 
Figure 2d shows the satellite peak profiles above TN. 
A field-induced commensurate-to-incommensurate 
phase transition takes place at the transition field from 
the ILF (intermediate-temperature–low-magnetic-field) 
to IHF (intermediate-temperature–high-magnetic-field) 
phase through the Zeeman effect. Successive transi-
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tions can be explained in terms of a cooperative effect 
of the Peierls instability and the spin Friedel oscillation 
[3]. The antiferromagnetic order of the f local moments 
is coupled to the spin density wave coexisting with the 
charge density modulation of the conduction electron. 
Here, the wave number of the antiferromagnetic order 
of the f local moments is assumed to coincide with the 
wave number (2kF) of the density waves. When the f lo-
cal moments are aligned by the magnetic field, the spin 
and charge density waves are suppressed through the 
exchange interaction.

Figure 2: (a) Magnetic-field-temperature phase diagram of GdNiC2 [3]. Magnetic-field dependence of satellite peak profiles observed at (b) 5 K, 
(c) 19 K, and (d) 30 K [3]. The magnetic field was applied parallel to the c-axis. The measurements of (b), (c), and (d) were performed under 
the condition indicated by the white dashed line in (a).
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 3   Chemical Science

Sodium Transport Mechanism in an Earth-Abundant Cathode 
Material for Sodium-Ion Batteries

Lithium- and sodium-ion batteries are important energy storage technologies for mobile and stationary electric power 
sources. The rapid growth of the use of energy storage devices requires the design of new battery materials with abun-
dant elements. A sodium iron sulfate with alluaudite structure, Na2.5Fe1.75(SO4)3 (NFS), was recently developed as a 
positive-electrode active material for sodium-ion batteries [1]. This material is composed only of abundant elements and 
exhibits superior performance with high redox potential and good rate capability. To understand the origin of the novel 
performance of NFS, a combined analysis of X-ray and neutron diffraction was used to analyze the crystal structure and 
sodium disordering, coupled with the dynamics of sodium transport. The sodium density distribution determined by the 
diffraction analysis revealed a characteristic one-dimensional channel suitable for sodium transport [2].

Energy storage technology is a key for making so-
ciety greener. Lithium- and sodium-ion batteries are the 
main types of electric energy storage used as power 
sources for mobile electronics and electric/hybrid ve-
hicles. Since the demand for these batteries is rapidly 
growing for broader applications, new battery materials 
using abundant elements need to be developed for the 
sustainability of society. The sodium-ion battery is the 
most promising candidate for sustainable battery sys-
tems, as its constituent materials are all widely available 
[3]. 

Recently we developed a new material, alluaudite-
type sodium iron sulfate Na2+2xFe2–x(SO4)3 (x ~ 0.25), 
(NFS) for the positive electrode of sodium-ion batter-
ies [1, 4]. This material is composed only of the earth-
abundant elements Na, Fe, S and O, and exhibits high 
redox potential and high-rate capability. Accordingly, 
NFS is highly promising as a positive electrode material 
for sodium-ion batteries. For the further development 
of electrode materials, it is necessary to understand 

the fundamental properties and mechanisms related to 
electrochemical reactions in the battery. The rate capa-
bility of an electrode active material is controlled by the 
ionic transport properties of the material. Thus, under-
standing the ionic conduction mechanism is vital when 
designing the material of the battery electrodes.

The ionic conductivity in a crystalline material is 
closely related to the crystal structure and local environ-
ment of mobile species. Thus, a detailed analysis of the 
crystal structure will provide a clear insight to under-
stand the ionic conduction properties. The crystal struc-
ture of NFS was determined by high-resolution powder 
X-ray diffraction at BL-4B2 [1, 4]. Figure 1 shows a typi-
cal powder X-ray diffraction pattern of NFS measured by 
the multiple detector system at BL-4B2. NFS crystallizes 
in a monoclinic lattice with three-dimensional framework 
structure composed of Fe(II) and tetrahedral sulfate 
anions. The Na ions sit at three kinds of interstitial sites 
of the iron sulfate framework. Two of the Na sites, Na2 
and Na3, form one-dimensional tunnel structures.

Figure 1: Observed and calculated high-resolution X-ray diffraction patterns of NFS. 
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To unveil the detailed sodium-transport mechanism 
in NFS, a combined analysis of X-ray and neutron pow-
der diffraction was conducted. High-temperature in situ 
measurements were performed at BL02B2 of SPring-8 
and BL08 of J-PARC MLF, and analyzed by the Riet-
veld method. Subsequently the derived structure factors 
were processed by the maximum entropy method (MEM) 
to reconstruct the nuclear density distribution. A comput-
er program, Dysnomia, was used for the MEM [5]. High-
resolution powder diffraction data revealed a significant 
positional disordering of Na even at room temperature. 
At a higher temperature, just below the decomposition 
temperature of NFS (620 K), thermal motion of the con-
stituent ions was clearly activated, as shown in Fig. 2. 
The mobile Na ions showed characteristic anisotropy of 
nuclear density distributions. Especially, Na3 showed an 
anomalous spreading of density distribution along the 
[001] direction. Compared to Na3, the other Na sites, 
Na1 and Na2, showed limited temperature dependence. 
These features suggest that the tunnels running on the 
Na3 sites are much more suitable for Na ion transport 
than the other pathways, and may dominate the ionic 
conductivity in NFS. 

In summary, alluaudite NFS has a large tunnel-like 
pathway suitable for Na transport. The structure along 
the Na3 sites is crucial to maximize the ionic conductiv-
ity of alluaudite-type compounds. Other Na sites could 
be activated further by optimizing other pathways collat-
eral to the Na3 channel.

Figure 2: Crystal structure and isosurface of nuclear density of NFS derived from high-temperature powder diffraction data.
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 3   Chemical Science

Ammonia Synthesis over Self-Organized Flat Ru Nanoparticles 
on Calcium Amide

Ammonia (NH3) is an important chemical as a precursor for nitrogen fertilizers and has been expected to be used as 
a hydrogen (energy) carrier. Here, we report that flat-shaped ruthenium (Ru) nanoparticles with a narrow distribution 
(2.1±1.0 nm) on calcium amide (Ca(NH2)2) exhibit high catalytic performance far exceeding that of the conventional 
Ru-based catalysts. The results of X-ray absorption fine structure (XAFS) and high-angle annular dark field scanning 
transmission electron microscopy (HAADF-STEM) revealed that Ru nanoparticles are self-organized on the surface of 
Ca(NH2)2 by strong Ru–N interaction during NH3 synthesis. The high catalytic performance is due to the formation of 
high-density flat-shaped Ru nanoparticles and the high electron donor ability of the support material.

The efficient synthesis of NH3 under low pressure 
and low temperature conditions is required because 
NH3 has attracted much attention as a material for stor-
ing hydrogen and also as an important precursor of 
nitrogen fertilizers, such as urea, which is one of the 
most widely-used agricultural chemicals in the world. 
The difficulty of synthesizing NH3 at low temperature 
comes from the very high dissociation energy of N≡N 
triple bonds. Although Ru-based catalysts are one of 
the most efficient NH3 synthesis catalysts, the catalytic 
activity is retarded by strong hydrogen adsorption onto 
the surface of Ru particles (hydrogen poisoning) [1]. 
To overcome this drawback of Ru, our group recently 
discovered a new catalyst, Ru-loaded 12CaO·7Al2O3 

(C12A7) electride1) (abbreviated as Ru/C12A7:e−) and 
Ru-loaded Ca2N electride2) (abbreviated as Ru/Ca2N:e−), 
for NH3 synthesis, which effectively reduce the energy 
barrier for N≡N dissociation and suppress the hydrogen 
poisoning of Ru [2, 3]. However, there remain several 
obstacles to be resolved for practical application of a 
Ru-loaded electride. The disadvantage of C12A7:e− and 
Ca2N:e− is their very small surface area (ca. 1–3 m2 g−1), 
which increases the size (20–30 nm) of deposited Ru 
particles and limits the catalytic performance of Ru-load-
ed electride. The optimum Ru particle size has been 
theoretically and experimentally demonstrated to be in 
the range 1.8–3.5 nm because the maximum number 
of surface step sites (B5-type site) is found in this range 

[4]. A current challenge is how to realize a highly active 
catalyst for NH3 synthesis under mild conditions on the 
basis of this principle.

Recently, we reported a new high-performance cat-
alyst for low-temperature NH3 synthesis that consists of 
Ca(NH2)2 and Ru nanoparticles (Ru/Ca(NH2)2) [5]. This 
catalyst has four notable advantages.

(i) The catalytic activity of Ru/Ca(NH2)2 is an order of 
magnitude higher than that of the best catalyst reported 
to date (Cs promoted Ru/MgO catalyst) in terms of yield 
and turnover frequency (TOF)3). The kinetic data for Ru/
Ca(NH2)2 are similar to those of Ru/C12A7:e− and Ru/
Ca2N:e−, distinct from those of Cs-Ru/MgO.

(ii) The activity of Ru/Ca(NH2)2 is not retarded by hy-
drogen poisoning. Figure 1A shows that the difference 
in NH3 synthesis rates over Ru/Ca(NH2)2 and Cs-Ru/
MgO increases significantly with the reaction pressure; 
distinct hydrogen poisoning is observed for Cs-Ru/MgO 
but not for Ru/Ca(NH2)2.

(iii) Ru/Ca(NH2)2 also enables continuous NH3 produc-
tion, even at 200°C under ambient pressure. (Fig. 1B)

(iv) Flat-shaped Ru nanoparticles are self-organized 
on Ca(NH2)2 by a strong metal–support interaction be-
tween Ru and the Ca(NH2)2 support. The strong metal–
support interaction was demonstrated by XAFS analysis 
and HAADF-STEM observations.

Fourier transforms (FTs) of the k2-weighted extend-
ed X-ray absorption fine structure (EXAFS) spectra for 

Figure 1: (A) NH3 synthesis rate at 340°C over Ru(10%)/Ca(NH2)2 and Cs-Ru(10%)/MgO as a function of reaction pressure. (B) Reaction 
time profile for NH3 synthesis over Ru(10%)/Ca(NH2)2 at 200°C and 0.1 MPa. Total NH3 production reached 5.28 mmol after 500 h of reaction, 
which is more than ca. 4.2 times that produced due to the decomposition of Ca(NH2)2 (0.09 g, 1.25 mmol). Reaction conditions: catalyst 
weight, 0.1 g; synthesis gas, H2/N2 = 3; flow rate, 60 mL min−1. 
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Ru/Ca(NH2)2 with various amounts of Ru-loading after 
NH3 synthesis are shown in Fig. 2A. A major peak is 
located at 2.3 Å, which corresponds to the Ru–Ru bond. 
Another peak was also observed at 1.3 Å for the 1 and 
2 wt% Ru samples. We carefully tried fitting these data 
with Ru–O including an amorphous RuO2 model, Ru–N 
and Ru–Ru paths and successfully obtained a reason-
able result with the Ru–N species model and Ru–Ru 
(R factor = 0.04057). In addition, the X-ray absorption 
near-edge structure (XANES) spectrum of Ru 2 wt% 
loaded sample shows a metallic state (Fig. 2B, C). If 
the oxidized species are present on the Ru surface, the 
absorption edge will shift to the higher energy region. 
Therefore, we conclude that the peak is not due to Ru-
oxide species but to the Ru–N bond.

HAADF-STEM observations revealed that the flat-
shaped Ru nanoparticles with a narrow distribution 
(2.1±1.0 nm) are self-organized on Ca(NH2)2 (Fig. 2D). 
The high Ru dispersion on Ru/Ca(NH2)2 is attributed to 
strong interaction between Ru atoms and the N atoms 
of Ca(NH2)2 on the basis of the XAFS results. Such 
a strong interaction prevents the aggregation of Ru 
particles during NH3 synthesis. To summarize these re-
sults, a schematic illustration of NH3 synthesis over Ru/
Ca(NH2)2 is shown in Figure 2E.

We also investigated the effect of promoting the cat-
alytic activity of Ru/Ca(NH2)2. The results of nitrogen iso-
topic exchange reaction indicate that Ru/Ca(NH2)2 cata-
lyst facilitates the N2 cleavage, meaning that Ca(NH2)2 
also has high electron-donating ability to Ru [5]. How-
ever, no species with strong electron donating power 
are present for stoichiometric Ca(NH2)2. A plausible ex-
planation for strong electron donation on Ru/Ca(NH2)2 is 
the formation of hydride species (H−) at the Ru–support 
interfaces. Reversible exchange between hydride ions 
and electrons occurs at the Ru–support interfaces (H0 + 

e− ↔ H−). A plausible route for the generation of such H− 
ion during the reaction is via an F center with a low work 
function at the interface, e− (F center) + H0 → H−, result-
ing from the formation of NH2

− vacancy and subsequent 
electron trapping at the vacancy site. Further efforts to 
examine this possible route are under way.
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Figure 2: (A) FTs of the k2-weighted EXAFS oscillations for various amounts of Ru-loaded Ca(NH2)2 after NH3 synthesis. (Note these spectra 
are not corrected for phase shift.) (B) FT of Ru(2%)/Ca(NH2)2 after NH3 synthesis (filled circles) and fitting curve for Ru–N, Ru–Ru, and Ru–O 
interactions. (C) Ru K-edge XANES spectra for Ru powder, RuO2, and Ru(2%)/Ca(NH2)2 after NH3 synthesis. (D) HAADF (High-Angle Annular 
Dark Field)-STEM image of Ru(10%)/Ca(NH2)2 after NH3 synthesis. (E) Schematic illustration of NH3 synthesis over Ru/Ca(NH2)2.

NOTES
1) The chemical formula of a unit cell is expressed as 

[C24Al28O64]
4+(e−)4. The former cation part is a positively 

charged lattice framework that possesses 12 sub-nano-
meter-sized cages with an inner free space (ca. 0.4 nm) 
in which electrons serve as anions. 

2) A two-dimensional electride with a low work func-
tion (2.6 eV), in which anionic electrons are confined 
between the [Ca2N]+ layers.

3) TOF is defined as the number of product molecules 
formed per surface site per second.
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Charge Compensation Mechanisms of Li1.2–xTi0.4Me0.4O2 (Me = Mn3+ 
and Fe3+) on Electrochemical Lithium Extraction

There is growing research interest in the solid-state redox reaction of oxide ions (oxygen) for rechargeable lithium bat-
tery applications. Charge compensation mechanisms of Li1.2Ti0.4Me0.4O2 (Me = Mn3+ and Fe3+) on lithium extraction 
are being examined by X-ray absorption spectroscopy at the Photon Factory. A reversible redox process for oxide 
ions is observed for Li1.2–xTi0.4Mn0.4O2. In contrast, there is clear evidence of irreversible oxygen loss on charge for 
Li1.2–xTi0.4Fe0.4O2, which originates from the high covalent nature of Fe and O ions. These findings may contribute to the 
development of high-energy rechargeable lithium batteries with the oxide ion redox reaction in the future.

are similar for the Mn-substituted sample with the slope 
region for 3–4 V followed by the voltage plateau at 4.3 V. 
Reversible capacities of 300 mA h g-1 are observed for 
the Mn-substituted sample with relatively high voltage 
on discharge. Observed discharge capacities are much 
larger than the theoretical capacities calculated based 
on the Mn3+/Mn4+ redox reaction. A study by soft X-
ray absorption spectroscopy demonstrated clearly that 
charge compensation is realized by the reversible redox 
reaction of oxide ions for Li1.2Ti0.4Mn0.4O2 [3].

Figure 1:  Compar ison of charge/discharge curves of 
Li1.2Ti0.4Me0.4O2 (Me = Mn3+ and Fe3+) in Li cells at 50°C.

During the past two decades, the technology of 
rechargeable lithium-ion batteries (LIBs) has become 
highly sophisticated and contributed to the development 
of today’s convenient modern society with versatile 
portable electronic devices. However, due to the ever-
increasing demand for energy density, there is a need 
to develop positive electrode materials with higher en-
ergy density. The energy density of commercial LIBs is 
currently limited by positive electrode materials. Lithium-
excess positive electrode materials such as Li2MnO3 
and their derivatives have been studied extensively in 
the past decade. In this system, the oxidation state of 
manganese ions is tetravalent, and therefore further oxi-
dation of manganese ions is difficult on charge. Instead, 
oxide ions play a role in the charge compensation. How-
ever, oxidation of oxide ions for Li2MnO3-based elec-
trode materials causes oxygen loss as an irreversible 
process [1].

To use effectively the charge compensation of 
oxide ions, several lithium-excess positive electrode 
materials have been reported. Recently, our group 
successfully synthesized new niobium- and titanium-
based high-capacity positive electrode materials based 
on the solid-state redox reaction of oxide ions [2, 3]. 
Figure 1 compares galvanostatic charge/discharge 
curves of Mn3+- and Fe3+-substituted Li2TiO3 samples, 
i.e., Li1.2Ti0.4Mn0.4O2 and Li1.2Ti0.4Fe0.4O2. Both samples 
deliver ca. 350 mA h g-1 of initial charge capacities with 
a voltage plateau at 4.1–4.3 V. However, a clear differ-
ence is noted for the discharge process. Polarization on 
discharge is much larger for the Fe-substituted sample, 
and the second charge curve is completely different 
from that of the initial charge curve. The long voltage 
plateau is observed only for the initial charge. In con-
trast, profiles of the initial and second charge curves 
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Since  la rge  po la r i za t ion  i s  observed  fo r 
Li1.2Ti0.4Fe0.4O2, charge compensation mechanisms were 
examined by hard X-ray absorption spectroscopy (XAS). 
As shown in Fig. 2, only a small change is observed 
for the Fe K-edge on charge, indicating that Fe is not 
responsible for the charge compensation process. In 
contrast, a clear change in the spectra is noted on dis-
charge. The energy of the Fe K-edge XAS spectra is 
clearly shifted to a lower energy region, indicating the 
reduction of iron to a lower oxidation state. This result 
also suggests that oxygen loss occurs on charge, and 
then iron is electrochemically reduced from the trivalent 
to divalent state on initial discharge. Note that the for-
mation of superoxide species is evidenced from O K-
edge XAS spectra on charge, and it is proposed that 
the high covalent nature of iron and oxygen results in 
reductive coupling and the formation of superoxide spe-
cies [3]. Since superoxide species are not electrochemi-
cally stable, oxygen loss is inevitable in further charge 
processes.

Figure 2: Changes in Fe K-edge XAS spectra of Li1.2–xTi0.4Fe0.4O2 on charge (left) and discharge (right).

Use of the oxide ion redox is an effective strategy for 
further increasing the reversible capacities of positive 
electrode materials for LIBs because lithium contents 

are potentially further enriched with fewer transition met-
al ions in the framework structure. Reversible capacities 
of electrode materials are not limited by the absence 
of oxidizable transition metal ions for redox centers. 
Instead, negatively charged oxide ions can donate elec-
trons. XAS studies clearly revealed stabilization and de-
stabilization mechanisms for the oxide ion redox, which 
may contribute to the development of high-capacity 
positive electrode materials in the future.
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Discovery of a Structural Transition by Small-Angle Scattering in 
a Macroscopic and Spontaneous Interfacial Motion

Interfacial deformation is observed when an oil droplet having cosurfactant is in contact with an aqueous phase that 
contains cationic surfactant. Such oil droplets can even walk spontaneously at the bottom of a container. Although the 
generation of aggregates at an interface during deformation is repeatedly observed, the detailed mechanism of the in-
terfacial motion associated with the aggregate formation is still unclear. In this study, we conducted small-angle neutron 
and X-ray scattering experiments, which confirmed a transition of aggregate structures immediately after the initially-
formed aggregates detached from the interface. This drastic change in the mesoscopic structure could be a key to re-
solving the underlying physics of the interfacial motion.

Living organisms today have fully evolved through 
the long history of Earth. In the early stages of the be-
ginning of life, simple mixtures of some chemicals were 
presumably a starting point. Metabolism, among other 
essential factors, is required to make a chemical mixture 
being a living system, that is a transduction of energy 
from microscopic chemical energy to macroscopic co-
herent motions. One example of energy transduction is 
amoeboid motion, which is highly sophisticated and hi-
erarchical in structure and dynamics. However, primitive 
forms of life should not have been as complex. There-
fore, significant attention has focused on mimicking 
such energy transductions in a simple chemical system. 
Here we demonstrate a system which shows such en-
ergy transduction: a droplet that walks spontaneously by 
consuming chemical energy. In order to make a droplet 
sink in an aqueous phase, the oil phase has slightly 
larger relative density than water, which is controlled 
by adding 1,1,2,2-tetrabromoethane. Upon placing this 
heavy oil droplet inside an aqueous phase, the oil drop-
let walked around by undergoing bleb-like deformation 
at the bottom surface (Fig. 1 a) [1, 2].

The walking motion of a droplet is essentially a re-

sult of interfacial deformation, so-called blebbing motion, 
which can be observed with various geometries such as 
a floating oil droplet or an oil-water interface in a Hele-
Shaw cell [3, 4]. One of such systems is composed of 
an organic phase, a tetradecane solution of palmitic 
acid (PA), and an aqueous phase containing octadecy-
ltrimethyl ammonium chloride (OTAC). Mixing PA with 
OTAC in water leads to the formation of a surfactant 
aggregate, so-called alpha gel [5], which is stable and 
has finite elasticity in water. The structure of alpha gel 
in submicrometer scales was confirmed to be a lamellar 
structure as shown in Fig. 1b by small-angle X-ray scat-
tering (SAXS) where surfactant bilayers are repeated 
with a periodic distance d of 40 nm [3]. Since PA itself 
is not well soluble in water but diffuses inside the aque-
ous phase when associated with OTAC, the following 
processes are likely happening when our system com-
posed of organic and aqueous phases is set. First, both 
PA inside the organic phase and OTAC in the aqueous 
phase diffuse and adsorb onto the oil-water interface. 
Secondly, PA and OTAC make an aggregate and de-
sorb from the interface. The elastic aggregate, there-
fore, is continuously generated at the oil-water interface.

Figure 1: (a) A walking droplet on a substrate. Snapshots were taken every 1 s. Scale bar: 1 mm. A video image can be found at [2]. 
(b) Typical structure of the aggregate. A bilayer structure was separated by water whose periodic distance is denoted by d.

d

(a) (b)
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We have ascribed the continuous formation of such 
elastic aggregates to the origin of interfacial motion [4]. 
However, the estimated pressure caused by the aggre-
gate formation was too small to explain the induction of 
interfacial motion. In order to fully understand the mech-
anism of such deformation, we conducted more detailed 
analysis on the aggregate structure, focusing on the 
structural change upon a formation of aggregates at the 
oil-water interface. In the past SAXS measurements [3], 
the aggregate structure was measured at several mm 
away from the interface to avoid possible interference of 
the interfacial motion on the SAXS observations. How-
ever, in this study, we used small-angle neutron scatter-
ing (SANS) and SAXS, focusing on the spontaneously 
moving interface [6]. The SANS results showed that an 
aggregate with approximately twice larger d (≈ 80 nm) 
exists only in the proximity of the interface as shown in 
Fig. 2a. In attempting to confirm that this newly found 
aggregate exists at the oil-water interface, SANS mea-
surements were limited in spatial and temporal resolu-
tion due to a large diameter of the neutron beam (2 
mm) and long exposure time (10 min). Therefore, SAXS 
measurements were conducted on BL-6A and BL-10C, 
which have smaller beam size (0.25 mm × 0.5 mm) and 
shorter exposure time (5 s). It was confirmed that the 
same aggregate with a larger repeat distance d (≈ 80 

nm) exists only near the interface (Fig. 2b). Therefore, 
our observation showed that the aggregate undergoes a 
drastic transition from LA whose typical d was 80 nm to 
LB whose d was 40 nm as the aggregate detaches from 
the oil-water interface. Such drastic transition of the ag-
gregate structure possibly induces elastic force within 
the aggregate. We believe these findings are the first 
clue to fully understanding the interfacial deformation [6].

Figure 2 : (a) (left) SANS image taken at the oil-water interface (L = 0 mm), where L denotes the distance from the oil-water interface 
in an aqueous phase. (right) Obtained repeat distance of the aggregate. Aggregate with small d (LB) was confirmed everywhere, but 
aggregate with large d (LA) was confirmed only when the beam spot was at the interface. The extension of LA was at L < 1 mm. The error 
bars represent ± one standard deviation. (b) (left) SAXS image taken at the oil-water interface. (right) Sector average of the image, where 

 sin4 1q  ( : X-ray wave length, 2θ : scattering angle), shows a first peak at (0.071 ± 0.003) nm-1 which corresponds to d = (89 ± 4) nm. 
The error bars represent ± one standard deviation.
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Extended Chain Lamellae in Polymer Smectic Liquid Crystals

The LC structure and morphology were examined for the series of liquid crystal (LC) PB-8/12 copolyesters consisting 
of 4,4'-biphenol, sebacic acid, and tetradecanedioic acid. The copolyesters formed smectic I (SmI) LCs; however, the 
smectic layer order decreased due to the dissimilarity of the comonomer lengths while the hexagonal order in the lateral 
packing of the chains was sustained. The SmI LCs consisted of 100-nm-thick lamellae stacked along the polymer chain 
direction. The lamellar thicknesses are comparable to or greater than the chain contour lengths, indicating the formation 
of extended chain lamellae.

Although flexible polymers usually form meta-stable 
folded-chain lamellar crystals at the highest growth 
rate from the isotropic melt, they can crystallize into ex-
tended conformations through the hexagonal columnar 
(Colh) mesophase. While polyethylene (PE) crystallizes 
directly from the isotropic melt at ambient pressure 
to yield folded-chain lamellae with thicknesses of ap-
proximately 10 nm, at pressures above 4 kbar and at 
small supercooling temperatures, PE crystallizes from 
the Colh phase to yield extended-chain lamellar crys-
tals [1]. This extended-chain crystallization via the Colh 
mesophase has been observed at ambient pressure for 
poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF/
TrFE)) [2]. The Colh phases in simple polymers such as 
PE are induced by breaking the translation order along 
the chain axis due to conformational defects such as 
g+tg− kinks; this translation disorder can be introduced 
by chemical aperiodicity, as in P(VDF/TrFE).

We examined the effects of chemical aperiodicity on 
layer order and lamellar morphology using liquid crystal 
PB-8/12-x copolymers [3]. x is the molar fraction of the 
PB-8 unit in units of percent. The PB-8 and PB-12 ho-
mopolymers formed hexatic smectic I (SmI) liquid crys-
tals; their morphologies are characterized by lamellae 
that consist of the SmI and isotropic liquid phases and 
that stack along the chain axis [4]. The copolymer SmI 
phases have lower layer orders than the homopolymer 
phases, while preserving the hexagonal lateral packing 
of the mesogens.

x/100 1-x/100

  Figure 1A shows small-angle X-ray scattering 
(SAXS) profiles measured for the PB-8 and PB-12 poly-
esters and the PB-8/12-x copolyesters. Here, the sam-
ple was cooled from the isotropic liquid phase to room 
temperature at a rate of 10 °C min−1; the temperature 
was then increased to a liquid crystalline temperature 
just moments before X-ray irradiation. To prevent any 
changes in morphology, such as lamellar thickening, 
the SAXS data were obtained using 5 min synchro-
tron radiation (SR) X-ray illumination. The copolymers 
displayed first-order scattering peaks at a smaller q 
than the homopolymers, although the first-order peak 
was not observed for PB-8/12-50 because of its larger 
lamellar spacing (d0); this indicates that the d0 values 
of the copolymers are remarkably larger than those of 
the homopolymers. The thicknesses of the lamellae of 
smectic LC and isotropic liquid phases (dLC and dam) 
as well as the d0 values were estimated by comparing 
the observed intensities with scattering profiles numeri-
cally calculated using paracrystal theory [5]. The dLC 
values of the PB-8/12-50 and PB-8/12-75 copolymers 
are 100 nm, comparable to the chain contour length (L) 
calculated from the degree of polymerization and the 
length of repeat unit assuming the all-trans conforma-
tion, while the PB-8 and PB-12 homopolymers formed 
chain-folded lamellae with dLC values of 30 and 50 nm, 
respectively, which are less than half as long as the L 
values. Figure 1B shows the lamellar stacks observed 
by scanning electron microscopy (SEM) of the PB-8/12-
50 copolymers. SEM images of the surfaces display the 
LC lamellae as either protrusions or grooves. Assuming 
that edge-on lamellae appear at the smallest spac-
ing, the values of lamellar thickness are comparable to 
those estimated by SAXS.
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Figure 1: (A) SR-SAXS intensity profiles (dots) for PB-8/12 copolymers. The samples were initially prepared by cooling the isotropic melts at 
a rate of 10 °C min−1 and then heating to LC temperatures. The solid curves indicate the calculated intensities based on paracrystal theory. (B) 
Lamellar stack in PB-8/12-50 copolymer cooled from the isotropic liquid phase at a rate of 10 °C min−1. Scale bar: 100 nm.

The formation of extended chain lamellae requires 
a hexagonal order in the lateral chains as well as a low-
ered positional order along the chain axis. The main-
chain LC polymers in the nematic LCs having no posi-
tional order along the chain axis are extended owing to 
the orientational order of the mesogens incorporated 
in the backbone and lose the conformational entropy; 
however, they include chain foldings at thermodynamic 
equilibrium to recover the entropy loss, as pointed out 
theoretically [6] and as observed by small-angle neutron 
scattering [7]. Smectic LCs having liquid-like packing of 
mesogens can include chain folding at thermodynamic 
equilibrium [8]. In contrast, the SmI phase arranges 
the lateral mesogens in a short-range two-dimensional 
hexagonal positional order. The SmI phases of PB-n 
polyesters exhibited SAXS maxima that are ascribed to 
stacked chain-folded lamellae; the spacing increased 
with annealing in the SmI phase, suggesting that the 
SmI LCs tend to eliminate chain folding by chain-sliding 
diffusion. The rate of chain-sliding diffusion can be in-
creased by decreasing the smectic layer orders. Thus in 
the PB-8/12 copolymer SmI phases with lowered layer 
orders, polymer chains can extend rapidly and thus as-
semble to form extended chain lamellae. The extended-
chain PB-n polyester exhibits a greater thermal conduc-
tivity than PB-10 polyesters whose thermal conductivity 

has been reported to be 1.2 W m−1 K−1, six times higher 
than that of commodity plastics [9].

REFERENCES
[1] D. C. Bassett and B. A. Khalifa, Polymer 17, 275 (1976).
[2] M. Hikosaka, Polymer 31, 458 (1990).
[3] M. Tokita, A. Sugimoto, C. Takahashi, S. Yoshihara, 

R. van de Watering and S. Kang, Macromolecules 49, 2718 
(2016).

[4] M. Tokita, S. Okuda, S. Yoshihara, C. Takahashi, S. Kang, 
K. Sakajiri and J. Watanabe, Polymer 53, 5596 (2012).

[5] R. -J. Roe, Methods of X-ray and Neutron Scattering in 
Polymer Science (Oxford Univ. Press, 2000).

[6] P. G. De Gennes, "Mechanical Properties of Nematic 
Polymers” in Polymer Liquid Crystals, edited by A. Cifferri, 
W. R. Krigbaum and R. B. Meyer (Academic Press, New 
York, 1982), Chap. 5.

[7] M. H. Li, A. Brûlet, P. Davidson, P. Keller and J. P. Cotton, 
Phys. Rev. Lett. 70, 2297 (1993).

[8] M. Tokita, T. Takahashi, M. Hayashi, K. Inomata and  
J. Watanabe, Macromolecules 29, 1345 (1996).

[9] S. Yoshihara, M. Tokita, T. Ezaki, M. Nakamura, M. Sakaguchi, 
K. Matsumoto and J. Watanabe, J. Appl. Polym. Sci. 131, 
39896 (2014).

BEAMLINES
BL-6A and BL-10C



HIGHLIGHTS34

 3   Chemical Science

Nonvolatile Photonic Block Polymer Films Swollen with Acidic 
Liquid

We report on the nanostructures and optical properties of block copolymer photonic films swollen with a nonvolatile 
acid/nonvolatile protic solvent. Photonic films reflecting ultraviolet or visible light were prepared by spin-coating polysty-
rene-b-poly(2-vinylpyridine) (PS-P2VP) block copolymer (Mn = 121000, PS  = 0.60) and immersing the spin-coated films 
in 1,3-bis(sulfopropoxy)propane (SA)/tetraethylene glycol (TEG) solutions as nonvolatile acidic solutions. Ultra-small 
angle X-ray scattering revealed that the domain periodicity of the PS-P2VP/(SA/TEG) film increases with an increase 
in the concentration of SA. Moreover, the wavelength of reflected light from PS-P2VP/(SA/TEG) films was found to be 
tunable by varying the concentration of SA.

Block copolymers that form periodic, ordered nano-
structures (i.e., nanophase separated structures) have 
attracted a lot of attention, since they are useful for 
preparing high functional materials. One application 
example of nanophase-separated block copolymers is 
photonic crystals. A photonic crystal is a structural array 
where materials with different refractive indices are ar-
ranged periodically [1, 2]. The simplest photonic crystal 
is a one-dimensional photonic crystal, also referred to 
as an optical multilayer stack. Lamellar nanophase-
separated structures of block copolymers can act as 
such one-dimensional photonic crystals [3]. Recently, 
we reported the fabrication of nonvolatile photonic crys-
tal films that reflect light in the near-ultraviolet light to 
near-infrared range by immersing the lamellar-forming 
polystyrene-b-poly(2-vinylpyridine) (PS-P2VP) block 
copolymer in a nonvolatile protic ionic liquid, where the 
P2VP blocks are selectively dissolved in the ionic liquid 
[4]. In this study, by immersing PS-P2VP thin films into 
a nonvolatile protic liquid containing a nonvolatile acid to 
partially protonate the pyridyl groups of P2VP, we fab-
ricated nonvolatile, anhydrous photonic films with large 
interdomain distance D (> 100 nm) (see also Fig. 1).

Figure 1: Schematic illustration of photonic films swollen with a neat protic solvent or acid/protic solvent. See also reference [5].

To prepare photonic films, PS-P2VP (Mn = 121k, fPS 
= 0.60) thin films were prepared on a glass or polyimide 
substrate by spin-coating. Then, PS-P2VP thin films 
were immersed in a nonvolatile protic liquid, i.e., a mix-
ture of nonvolatile sulfonic acid of 1,3-bis(sulfopropoxy) 
propane (SA) and nonvolatile protic solvent of tetraeth-
yleneglycol (TEG)) at 40°C for 12 h, producing a light-
reflecting photonic thin film.

Ultra-small angle X-ray scattering (U-SAXS) mea-
surements were performed at BL-15A2, to determine 
D quantitatively. The camera length was 3.6 m with an 
X-ray wavelength of approximately 0.172 nm. In all the 
profiles (Fig. 2), integer order peaks were observed, 
indicating lamellar structures. Swelling occurred by 
addition of SA/TEG, while the lamellar structure was 
maintained. Furthermore, as the acid concentration 
was increased up to around 10 mM, the first order peak 
position, q1, of the U-SAXS profile shifted to the lower 
q side, which means an increase in D from 114 nm to 
approximately 210 nm, as deduced from the relational 
expression D = 2π/q1. For the sulfonic acid concentra-
tion of 10 mM and above, the peak position became 
substantially constant.
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Figure 2: U-SAXS profiles of PS-P2VP/(SA/TEG). The concentra-
tion of SA in TEG was varied from 0 mM to 30 mM. See also refer-
ence [5].

Figure 3a shows the appearance of the PS-P2VP/
(SA/TEG) photonic films on a black cloth as back-
ground. No visible color appeared from the film swollen 
by TEG alone (0 mM) probably because of reflection 
in the UV. On the other hand, with an increase in acid 
concentration, reflections in the visible regime appeared 
in the order of blue, green, yellowish green, and red. 
Reflectivity measurements were also performed and 
demonstrated that the peak wavelength of the reflected 
light shifts from the ultraviolet region to the red light re-
gion with increasing acid concentration (Fig. 3b). The 
wavelength values of the reflected light became sub-
stantially constant above an SA concentration higher 
than approximately 10 mM, which is in agreement with 
the results of U-SAXS.

Figure 3: (a) Appearance of PS-P2VP/(SA/TEG). (b) Reflectivity 
spectra of PS-P2VP/(SA/TEG). The concentration of SA in TEG 
was varied from 0 mM to 30 mM. See also reference [5].

According to Bragg’s condition, incident light with a 
specific wavelength λ from the direction perpendicular 
to the film is reflected by the layered structure, where 
λ = 2(n1d1 + n2d2) for the alternating multilayer stack 
of components 1 and 2 [3]. Here, di is the thickness of 
component i and ni is the refractive index of component 
i. Since the refractive index of a typical organic mate-
rial is approximately 1.5, λ is approximately 3D, where 
D = d1 + d2. λ estimated by reflectivity measurements 
and D determined by U-SAXS nearly satisfied the rela-
tionship λ ~ 3D, which proves that these films swollen 
with SA/TEG are quantitatively 1D photonic crystals re-
flecting UV/vis light.

In summary, by immersing neat PS–P2VP films in 
the nonvolatile liquid containing a protic solvent and 
sulfonic acid molecules that can protonate the pyridyl 
groups, photonic films that reflect visible light were pre-
pared. The combination of U-SAXS and reflectivity mea-
surements also confirmed that by varying the degree of 
swelling by changing the concentration of sulfonic acid, 
the interdomain distance of internal structure could be 
tuned in the range of 114–210 nm as well as the wave-
length of the reflection light in the range of 340–620 nm. 
The findings of this study will facilitate the preparation of 
nonvolatile, anhydrous block copolymer photonic films 
[5].
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Structural Analysis of Polymer Thin Films using Tender X-Ray 
GISAXS; Concept and Design of GISAXS Experiments using Tender 
X-Ray Energy at BL-15A2

A dedicated diffractometer for grazing-incidence small-angle X-ray scattering (GISAXS) using tender X-rays (2.1–5 keV) 
was constructed at BL-15A2. GISAXS using hard X-rays is a powerful tool for understanding the nanostructure in both 
the vertical and lateral directions of thin films, while tender X-ray GISAXS enables depth-resolved analysis as well as 
a standard GISAXS analysis in thin films. The diffractometer for the tender X-ray GISAXS is composed of four vacuum 
chambers, and can be converted into the vacuum state from the sample chamber in front of the detector surface. For 
model experiments using tender X-ray GISAXS with an X-ray energy of 2.40 keV, polystyrene-poly(methyl methacry-
late) block copolymer thin films were investigated.

 The small-angle X-ray scattering (SAXS) technique 
is a powerful tool for material science and biological sci-
ence [1]. For example, it can be applied to polymers, 
colloids, proteins, foods, metals and inorganic materials. 
In general, SAXS is measured at low scattering angle, 
providing structural information in a microscale or na-
noscale such as average particle size, shape, and distri-
bution.

Grazing-incidence small-angle X-ray scattering 
(GISAXS) measurements have been developed as an 
appropriate method to investigate the nanoscale struc-
ture in thin films [1]. In contrast to the standard SAXS 
method, GISAXS is performed in reflection geometry. 
Thus, information about the nanostructure in both the 
vertical and lateral directions of thin films can be ac-
quired simultaneously. It is well known that X-ray pen-
etration depth is strongly affected by changes in X-ray 
energy and incident angle. By tuning the angle and en-
ergy of the incident X-ray beam, GISAXS experiments 
using tender X-rays might facilitate depth-sensitive anal-
ysis perpendicular to the substrate [1-3]. Here, tender 
X-ray energy refers to the cross-over between hard and 
soft X-rays, typically ranging from 1 to 5 keV.

BL-15A was constructed in 2013 and has been in 
operation since 2014 [4]. The experimental hutch in 
BL-15A is separated into two tandem stations. The 
upstream and downstream stations are BL-15A1 for 
XAFS/XRD/XRF experiments and BL-15A2 for SAXS, 
respectively. One of the greatest features of BL-15A2 
is that a diffractometer is installed for GISAXS utilizing 
tender X-rays from 2.1 keV to 5 keV.

A lower X-ray energy produces a higher X-ray ab-
sorption. Thus, in experiments using soft or tender X-
rays, the X-rays must pass through under a vacuum 
or helium atmosphere. A dedicated diffractometer for 
tender X-ray GISAXS experiments was installed in BL-
15A2 [5]. Figure 1 shows a photograph of the diffrac-
tometer. In Fig. 1, the right side of the photograph is the 
upstream side. The diffractometer is composed of four 
connected vacuum chambers—pinhole, sample stage, 
vacuum pass, and beamstop chamber—and the inside 
of this diffractometer can be placed in a vacuum state. 
PILATUS3 2M, which is a detector designed for use in 
a vacuum, was used as a detector for the 2D scattering 
pattern. Because PILATUS3 2M is connected directly 
to the beamstop chamber, it can be placed in a vacuum 
state just before the detection surface.

Figure 1: Photograph of the diffractometer for tender X-ray GISAXS.
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The 2D-GISAXS pattern of the polystyrene-
poly(methyl methacrylate) block copolymer (PS-PMMA) 
thin film is shown in Fig. 2a [5]. The incident X-ray en-
ergy is 3.60 keV (incident angle (αi) = 0.38°). Figure 2b 
shows a schematic representation of a PS-PMMA di-
block copolymer (upper-left side) [(inset) chemical struc-
tures of PS and PMMA blocks] and a cylinder formed 
by the block copolymer chains (lower-left side). Many 
diffraction spots are observed in Fig. 2a along the qz 
direction around qy = 0.21 nm-1. All spots were assigned 
to parallel oriented hexagonally packed cylinders. A 
schematic illustration of parallel oriented cylinders is 
shown in Fig. 2b (right side). qzT(10)* and qzR(10)** denote 
the transmitted and reflected first-order peak positions 
of the hexagonally packed cylindrical structures arising 
from the (10) plane, respectively. The 1D scattering pro-
files vertically cut at around qy = 0.21 nm−1 with various 
αi are shown in Fig. 2c. While the transmitted peaks 
are shifted slightly to the low-q side with increasing αi, 
the reflected ones are moved to the high-q side as αi 
increases. Here, let us consider the distorted wave Born 
approximation (DWBA) theory. Because the incident 
and scattered X-rays are reflected on the substrate, 
DWBA must be considered in the qz direction. The scat-
tering peaks due to the transmitted and reflected X-rays 
at the substrate can be calculated as

                                                                                                                                                      
                                                                                      (1)

where m represents the peak order, αc the critical angle, 
and D the domain spacing. The plus and minus signs 

in the equation mean the peak of the transmitted and 
reflected beams, respectively. Figure 2d represents the 
αi dependence of qzT(10)* and qzR(10)** obtained in PS-PM-
MA at 3.60 keV and 5.73 keV. D is obtained from fitting 
using eq. (1), giving D = 50.5 nm (see Fig. 2b). Values 
of αcs of PS-PMMA at 3.60 keV and 5.73 keV are 0.37 
and 0.23°, respectively. It can be seen in Fig. 2d that 
the experimental αi dependence of qz* and qz** and the 
theoretical one using eq. (1) are in excellent agreement. 
These results confirm that eq. (1) is also applicable 
qualitatively to the tender X-ray region.
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Figure 2: (a) Two-dimensional tender X-ray GISAXS image of the PS-PMMA block copolymer thin film (ai = 0.38°). The incident X-ray 
energy is 3.60 keV. Thin and thick arrows show the transmitted and reflected parallel oriented hexagonally packed cylinders, respectively. (b) 
Schematic illustration of a PS-PMMA block copolymer (upper-left side) and a cylinder formed by the block copolymer chains (lower-left side). 
The right side shows the illustration of parallel oriented cylinders. (c) One-dimensional SAXS profiles vertically cut around qy = 0.21 nm−1 with 
various incident angles. (d) The ai dependence of qzT(10)* and qzR(10)** observed in PS-PMMA at 3.60 keV and 5.73 keV. The solid line shows 
the theoretical scattering positions using eq. (1).
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Model-Potential-Free Determination of the Interaction Potential 
between Biological Sensing Nanoparticles

We have devised a novel approach for determining the interaction potential between nanoparticles without needing to 
use specific model functions. The effect of particle–particle interference in the mesoscopic region obtained from small-
angle X-ray scattering was coupled with a model-potential-free liquid theory that is fully adapted for nanoparticles with 
strong van der Waals attraction. The present method extracts the excess interaction potential between nanoparticles 
even in systems with complicated interactions of soft matter, such as polymers and biomolecules. Using this method, 
an interaction potential surface between biological sensing nanoparticles was realized for the first time.

Nanoparticles constitute key materials in the fields 
of nanoscience and nanotechnology. Biological sensing 
utilizing colloidal nanoparticles has been spreading to a 
diverse range of fields since Mirkin et al. reported their 
use in DNA biological nanosensing [1]. The sensing 
technology is controlled by the assembly/disassembly of 
nanoparticles dominated by interaction forces between 
them. Although the interaction potential surface provides 
decisive information regarding the core mechanism of 
the nanosensing, it has been impossible to evaluate the 
quantitative profile because of the extremely compli-
cated interactions of conjugated soft matter.

In the mid twentieth century, B. Derjaguin, 
L. Landau, E. J. W. Verwey and J. T. G. Overbeek 
devised a characterization theory for the interaction po-
tential between colloid particles during the same period 
[2, 3]. Their colloid stabilization theory is based on the 
sum of screened Coulomb repulsions and London–van 

der Waals attractions. The DLVO (Derjaguin–Landau–
Verwey–Overbeek) model is a well-known and essential 
theory for understanding the interactions in colloidal 
systems with electrostatic interactions. To consider 
other interactions, the attractive interactions in the origi-
nal DLVO model are often replaced by a Yukawa-type 
potential with variable parameters. Additional terms are 
also applied to the total potential surface, VT

DLVO, in the 
DLVO model as follows: VT

DLVO = VR
el + VA

vdw + V ’, where 
VR

el is the electrostatic repulsion force, VA
vdw is the van 

der Waals attraction force, and V ’ is for other additional 
term(s). Studies on potential surfaces using the DLVO 
theory assume specific model-potential functions ac-
cording to variations in the classified soft matter effects.

However, the assumptions underlying these specific 
model-potential functions lead to a limited understand-
ing of the variety of particle–particle interactions conju-
gated with various types of soft matter. In fact, evalua-

Figure 1: Structure factor S(q) during the biological nanosensing reaction (at initial state, 10, 20, 30, and 60 min after the reaction started, 
from the near side to the far side of the figure) and the evaluated interaction potential curves. The right-hand side diagram shows a summary 
of the present model-potential-free analysis.
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tion of a quantitative profile of the interaction potential 
between biological sensing nanoparticles, even by using 
the refined DLVO-type theory, has been impossible due 
to the presence of too many non-classified effects and 
the corresponding unknown parameters from the con-
jugated soft matter. Recently, Sumi and our research 
group devised a new approach to extract the potential 
energy surface for biomolecules, such as proteins, with-
out needing to use specific model-potential functions [4]. 
By fully adapting this methodology to nanoparticles in 
the calculations and the experimental procedures, the 
interaction parameters between nanoparticles conju-
gated with soft matter can be assessed without assum-
ing any model-potential functions [5]. In this method, 
an experimental structure factor evaluated from small-
angle X-ray scattering (SAXS) measurement—the wide-
angle-scattering data is missed—is used as an input for 
solving the special integral equation shown in Fig. 1, 
and then the interaction potential and radial distribution 
function as well as an all q-range structure factor can be 
extracted.

A biosensing reaction based on a functionalized 
polymer developed by Uehara and coworkers [6] was 
performed with a thiol derivative of glutathione and 
polymer-conjugated gold nanoparticles. Time-resolved 
SAXS measurements were carried out during the sens-
ing reaction at the SAXS beam lines of the Photon Fac-
tory using an in situ titanium sample holder developed 
for simultaneous measurements of SAXS and UV–
vis spectra [7]. The structure factor, S(q), the particle–
particle spatial structure between the nanoparticles, was 
resolved from SAXS signals based on the information 
on shape factor of the nanoparticles used in the experi-
ment. The obtained S(q) was used as input data for the 
model-potential-free determination. Figure 1 shows the 
S(q), evaluated potential surfaces and procedure of the 
model-potential-free method.

As shown in Fig. 2, a profile that is shallow in depth 
and wide in width was observed in the primary minimum 
of the potential curve. This gradual change gives de-
cisive information with respect to interactions between 

biological sensing nanoparticles. The potential surface 
leads to the flexible assembly/disassembly behavior of 
the nanoparticles. The narrow gap between the particle 
surfaces is evidence of the colorimetric sensing func-
tion based on the hot-spot band by the near-field effects 
between the nanoparticle surfaces, by which we can 
observe the change in color of the sensing solution.

The present method is applicable to investigations 
on the interaction potential in nanoparticles conjugated 
with various types of soft matter. Further investiga-
tions should be performed using the present approach 
to allow deeper insight into the basic stabilization of 
nanoparticles conjugated with soft matter, as well as as-
sembly/disassembly during the nanosensing reaction. 
The present theory will contribute to revealing not only 
the mechanism of the sensing technology but also to 
an understanding of the features of complicated colloid 
systems with respect to interaction forces.

Figure 2: Schematic representation of the pairing structure and specific features of the biological sensing nanoparticles revealed by the 
interaction potential surface.
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Highly Accurate Sound Velocity Measurement in Liquid Fe-S 
System under High Pressure

Accurate sound velocities in liquid Fe-S are required to constrain the composition and structure of the Moon’s core. 
However, two recent studies reported considerably different results, even though they used a similar method. To identi-
fy the causes of the discrepancy, we have conducted experiments with a newly developed system at PF and evaluated 
possible error sources. We have also conducted additional experiments at SPring-8 and reanalyzed previous data. Now 
we can accurately determine the sound velocities in liquid Fe-S. The proposed seismic velocity of the Moon’s liquid 
outer core is 4.0 ± 0.1 km/s, given a chemical composition of Fe83S17.

To constrain the structure and composition of the 
deep interior of the Earth and the Moon, it is important 
to accurately determine the sound velocity of candidate 
materials that can be directly compared with seismologi-
cal observations. Liquid Fe–S is thought to be a candi-
date material for the liquid core of the Moon because its 
eutectic temperature is much lower than that of other Fe 
alloys, and FeS is a component of chondritic meteorites. 
However, the sound velocity in liquid Fe–S reported by 
Jing et al. [1] differs considerably (>10% at 5 GPa) from 
that of our previous study [2], even though both studies 
used a similar method. These results lead to signifi-
cantly different compositions of the Moon’s liquid core 
because a 10% difference in velocity corresponds to a 
20 wt.% difference in sulfur content. In this study, we re-
analyzed previous data and conducted additional sound 
velocity measurements for liquid Fe–S at 2–7 GPa, 
and evaluated the potential error sources to identify the 
causes of the discrepancies [3].

We conducted high-pressure and high-temperature 
experiments at AR-NE7A of KEK PF and BL04B1 of 
SPring-8 using Kawai-type multi-anvil apparatus. We 
set up a new X-ray radiography system and a sound ve-
locity measuring system at AR-NE7A. Figure 1 shows 
a typical X-ray radiographic image and ultrasonic echo 
signals at AR-NE7A. The main error source of the sound 
velocity was uncertainty of the sample length caused by 

imperfect parallelism between the front and back reflect-
ing surfaces of the sample. The sound velocity can be 
determined within an error of 1% in the best condition. 
In our previous study [2], pressure was determined from 
the temperature measured by thermocouple, the unit-
cell volume of MgO, and its equation of state (EOS) [4]. 
However, detailed observations of texture of the recov-
ered samples revealed that the temperatures had been 
underestimated because the junctions of thermocouples 
were not located close enough to the sample and pres-
sure markers although the MgO pressure marker is 
sensitive to temperature. We therefore determined pres-
sure and temperature simultaneously from the unit-cell 
volumes of both h-BN and MgO by using their EOS [5, 
6] without a thermocouple because the pressure was 
determined mainly from the unit-cell volume of h-BN, 
which is less sensitive to temperature. According to the 
error in the unit-cell volume and that of the EOS itself, 
the pressure and temperature errors were estimated to 
be ±0.5 GPa and ±100–200 K, respectively.

Figure 2 shows the experimental results for the 
sound velocity in liquid Fe–S. The results of SPring-8 
and PF-AR were consistent with each other, suggest-
ing there were no systematic errors of equipment. The 
reanalyzed sound velocity values show little change 
from those of [2]. In contrast, the pressure values of the 
reanalyzed dataset shift markedly towards higher pres-
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Figure 1: (a) Typical X-ray radiographic image of the molten sample acquired at 3.9 GPa and 1720 K. The sample length was determined by 
image analysis assuming that the right and left boundaries are parallel. (b) Compressional wave echoes from buffer rod/sample (R1), sample/
backing (R2) (inverted), and backing/BN (R3) at 3.9 GPa and 1720 K. These echoes correspond to the yellow reflected arrows in (a). The two-
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sures. The present sound velocities of Fe57S43 agree 
with those reported by [1] in the low-pressure region 
(P < 3.5 GPa) but still show a large discrepancy in the 
high-pressure region (P > 5 GPa). Our sound velocity of 
Fe80S20 is also much larger than that of Fe84S16 reported 
by [1]. The most likely reason for this discrepancy is a 
systematic error in estimating the pressures of [1] which 
were determined using an MgO pressure marker with 
the temperature estimated from the power–temperature 
relationship. We are concerned that this estimation may 
have a large uncertainty. The pressure difference (~1.2 
GPa) between the results of [1] and those of the present 
study can be explained by an overestimation of 200 K 
at the pressure marker location, which is a conceivable 
error.

Although Apollo seismic experiments were per-
formed on the Moon, the accurate seismic velocity of 
the core is not yet determined. Here we propose a min-
eral physical seismic velocity model of the Moon’s core. 
Assuming a bulk composition of the Moon’s core of 
Fe90S10 [7], the composition of the outer core is estimat-
ed to be Fe83S17 by mass balance calculations. The best 
estimate for the seismic velocity of the Moon’s liquid 
outer core is 4.0 ± 0.1 km/s. The bulk core composition 
is left for future discussion. To obtain a clearer picture of 
the composition and structure of the Moon’s core, more 
accurate seismic data are required.

Figure 2: Effect of pressure and composition on sound velocity in the liquid Fe–S system. Filled circles and squares denote data obtained 
at the SPring-8 and KEK PF-AR facilities, respectively. The dataset of Fe57S43 is mainly composed of reanalyzed data of [2]. The dashed line 
denotes the linear regression line for original (i.e., pre-reanalysis) data of [2]. Crosses denote the data from [1]. Filled black and blue diamonds 
denote the sound velocity in liquid Fe [8] and in liquid Fe79.3Ni4.4S16.3 [9].
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Structural Basis for Receptor-Mediated Selective Autophagy of 
Aminopeptidase I Aggregates

Selective autophagy contributes to cellular homeostasis through degradation of various cargoes including protein ag-
gregates and organelles. We reported structural and functional analysis of a selective cargo protein aminopeptidase I 
(Ape1) and its receptor Atg19. Ape1 forms a dodecamer, which is further tethered to others to form large aggregates 
via trimer formation of the propeptide. Atg19 disassembles the propeptide trimer and forms a 2:1 heterotrimer with the 
propeptide, which not only blankets the Ape1 aggregates but also regulates their size. These receptor activities may 
promote elongation of the isolation membrane along the aggregate surface, thereby enabling sequestration of the cargo 
with high specificity.

Selective autophagy sequesters specific cargos 
including protein aggregates and various organelles 
within de novo generated autophagosomes, and trans-
fers them to the lysosome for degradation. Selective au-
tophagy regulates cellular homeostasis by degradation 
of unnecessary or harmful cargos and thus its disruption 
leads to severe diseases like cancer and neurodegen-
erative diseases [1]. Receptor proteins, specifically 
required for selective autophagy, recognize and recruit 
cargo proteins to the isolation membrane through the 
interaction with Atg8 that is conjugated to phosphati-
dylethanolamine in the isolation membrane [2]. To elu-
cidate molecular mechanisms of selective autophagy, 
we focused on the Cvt pathway [3], which carries vacu-
olar hydrolases including aminopeptidase I (Ape1) by 
an autophagosome-like Cvt vesicle in budding yeast 
[4]. Ape1 itself is essential for the Cvt pathway since 
Ape1 functions as an essential template for Cvt vesicle 
formation by forming large aggregates as follows: after 
synthesis, a precursor form of Ape1 (prApe1) immedi-
ately self-assembles into a dodecamer, which further 
assembles into large aggregates termed the Ape1 com-
plex via the function of the propeptide (residues 1-45 of 
prApe1). The propeptide also mediates the interaction 
with the receptor protein Atg19 [5, 6]. Atg19 recruits 
autophagy machineries such as Atg8 and a scaffold 
protein Atg11 to the Ape1 complex [7, 8], thereby initiat-
ing the elongation of the isolation membrane around the 
Ape1 complex. The interaction of Atg8 family proteins 
with receptor proteins including Atg19 has been well es-
tablished [9, 10]. However, it remained to be elucidated 
how receptor proteins recognize a cargo. In this study, 
we studied the structures of Ape1 itself and its Atg19-
bound form. We purified and crystallized prApe1 L11S 
mutant which is unable to be transported to the vacuole 
[5] because it was hard to purify wild type prApe1 due 
to aggregation. The crystal structure of prApe1 L11S 
forms a dodecamer (Fig. 1A) and is identical to M18 
family proteases [11]. However, the electron density of 
most residues of the propeptide, which mediates Ape1 
complex formation and Atg19 recognition, was disor-
dered and not modeled. Thus, we then crystallized and 

determined the structures of Ape1 N22 (residues 1-22) 
alone and Ape1 N20-Atg19 coiled-coil (CC) at 3.4 and 
1.9 Å resolution, respectively (Fig. 1B). Ape1 propeptide 
has an α-helical conformation and makes a trimer com-
prised of two parallel and one anti-parallel propeptides. 
The crystal structure of the Ape1 N20-Atg19 CC com-
plex showed that Ape1 N20 and Atg19 CC also have an 
α-helical conformation and form a 1:2 heterotrimer, two 
parallel (Atg19 CC) and one anti-parallel (propeptide). 
Since the architecture is similar between propeptide 
trimer and propeptide-Atg19 CC heterotrimer, it was 
proposed that the homo- and hetero-trimer formation is 

Figure 1: Structural studies of Ape1 and Ape1-Atg19 complex. (A) 
Crystal structure of prApe1 L11S. One protomer is colored yellow, 
in which the propeptide portion is colored red. (B) Crystal structure 
of propeptide homotrimer (left) and propeptide-Atg19 heterotrimer 
(right). (C) Proposed model of Ape1 self-oligomerization and 
competitive recognition by Atg19.

(A)

(B)

(C)
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exclusive to each other. In vitro assay revealed that the 
Ape1 propeptide oligomerization was actually inhibited 
by the addition of Atg19 CC. Furthermore, dynamic light 
scattering showed that the size of prApe1 aggregate (~1 
µm) was reduced to ~100 nm upon addition of Atg19 
CC. These results suggested that the assembly of Ape1 
dodecamers through the formation of the propeptide tri-
mer is competitively inhibited by Atg19 (Fig. 1C). 

The other Cvt cargos, which are much smaller than 
the Ape1 aggregate, cannot function as a template for 
Cvt vesicle formation although they can bind Atg19 [4]. 
On the other hand, Ape1 P22L, which retains binding 
affinity to Atg19 and forms larger aggregates com-
pared with wild-type Ape1, is not carried to the vacuole 
through the Cvt pathway [6–8]. We hypothesized that 
the proper size is important for the cargo to function 
as a template for Cvt vesicle formation since the size 
of the Cvt vesicle is uniformly ~150 nm, which is much 
smaller than autophagosomes, but is much larger than 
soluble proteins. To address this hypothesis, we tested 
whether cargo size affects Cvt vesicle biogenesis. We 
designed prApe1-Atg19 chimera protein that lacks CC. 
In Atg19 depleted cells, prApe1-Atg19 chimera formed 
aggregates that were too large to be transported to the 
vacuole. However, co-expression of Atg19 CC reduced 
the aggregation size and the chimera protein was suc-
cessfully transported to the vacuole through the Cvt 
pathway. These results indicated that the role of Atg19 
is not only linking cargo to the isolation membrane, 
which is generally considered to be the main role of re-

ceptor proteins, but also regulating the cargo size opti-
mal for selective autophagy (Fig. 2). Further studies are 
required to clarify whether this new function of Atg19, 
that is, regulating the cargo size, is a common feature 
among various autophagy receptors.

Figure 2: Proposed mechanism of Atg19-mediated selective autophagy of Ape1 aggregates.
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Structure of IZUMO1-JUNO Reveals Sperm-Oocyte Recognition 
during Mammalian Fertilization

Fertilization, the key step in sexual reproduction, occurs when haploid sperm and egg fuse to create a genetically dis-
tinct individual. IZUMO1 on the sperm surface and JUNO on the egg surface have been proven to be the only protein 
pair indispensable for fertilization. The crystal structures of human IZUMO1, JUNO and the IZUMO1-JUNO complex 
provide the first step toward understanding the sperm–egg interaction. IZUMO1 and JUNO form a stable 1:1 complex 
by utilizing the central domain of IZUMO1 and the region behind the hydrophobic pocket of JUNO. These structures re-
veal the molecular mechanism of mammalian gamete recognition, and provide insights for the development of infertility 
treatment and new contraceptive agents.

In mammalian reproduction, fertilization is a funda-
mental process to generate a new individual, achieved 
by specific interaction between male and female gam-
etes and by their fusion to create a zygote [1]. As the 
culminating event of fertilization, a robust and precise 
mechanism is required for gamete membrane fusion. 
Sperm surface protein IZUMO1 [2] and its counterpart 
oocyte receptor JUNO [3] are the only factors proven 
to be essential for gamete membrane fusion. IZUMO1 
is a type I transmembrane protein and its extracellular 
region comprises an N-terminal IZUMO domain and 
a C-terminal immunoglobulin-like domain, and a short 
cytoplasmic tail. JUNO is a glycosylphosphatidylinositol-
anchored protein belonging to the folate receptor (FR) 
family but lacks the ability to carry folic acid [3]. Because 
IZUMO1 and JUNO play important roles in fertilization, 
they could be potential candidates for contraceptive 
agents. However, the mechanism of their specific rec-
ognition remains elusive.

Size-exclusion chromatography and sedimentation 
velocity analytical ultracentrifugation analysis revealed 
that both proteins exist as monomers in solution. IZU-
MO1 binds to JUNO with high affinity in a 1:1 binding 
mode at pH7.5 as confirmed by isothermal titration 
calorimetry analysis. The crystal structures of human 

IZUMO1, JUNO, and the IZUMO1-JUNO complex have 
been determined at 2.1, 2.0, 2.9 Å resolutions, respec-
tively, using synchrotron X-rays [4]. The rod-shaped 
structure of IZUMO1 is composed of an N-terminal 
α-helical IZUMO domain, a central β-hairpin region, and 
the C-terminal immunoglobulin-like domain (Fig. 1a). 
IZUMO1 has five disulfide bonds with ten Cys residues 
conserved among mammalian species, which fix the 
orientations of the IZUMO and immunoglobulin-like do-
mains relative to the central β-hairpin region.

JUNO exhibits a globular architecture stabilized by 
eight disulfide bonds, and has a hydrophobic pocket 
that corresponds to the folate binding pocket in FRs (Fig. 
1b). Although most of the hydrophobic residues involved 
in the interaction between FRs and folate are conserved 
in JUNO, JUNO does not exhibit any affinity to folate 
[3]. In addition to the hydrophobic interactions, FRβ rec-
ognizes folate pterin moiety via several polar residues 
(Fig. 1b), which have been shown to be important for 
folate binding in FRs [5, 6]. These residues are not con-
served in JUNO except for S190 (Fig. 1b). Furthermore, 
since the side chain of W190 of JUNO exhibits distinct 
conformation as FRs, the hydrophobic pocket of JUNO 
becomes narrower than that of FRs. These structural 
differences explain why JUNO is unable to bind folate.

Figure 1: Crystal structures of IZUMO1 and JUNO. (a) Structure of human IZUMO1. (b) Structures of JUNO (top) and FRβ-folate complex (PDB 
ID, 4KMZ) (bottom). The overall structures (left panels) and the magnified view of the hydrophobic pocket (right panels) are shown.
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 IZUMO1-JUNO exists as a 1:1 complex in the crys-
tals (Fig. 2a). Structural comparison of IZUMO1 and 
JUNO alone with those in the complex revealed that 
there are no major structural differences upon complex-
ation. IZUMO1 interacts with JUNO mainly via the cen-
tral β-hairpin region, while JUNO interacts with IZUMO1 
behind the hydrophobic pocket (Fig. 2a). The hydro-
phobic and van der Waals interactions together with the 
six hydrogen bonds comprise the binding interface with 
good surface complementarity (Fig. 2b). In particular, 
two Trp residues in the interface, W148 of IZUMO1 and 
W62 of JUNO, make major contributions to the bind-
ing (Fig. 2b). These Trp residues are highly conserved 
among all species. Indeed, mutations of the interface 
residues resulted in reduced affinity.

The structure of IZUMO1-JUNO complex would 
represent the initial gamete recognition state and further 
structural conversion of the complex might occur dur-
ing fertilization. Our biochemical experiment indicated 
that the IZUMO1-JUNO interactions are affected by 
environmental factors such as reducing conditions and 
pH values: the reduced condition and acidic pH dimin-
ish the binding, which might be involved in the regula-

tion of IZUMO1-JUNO interaction. Meanwhile, in the 
subsequent process of fertilization, the mediation of 
unidentified factor(s) on the oocyte may also be consid-
ered. Further investigations will be required to reveal the 
processes following the initial encounter of IZUMO1 and 
JUNO.

Figure 2: Structure of the IZUMO1-JUNO complex. Overall structure of the complex (a) and the binding interface (b) showing the JUNO 
surface (left) and IZUMO1 surface (right).
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S t r u c t u r a l  B i o l o g y  o f  M u s c u l a r  D y s t r o p h y  b y  X- R a y 
Crystallography

The POMGnT1 is associated with congenital muscular dystrophy and encodes a glycotransferase which forms the core 
M1 glycan structure on α-dystroglycan. Another glycan structure, core M3, is essential to connect α-dystroglycan to 
the extracellular matrix. POMGnT1 consists of a stem and a catalytic domain, as observed in its X-ray crystal structure. 
The catalytic domain contributes to the formation of core M1 glycan, while the stem domain binds to premature core M3 
glycan. Previously, it has been shown that POMGnT1 interacts with other enzymes that are required for further modifi-
cation of core M3. Thus, POMGnT1 is essential for maturation of the core M3, and the loss of function of this enzyme 
causes muscular dystrophy.

Congenital muscular dystrophy (CMD) consists of 
a group of rarely inherited neuromuscular disorders in 
human. The genes responsible for its occurrence have 
been identified, and are related to addition of glycans to 
the proteins. The dystrophin glycoprotein complex phys-
ically connects the actin cytoskeleton to the extracellular 
matrix (Fig. 1). The complex is formed by β-dystroglycan 
(β-DG) and α-dystroglycan (α-DG), which is heav-
ily glycosylated. The O-mannosyl glycans on α-DG 
are essential for its ability to bind to the extracellular 
matrix components. Presently, 13 CMD genes are 
thought to be involved in the glycan synthesis on α-DG 
[1] Mutations in the gene that encodes the protein O-
linked mannose β1,2-N-acetylglucosaminyltransferase 
1, POMGnT1, were initially linked to a specific type of 
CMD, muscle-eye-brain disease (MEB). Many CMD-
related genes are involved in glycosylation of core M3, 
a specific glycan structure in α-DG. However, known 

function of POMGnT1 is synthesis of core M1, another 
glycan structure on α-DG. Thus, the role of POMGnT1 
in glycosylation of core M3 remains unclear.

Figure 1: Dystrophin glycoprotein complex.

To elucidate the molecular mechanism by which 
POMGnT1 influences synthesis of core M1 and core 
M3, the X-ray crystal structures of POMGnT1 were 
solved using synchrotron beamlines BL-1A, BL-17A, 
AR-NE3A (Photon Factory, KEK, Japan), BL-32XU 
(SPring-8, Japan) and BL-15A (NSRRC, Taiwan) [2]. 
POMGnT1 consists of three regions: N-terminal trans-
membrane, stem, and catalytic regions. Since the trans-
membrane region frequently has bad influence upon 
protein production and crystallization, the structure with-
out the N-terminal transmembrane region (amino acid 
residues of 92 ~ 646) was determined. The structure is 
formed by two domains (stem and catalytic) and a con-
necting linker region (Fig. 2).

Figure 2: Crystal structure of POMGnT1 (residues 97 ~ 646) with 
Mn2+-UDP (purple sphere and stick) and mannosylated peptide 
(orange stick).
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The stem domain (residues 92 ~ 250) is composed 
of two stacked β-sheets and two α-helices. The fold 
resembles that of murine FAM3B/PANDER (PDB ID: 
2YOQ), which molecular function remains elusive. The 
catalytic domain (residues 300 ~ 646) is composed of 
two structural motifs, a Rossmann-like fold (N-lobe, resi-
dues 300 ~ 497), and an open sheet α/β structure (C-
lobe, residues 498 ~ 646), which are frequently found 
in nucleotide-binding proteins, including glycosyltrans-
ferases. The overall structure of the catalytic domain 
of POMGnT1 is similar to that of rabbit GnT I (PDB ID: 
1FOA). There are no direct interactions between the 
stem and catalytic domains; however, both domains are 
in contact with the linker region (residues 251 ~ 299).

POMGnT1 catalyzes transfer of N-acetylglucos-
amine (GlcNAc) from UDP- GlcNAc to O-linked man-
nosylated protein substrate in the presence of bivalent 
cation. In addition to the apo-form structure, the Mn2+, 
UDP, and mannosylated peptide-bound complex struc-
ture was determined. Since the amino acid residues in 
GnT I, which interact with UDP-GlcNAc are structurally 
conserved in POMGnT1, they share a common sugar 
transfer mechanism, as suggested by a study on GnT 
I [3]. A mannosylated peptide bound near the UDP-
binding site is thought to be an acceptor substrate.

Another mannosylated peptide, found at the stem 
domain, is absolutely unexpected and its biological 
function is also unknown. To elucidate whether the 
stem domain really binds with saccharide in the solu-
tion, Frontal Affinity Chromatography and Surface Plas-
mon Resonance experiments were performed [2]. The 
stem domain binds with mannosylated peptide (Man-O-
peptide) and GlcNAc-β1,2-Man peptide, which are the 

substrate and product of POMGnT1, respectively. In 
addition, the stem domain also binds with GalNAc-β1,3-
GlcNAc-β-pNP, which mimics the core M3 structure.

Next, the structure of the stem domain which forms 
a complex with GalNAc-β1,3-GlcNAc-β-pNP or GlcNAc-
β1,2-Man-peptide was determined. The saccharide 
derivative and the glycopeptide bind at nearly identical 
sites on the stem domain, as observed in the case of 
Mn2+, UDP, and mannosylated peptide-bound complex. 
Thus, the stem domain recognizes core M3 as well as 
its enzymatic product.

These results provide a reasonable explanation for 
two issues that are related to formation of core M1 and 
modification of core M3 on α-DG. First, the interaction 
between the stem domain and an enzymatic product of 
POMGnT1 seems to facilitate clustering of core M1 (Fig. 
3A). Second, the stem domain would recognize the 
core M3 structure. This interaction may recruit other en-
zymes that interact with POMGnT1, e.g., FKTN, which 
is required for further modification of core M3 (Fig. 3B).

Figure 3: Model of POMGnT1 function in α-DG glycosylation. Gray boxes represent biological lipid membrane. α-DG is shown by wavy line 
and its mannosylation amino acid residues (Ser/Thr) are indicated.
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Control of cAMP in Human Cells with a Photoactivated Adenylyl 
Cyclase

Cyclic-AMP is one of the most important second messengers, regulating many crucial cellular events in both prokary-
otes and eukaryotes. The photoactivated adenylate cyclase (PAC) from the photosynthetic cyanobacterium Oscillatoria 
acuminata is a small homodimer eminently suitable for this task, requiring only a simple flavin as chromophore. Here 
we describe its structure using X-ray crystallography and solution microspectrophotometry. Site-directed mutants show 
signal transduction over 30 Å across the protein with minimal conformational rearrangement. The use of the protein in 
living human cells is demonstrated with cAMP-dependent luciferase, showing stability of response to light over many 
hours and activation cycles.

Naturally occurring light sensor domains are able 
to control many biological processes such as plant 
development and the behavior of microbes by utilizing 
the photochemical response of prosthetic flavins, and 
in recent years there has been growing interest in un-
derstanding and exploiting these proteins for synthetic 
biology [1]. One of the most studied photoreceptor fami-
lies contains the BLUF domain [2], which responds to 
blue light and either regulates the activity of an attached 
enzyme domain or changes its affinity for a repressor 
protein. OaPAC, a previously undescribed photoacti-
vated adenylate cyclase from Oscillatoria acuminata, is 
a homodimer of a 366 amino acid residue protein carry-
ing an N-terminal BLUF domain and a C-terminal class 
III adenylate cyclase (AC) domain. Its small size and 
substantial activation by light (up to 20-fold over basal 
levels in the dark) make it of particular interest for bio-
technology. OaPAC shows 57% sequence identity with 
a PAC from the soil bacterium Beggiatoa, bPAC, but 
neither structure has so far been solved by crystallog-
raphy. The OaPAC structures determined in this study 
will assist future efforts to create artificial light-regulated 

control modules as part of a general optogenetic toolkit.
We describe its structure using X-ray crystallogra-

phy (Fig. 1a) and solution microspectrophotometry (Fig. 
1b, c) in showing that the dimer structure is completely 
different from BlrP1, with the monomers arranged in a 
parallel fashion, the two BLUF domains sandwiching a 
pair of helices (α3 and its symmetry mate, Fig. 1d) that 
hold the AC domains distant from the flavins [3]. The 
two flavin mononucleotide (FMN) binding sites are on 
opposite sides of the dimer, over 30 Å apart, yet they 
apparently act cooperatively on the active sites, which 
are themselves a similar distance from the light-sensing 
prosthetic groups (Fig. 1a). BLUF domains consist of a 
five-stranded β-sheet flanked by helices [4, 5], and use 
conserved tyrosine and glutamine residues adjacent to 
the bound FMN to sense light. The simplest proposed 
sensing mechanism is a rotamer shift of the glutamine, 
so that after stimulation this side-chain donates a hydro-
gen bond to the C4=O carbonyl and accepts one from 
the tyrosine, whereas in the dark state the glutamine 
donates to the tyrosine [6].

Figure 1: Overall structural properties and solution absorption spectra of OaPAC. (a) The chains are shown as ribbons, with the dyad axis 
vertical and the BLUF domains at the bottom. One monomer is shown in pink, and the other in purple and yellow, yellow indicating conserved 
residues between OaPAC and bPAC. (b) Absorption spectra of OaPAC in solution. (upper panel) Rapid scan spectrophotometry of the switch 
from light-adapted to dark-adapted conditions, with time shown on a logarithmic scale. (lower panel) The difference is indicated as a dotted 
black line (red: dark-state, blue: light-state). (c) The 1.8 Å 2mFo-DFc electron density map, contoured in purple at 1 σ level in the FMN binding 
site. (d) Superposition of the BLUF domain of OaPAC (monomers shown in purple and pink) with the monomer BLUF domain of Tll0078 
(yellow). Reprinted with permission from PNAS.
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To clarify the path by which information travels from 
the FMN to the active site, a number of mutants were 
constructed and tested for light-stimulated cyclase activ-
ity (Fig. 2a, 2b). The wild-type protein shows low activ-
ity in the dark state, and the BLUF domain alone none 
at all. Cyclase activity requires a metal ion coordinated 
by Asp 200, and replacing this residue with asparagine 
abolishes all activity under any conditions. Other muta-
tions between the FMN and active sites are also found 
to block activation, and are difficult to reconcile with a 
simple, mechanical conformational control. The α3 he-
lices are tightly associated by hydrophobic faces, with 
Leu 111 and Leu 115 facing their symmetry partners 
across the dimer two-fold symmetry axis. To be of use 
as an optogenetic tool, a light-stimulated cyclase must 
show steady responses over time. This requires stabil-
ity of the protein itself as well as constant activation re-
sponses to a given stimulus. HEK 293 cells, a cultured 
cell line derived from human embryonic kidney cells, 
were used to demonstrate OaPAC function in living 
tissue. OaPAC was expressed with glosensor-22F, a 
luciferase-based cAMP reporter, allowing OaPAC stim-
ulation to be measured directly by luminescence (Fig. 
2c). In each experiment, emitted light was constantly 
monitored while stimulating blue light was applied in 
30-second pulses every 4 minutes. Intracellular cAMP 

concentration showed a highly reproducible response, 
rising immediately on blue-light exposure and continuing 
to rise for a further minute afterwards, before peaking 
and returning to basal level over the course of several 
minutes. An identical pattern was observed over a pe-
riod of hours. The structures determined in this study 
will assist future efforts to create artificial light-regulated 
control modules as part of a general optogenetic toolkit.

Figure 2: Enzyme assays and proposed photoactivated regulation pathway of OaPAC. (a) The positions of mutated residues in the structure. 
(b) Adenylate cyclase activity assay. Activity of wild-type (WT) and mutant OaPAC was determined as described in the Methods section. 
Red bars indicate cyclase activity under dark conditions, blue bars indicate activity with light exposure. The BLUF domain alone and every 
mutant indicated showed no significant activity under any conditions. (c) OaPAC expressed in HEK 293 (human embryonic kidney) cells was 
activated by blue light, and the rise in intracellular cAMP was monitored by luminescence imaging of cAMP-dependent luciferase. A merged 
micrograph of cAMP-dependent luminescence and bright-field image of the cells. Cellular luminescence is shown in green. The dotted square 
indicates the area selected for quantification of luminescence. Reprinted with permission from PNAS.
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S t r u c t u r e - B a s e d  E n g i n e e r i n g  o f  B a c t e r i a l  I n d o l e 
Prenyltransferases

Indole prenyltransferases, TleC from Streptomyces blastmyceticus and MpnD from Marinactinospora thermotolerans, 
catalyze the reverse prenylation of the C-7 position of the indole ring in (-)-indolactam V using geranyl pyrophosphate or 
dimethylallyl pyrophosphate to produce lyngbyatoxin A or pendolmycin, respectively. Comparisons of the X-ray crystal 
structures of TleC and MpnD revealed the intimate structural details of the “reverse” prenylation reactions, and identi-
fied the active-site residues governing the substrate specificity for the prenyl donors. Furthermore, structure-guided en-
zyme engineering successfully altered the preference for the chain length of the prenyl donors, as well as the regio- and 
stereo-selectivities of the prenylation reactions.

The prenylation reaction catalyzed by prenyltrans-
ferases (PTs) is a common enzymatic reaction found 
in various primary and secondary metabolites [1, 2]. 
Since the prenylation can lead to significant alteration 
of biological activities, this reaction is also important for 
pharmaceutical applications. Indole PTs are one of the 
subgroups of the aromatic prenyltransferase superfam-
ily that catalyze the electrophilic aromatic substitution 
of various indoles using prenyl pyrophosphate [3]. TleC 
and MpnD from Streptomyces blastmyceticus and 
Marinactinospora thermotolerans are indole PTs that 
catalyze the prenylation reactions in the biosynthesis of 
lyngbyatoxin A and pendolmycin, respectively. These 
prenylation reactions occur in a “reverse fashion” at the 
C-7 position of indolactam V (Fig. 1) [4, 5]. 

Interestingly, our in vitro analysis of TleC and MpnD 
revealed that while each enzyme prefers different pre-
nyl donors, both enzymes are capable of accepting 
prenyl donors with varying chain lengths (from C5 to 
C25). TleC prefers C10 geranyl pyrophosphate (GPP) 
as a prenyl donor, while MpnD prefers C5 dimethylallyl 
pyrophosphate (DMAPP). Interestingly, MpnD catalyzes 
forward prenylation at the C-5 position of indolactam V 

to produce 5-geranylindolactam V as a major product 
together with lyngbyatoxin A when GPP is used as the 
prenyl donor.

To clarify the reaction mechanisms and substrate 
specificities, we determined the crystal structures of apo 
TleC, TleC ternary complex structure with indolactam 
V and DMAPP analogue dimethylallyl S-thiophosphate 
(DMSPP), apo MpnD, and MpnD ternary complex struc-
ture with indolactam V and DMSPP at 1.95, 2.10, 1.60, 
1.40 Å resolution, respectively. The overall structures of 
TleC and MpnD exhibited the ABBA-fold, which consists 
of ten antiparallel β-strands that assemble into a circu-
lar β-barrel surrounded by a ring of solvent-exposed 
α-helices, observed in the structures of indole PTs (Fig. 
2A and 2B). 

The substrate-bound structures revealed that the 
binding modes of indolactam V and pyrophosphate of 
DMSPP are well conserved, whereas the amino acid 
residues in the binding sites of the prenyl unit are slight-
ly different between TleC and MpnD. The amino acid 
residues Trp97, Phe170 and Ala173 in TleC are substi-
tuted with Tyr80, Trp157 and Met159, respectively, in 
MpnD. Inspection of the active site of the complex struc-
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Figure 1: Reaction schemes of TleC and MpnD.
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ture of TleC with substrates showed that the prenyl-
donor binding pocket is large enough to accommodate 
C10 GPP as a substrate. The presence of the bulkier 
Met159 in the active site of MpnD in place of small 
Ala173 in TleC eliminates the “GPP binding pocket” in 
MpnD (Fig. 2C and 2D). These observations suggested 
that these three residues are important for the selectivity 
of the length of prenyl donor and regioselectivity of the 
prenylation by TleC and MpnD.

To confirm the importance of these three residues in 
TleC and MpnD, we performed structure-guided muta-
genesis studies. A173M substitution in TleC resulted in 
the switch in preference toward the smaller DMAPP pre-
nyl donor, while the native GPP prenylation activity de-
creased dramatically. In contrast, MpnD M159A mutant 
decreased DMAPP prenylation activity but increased 
GPP prenylation activity to produce lyngbyatoxin A as 
a sole product. Furthermore, the double and triple mu-
tants of TleC W97Y/A173M and TleC W97Y/F170W/
A173M newly generated C-19-epimer of lyngbyatoxin A 
(teleocidin A-2) as a major product in addition to lyng-
byatoxin A and 5-geranylindolactam V.

In this study, comparison of the crystal structures of 
the indole prenyltransferases TleC and MpnD clarified 
the structural details of the enzyme-catalyzed reverse 
prenylation reactions and active site residues governing 

the specificity for the length of prenyl donors. Further, 
structure-guided enzyme engineering successfully al-
tered the preference for the chain lengths of prenyl do-
nors, as well as the regio- and stereo-selectivity of the 
prenylation reactions. These findings provide not only 
insight into the catalytic machinery but also strategies 
for expanding the catalytic repertoire of the enzymes to 
generate structurally divergent and biologically active 
novel prenylated indole alkaloids for drug discovery.

Figure 2: Comparison of the overall structure and active site structures of TleC and MpnD. Overall structures of (A) TleC and (B) MpnD. 
Close-up views of the active site cavities of (C) the TleC complex structure with indolactam V and DMSPP and (D) the MpnD complex 
structure with indolactam V and DMSPP.
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Molecular Design of Human Modified β-Hexosaminidase B with 
Therapeutic Potential

Human lysosomal β-hexosaminidase A (HexA, αβ heterodimer) can degrade intralysosomal substrates including GM2 
gangliosides (GM2) in cooperation with GM2 activator protein (GM2A). We produced a modified human HexB (modB) 
by CHO cells, composed of homodimeric β subunits with amino acid substitutions of RQNK (β312–315) and DL (β452–
453) to the homologous α-type GSEP necessary for GM2A binding and NR for GM2 recognition. We designed and 
produced the mod2B with additional substitution of LDS (β316–318) to the α-type SGT based on the crystal structure 
of modB (PDB ID: 5BRO). We demonstrated that the GM2-degrading activity and therapeutic potential of mod2B are 
superior to those of modB for HexA deficiencies.

Lysosomal β-hexosaminidases (Hex) are hydro-
lases, which degrade terminal N-acetylhexosaminyl 
residues of glycoconjugates at acidic pH [1]. There are 
three human Hex isozymes: HexA (αβ heterodimer) [2], 
HexB (ββ homodimer) [3] and HexS (αα homodimer). 
Among them, only HexA can degrade GM2 ganglio-
side (GM2) in cooperation with GM2 activator protein 
(GM2A). In contrast, HexB prefers neutral substrates 
and exhibits high thermostability. The amino acid se-
quence identity between α and β subunits is about 57%, 
and both show very similar 3D structures. 

Tay-Sachs disease (TSD) and Sandhoff disease 
(SD) are autosomal recessive HexA deficiencies, caused 
by HEXA and HEXB gene mutations, each encoding 
the human Hex α and β subunit, associated with exces-
sive accumulation of GM2 in the brain and neurological 
symptoms [1]. Many heterogenous mutations including 
missense mutations causing misfolding of the mutant 
Hex isozymes have been reported. There are currently 
no effective treatments, although several therapeutic 
approaches have been developed, including intracere-

broventricular enzyme replacement therapy (icvERT) 
[4] and in vivo gene therapy [5]. In order to treat TSD 
and SD in patients, it should be crucial to restore HexA 
activity because only HexA is believed to degrade GM2. 
However, the HexA containing α subunit may be anti-
genic for TSD patients with Hex α-subunit deficiency. 
Therefore, we designed and produced human modified 
HexBs composed of homodimeric β subunits with GM2-
degrading activity in vivo as well as putative low-antige-
nicity for TSD patients as “camouflaged” enzymes.

Two kinds of human modified HexB (modB and 
mod2B) were designed and produced by CHO cell lines, 
on the basis of X-ray crystal structures of HexA (αβ, 
PDB ID: 2GJX) [2] and HexB (ββ, PDB ID: 1NOU) [3]. 
The modB contains a partial amino acid sequence of 
the α subunit, i.e. the two substitutions of DL (β452–453) 
to NR (α423–424), necessary for anionic substrate rec-
ognition in the α subunit, as well as the RQNK (β312–
315) to GSEP (α280–283), required for the interaction 
with GM2A, an essential cofactor for GM2 degradation. 
The modB is composed of the homodimeric modified 

Figure 1: Crystal structure of human modB. Overall structure of the modB dimer determined at 2.4 Å. A close-up view of the modified β312–
315 loop, and the active site residues are shown in insets. The electron densities of the omit map (contoured at 2σ) around the modified sites 
are also shown.



53HIGHLIGHTS

K. Itoh1, N. Maita1, K. Kitakaze1 and T. Hirokawa2 
(1Tokushima Univ., 2MOLPROF-AIST)

β subunits secreted by a CHO cell line, which retained 
thermostability similar to that of human HexB in vitro, 
and could reduce the accumulation of GM2 and GA2 in 
the brains of SD model mice following icv administration 
[4]. We elucidated the X-ray crystal structure of purified 
modB (PDB ID: 5BRO), which retained a local confor-
mation of the active pocket of the modified β subunits 
very similar to that of the α subunits and the introduced 
GSEP loops (Fig. 1) [5]. (Supplemental material avail-
able online with the article at doi:10.1172/JCI85300DS1)

We further designed and purified the human mod2B, 
composed of the homodimeric precursor of modified β 
subunits, in which the LDS (β316–318) sequence was 
additionally replaced with SGT (α284–286) because it 
putatively protected the GSEP loop sequence from pro-
teolytic degradation. We also predicted the structure of 
mod2B (Fig. 2) based on the crystal structure of modB 
(PDB ID: 5BRO) [5] and human HexA (PDB ID: 2GJX) 
[2]. The results of the trajectory analysis from a molecu-
lar dynamics (MD) simulation showed that the average 
pairwise root-mean-square deviation (RMSD) of the 
GSEP loop regions of modB and mod2B were 2.315 A 
and 3.869 A, respectively. S318 forms a hydrogen bond 
with D317 in modB, whereas S311, S316, and T318 
form hydrogen bonds in the structural core area with 
S316, T318, and C309, respectively, in mod2B (Fig. 
2, c and d). These MD simulation results suggest that 
the GSEP loop region is more flexible in mod2B than in 
modB.

We evaluated the therapeutic effects of icv injection 
of the modB and mod2B on SD mice at 10 weeks of 
age, which present an age-dependent onset of severe 
motor dysfunction. Following the icv administration (1–2 
mg/kg body weight dose), the mod2B-treated SD mice 
exhibited more improved rota-rod performance and 
prolonged life-span than modB-treated mice [5]. These 
results showed that mod2B had more potent therapeutic 
availability than modB, likely due to the better resistance 
to proteases and the relatively longer half-life of GM2-
degrading activity of mod2B in neural cells.

Figure 2: Predicted local models for human mod2B. (a–d) Structure of the GSEP loop region of modB and mod2B. Structural snapshots of 
the GSEP loop region of modB (a) and mod2B (b) from MD trajectories taken every 1 ns. The amino acid regions from 307–322, including the 
GSEP loop, are shown with ribbon models. Representative structures of the GSEP loop regions of modB (c) and mod2B (d) are shown as 
stick models. All nonpolar hydrogen atoms are omitted for clarity. Hydrogen bonds within the GSEP loop regions are depicted by blue dashed 
lines.
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Influence of Crystal Size and Wavelength on Native SAD Phasing

The native SAD method, an emerging phasing method for protein crystallography, typically utilizes low energy X-rays to 
enhance anomalous signals from sulfur atoms in the protein. It has been hypothesized that shorter wavelengths should 
be used for large crystals and longer wavelengths for small crystals to minimize the absorption of the low energy X-
rays. However, no experimental analyses have been performed to investigate this hypothesis. Our systematic experi-
ments suggested that large sample sizes do not have detrimental effects on native SAD data and longer wavelengths 
are more advantageous than shorter wavelengths for use with small samples. The individual sample quality and crystal 
properties seemed to have much more influence than the wavelengths.

Native SAD is an emerging phasing technique using 
anomalous signals from native proteins. Typically sulfur 
atoms in the proteins have been utilized as anomalous 
centers. Since the native SAD method does not require 
a procedure to introduce heavy atoms in the protein 
crystal, it is expected to be one of the best methods for 
the crystal structure determination of proteins. However, 
the native SAD method requires high quality diffrac-
tion data due to the weak anomalous signals of sulfur 
atoms. Long-wavelength X-rays are typically utilized to 
enhance the anomalous signals in native SAD experi-
ments, but this solution results in more background 
noise and sample absorbance than usual, leading to a 
degradation of data quality [1, 2]. This trade-off between 
the requirement of high quality diffraction data and the 
final data quality has discouraged use of the native SAD 
method for routine crystal structure analysis. To over-
come these difficulties, we have constructed a beam-
line for the native SAD method, BL-1A. In BL-1A, the 
goniometer and X-ray detector are placed in a helium 
chamber to reduce background and absorption in data 
collection. Moreover, users can utilize a small beam (13 
µm x 13 µm) with a pixel array-type detector for low-
noise data collection. While these experimental setups 
are suitable for the native SAD method, the crystal itself 
would still hamper high quality data collection due to its 
absorbance of the long wavelength X-ray. It has been 
hypothesized that large crystals should be probed with 
shorter wavelengths to decrease absorption, while small 

crystals, for which absorption is not very significant, 
should be analyzed with longer wavelengths to benefit 
from the increased anomalous signals [3]. While such 
an approach is theoretically reasonable, there is current-
ly no experimental evidence to support it. In this study, 
therefore, we attempted to establish a general protocol 
for the native SAD method by analyzing the relation-
ship among wavelength, crystal size, and data quality 
using BL-1A and BL-17A. BL-17A is another beamline 
frequently utilized for data collection with relatively long 
wavelength [4].

Experiments were performed under helium environ-
ments with lysozyme and ferredoxin reductase (BphA4) 
crystals of dimensions 50 – 300 µm. Initially, we exam-
ined native SAD phasing at wavelengths of 1.9 and 2.7 
Å. Where possible, each crystal was probed with two 
wavelengths to minimize the influence of a particular 
sample on the quality of the diffraction data (Fig. 1). For 
medium and small BphA4 crystals, the data sets col-
lected at 2.7 Å wavelength clearly provided better phas-
ing results than those collected at 1.9 Å wavelength. 
For lysozyme, the differences between wavelengths 
were subtle. The substructure search was marginally 
more effective at 1.9 Å for large crystals, whereas it was 
similarly effective at both wavelengths for medium crys-
tals. For small crystals, data collection at 2.7 Å clearly 
provided the best results for the substructure search. 
Finally, for all crystal sizes, phasing and density modifi-
cation yielded marginally better phases at 2.7 Å.

Figure 1: (a) A lysozyme crystal used in an experiment with X-rays of 1.9 and 2.7 Å wavelengths. The beam size used in the experiments 
was 2.5 x 10µm2, as indicated by rectangles in the figure. (b) A helium-cone at BL-1A. (c) A BphA4 crystal used in an experiment with X-rays 
of 3.0 and 3.3 Å wavelengths. The beam size used in the experiments was 2.5 x 10µm2, as indicated by rectangles in the figure. (d) A helium-
chamber at BL-1A.

(a) (b) (c) (d)
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Next, we compared the results of native SAD phas-
ing with X-ray wavelengths at 3.0 and 3.3 Å, and found 
that phasing worked equally well at both wavelengths 
for the lysozyme and BphA4. Compared to the 1.9/2.7 Å 
wavelengths, the 3.0/3.3 Å wavelengths were more ad-
vantageous for medium and small BphA4 crystals (Fig. 
2). Even in the case of large crystals, however, which 
were expected to suffer from an absorption problem, it 
was possible to determine the substructure and obtain 
high quality phases comparable to those from small 
crystals. Thus, the individual sample quality and crystal 
properties seemed to have much more influence than 
the wavelengths.

Based on the results of this systematic analysis, the 
Structural Biology Research Center in IMSS initiated to 
support users for native SAD experiments. In conjunc-
tion with this initiative, several users have already suc-

ceeded in the crystal structure determination of proteins 
using the native SAD method [5-8]. Moreover, a com-
bination of the molecular replacement and native SAD 
methods, the MR-Native SAD method, is becoming a 
powerful tool for fast protein-structure determinations. 
The high quality experimental phases obtained from the 
MR-native SAD method (Fig. 3) are expected to accel-
erate the speed of crystal structure determinations.

Figure 2: Effects of data-collection wavelengths and crystal size on native SAD phasing. (a) Data for large, medium and small BphA4 crystals
collected at 1.9 Å (blue) and 2.7 Å (green). (b) Data for large, medium and small BphA4 crystals collected at 3.0 Å (yellow) and 3.3 Å (magenta). 
The upper charts for both (a) and (b) show the number of sulphur atoms found by SHELXD at the four data-collection wavelengths, and the 
lower charts show their corresponding average phase errors after density modification.

Figure 3: An electron density map at 2.5 Å resolution obtained by 
native SAD method.
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SAngler, New Software for Analysis of Small-Angle X-Ray 
Scattering Data

We newly developed and released the software SAngler to analyze the data measured by Small-Angle X-ray Scattering 
(SAXS). This GUI software runs under Windows 7, 8.1 and 10 32/64 bit, and can handle SAXS data not only for essen-
tial processes such as azimuthal averaging but also for typical analyses like the Guinier approximation. Users can freely 
download it with the Japanese or English manual from the website, http://pfwww.kek.jp/saxs/SAngler.html

SAXS is widely used for structural analysis of hard 
and soft materials including biological molecules at spa-
tial resolutions ranging from ~nm to ~µm. X-ray scatter-
ing intensities in recent SAXS experiments are gener-
ally acquired as two-dimensional image data, and the 
intensities are converted into one-dimensional data by 
azimuthal averaging against the beam center. An imag-
ing plate and a CCD have been used as a SAXS detec-
tor for many years at the SAXS beamlines of the Photon 
Factory. However, all of them were recently replaced 
with new hybrid pixel detectors (PILATUS3 2M and 1M, 
Dectris). Therefore, we newly developed GUI software, 
SAngler [1], in order to analyze the image data mea-
sured with those new detectors. It was created using Mi-
crosoft Visual Studio Express 2013 for Windows in C# 
language. It is able to perform various basic processing, 
for example, making mask files, calibrating camera dis-
tance and beam center, azimuthal averaging to convert 
2D image data into 1D text data, and subtracting the 
background intensities. It also has a function for making 

various plots, for example, the log plot of the scattering 
intensity, Guinier plot [2] and Kratky plot [3], in order to 
assist the analysis of biological SAXS (BioSAXS). This 
software is compatible with the 64- and 32-bit versions 
of Windows 7, 8.1 and 10. The imaging plate detector, 
R-AXIS (Rigaku), can also be used with SAngler.

 Figure 1 shows the data processing and analysis 
using SAngler. Figure 1A displays the Mask tab for 
making masks. PILATUS has not only gaps between 
the detector modules which appear in the shape of a 
lattice but also a lot of dead pixels in the modules. Since 
the intensities of the gap region and the dead pixels are 
outputted as negative values, SAngler can automati-
cally choose and mask from the program menu. As for 
the shadow of a direct beam stopper, users are able to 
mask it by drawing a round and/or polygon shape. In or-
der to refine the camera distance and the beam center 
position, calibration is performed from the Calibration 
tab of SAngler, using the Debye-Scherrer ring pattern of 
silver behenate for which the lattice spacing is 58.38 Å 

Figure 1: User interface of SAngler. (A) Mask file making. (B) Calibration of the camera distance and the beam center position. (C) Azimuthal 
average. (D) Background subtraction.

(A) (C)

(B) (D)



57HIGHLIGHTS

N. Shimizu, K. Yatabe and Y. Nagatani (KEK-IMSS-PF)

(Fig. 1B). The orange-colored ring displays the predic-
tion based on the present parameters, and the character 
color after refining the values changes to red. Since the 
mask pattern and the calibrated parameters are saved 
to respective files, users can carry out data processing 
under the same conditions at any time using these files. 
From the Averaging tab (Fig. 1C), the scattering intensi-
ties recorded on a 2D image are azimuthally averaged 
to convert 2D data to 1D data using the results of the 
calibration. Figure 1D shows the scattering intensities 
after subtraction of the background intensities from the 
sample intensities.

The serial data outputted from SAXS with inline size-
exclusion chromatography (SEC-SAXS) is processed 
and analyzed using SAngler. Figure 2 shows the 
Guinier plot for the serial data measured by SEC-SAXS. 
Since SAngler links to the program package ATSAS [4], 
Guinier approximations for such multiple scattering data 
were automatically performed by using either our de-
veloped algorithm or AUTORG of ATSAS. The forward 

scattering intensity, I(0), and the radius of gyration, Rg, 
which were acquired as a result of the Guinier analysis, 
can be outputted to the table file to be used for the sub-
sequent analysis.

Figure 2: Guinier plot for multiple data measured by SEC-SAXS experiment.
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Interface-Sensitive Micro-Imaging Based on X-Ray Reflectivity

It is important to understand interfaces since they are omnipresent in nature and control the properties of modern 
materials. Recently, the authors have succeeded in realizing X-ray reflectivity imaging of heterogeneous interfaces in 
ultrathin films. To visualize a wide viewing area, the image reconstruction scheme is employed instead of micro-beam 
scanning. The technique achieves image contrast by using the difference in reflectivity at each in-plane point in the thin 
film sample. X-ray reflectivity profiles at local positions on the sample can be obtained without using a micro beam, as 
equivalent information can be extracted from a series of wide X-ray reflection projection datasets collected as a function 
of grazing angle.

The authors have developed the X-ray reflectivity 
imaging technique [1-4]. A schematic of the experimen-
tal setup at BL-14B is shown in Fig. 1. In the experi-
ment, the X-rays were monochromated to 16 keV by a 
double-crystal Si 111 monochromator having an energy 
resolution of 10−4. The monochromatic X-rays were col-
limated to form a thin parallel beam. The primary col-
limating slit was set at 22.5 m from the wiggler source, 
to collimate the beam to 1 mm (horizontal, H) × 8 mm 
(vertical, V). The incident X-ray intensity was monitored 
throughout the experiment by an ionization chamber 
(D0) set 0.45 m behind the primary slit. In front of the 
entrance window of D0, a fixed width (100 mm, H) slit 
was attached to further cut the beam horizontally; thus, 
the final size of the incident beam was 0.10 mm (H) × 
8 mm (V). The sample stage, which was set at 0.45 m 
downstream from D0, is based on a high-precision go-
niometer with an accuracy of 0.001º. A rotational motor 
is vertically attached to an L-shaped stand fixed on the 
goniometer to realize in-plane rotation (

 
-axis in Fig. 1). 

The samples were vertically mounted using a sample 
holder. The sample holder was equipped with two 
manual tilt stages. The parallel beam illuminated around 
10 mm [H, the footprint length of the X-rays, is always 

long enough to cover the silicon substrate size (10 mm)] 
× 8 mm (V) of the sample surface at grazing-incidence 
geometry. The reflected X-rays were recorded by an X-
ray CCD camera (pixel size 6.45 µm) set 0.30 m on the 
downstream side of the sample as a one-dimensional 
projection image, where the imaging conditions are in 
the near-field regime.

Figure 1: Schematic of the X-ray reflectivity imaging experimental set-up. VW: BL-14 vertical wiggler; M: monochromator; SL: 2D slit; 
D0: ionization chamber, with a horizontal slit (0.05 mm, H); SS: sample stage on a goniometer; D: X-ray CCD camera. Inset is the enlarged 
image of SS from the top view: TSs: tilting stages. Reprinted, with permission, from reference [1].

An X-ray reflectivity imaging example of buried 
heterogeneous interfaces is shown in Fig. 2. Here, a 
patterned ultrathin film was studied by the imaging ap-
proach. The sample was fabricated on a pre-cleaned 
silicon substrate by an Eiko DID-5A magnetron sput-
tering system. Under the top uniform Ti layer the het-
erogeneous layer consists of two groups of thin films, 
as shown in panel a: (i) Au thin films including the top-
left polygon and bottom-right rectangle with different 
thicknesses; (ii) Ni thin films consisting of the bottom-
left thick rectangle, top-right triangle and center-right 
thin bar with different thicknesses. Panel b is an X-ray 
reflectivity sinogram of the sample at a specific inci-
dence angle corresponding to the wavevector transfer 
Qz = 4 sin  

 

/  = 0.0502 Å−1 (    : the grazing incidence 
angle in Fig. 1,  : X-ray wavelength), where obvious 
sinusoidal patterns are observed.
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The 1338 pixels are equally binned into 90 pixels 
(pixel length: 96 µm, 96 µm × 90 = 8.6 mm). The alge-
braic imaging reconstruction approach is employed to 
quantitatively reconstruct the X-ray reflectivity image. 
Panel c presents the corresponding reconstructed X-ray 
reflectivity image of the sample at Qz = 0.0502 Å−1. Al-
though the sample is buried by the top Ti layer, the Au 
and Ni patterns are clearly observed by X-ray reflectivity 
imaging. At this wavevector transfer, the Au patterns 
produce higher reflectivity than the Ni patterns, thus giv-
ing a contrast between the patterns of the two different 
materials.

By scanning grazing angles, a series of X-ray reflec-
tivity images sampled equally over a range of wavevec-
tor transfers is collected, thus µXR, which is the X-ray 
reflectivity profile at every micro-sized pixel, can be ex-
tracted. Panel d shows three selected µXR profiles. The 
pixel [40, 10] contains only a uniform Ti layer. The µXR 
profile confirms this point by displaying a sharp drop at 
Qz = 0.042 Å−1 and equal-period interference fringes. 
At pixels [40, 80] and [75, 35], the µXR has an intensity 
drop around Qz = 0.042 Å−1 and shallow oscillations 
below Qz = 0.080 Å−1. Beyond Qz = 0.080 Å−1, the µXR 
profile drops sharply and experiences deep oscillations. 

The two µXR profiles of Au patterns show different os-
cillation periods beyond Qz = 0.080 Å−1, indicating the 
different thicknesses of the patterns.

Figure 2: Typical X-ray reflectivity imaging data. (a) An optical image of a heterogeneous patterned (Au and Ni) ultrathin film sample before 
coating with a Ti uniform layer. (b) An X-ray reflectivity sinogram of the sample at Qz = 0.0502 Å−1. (c) A reconstructed X-ray reflectivity im-
age of the sample at Qz = 0.0502 Å−1. (d) Three selected µXR profiles at local positions [as indicated by the same symbols in panel (c)] of the 
sample extracted from reconstructed X-ray reflectivity images. Reprinted, with permission, from reference [2].

In the present research, X-ray reflectivity imaging 
was achieved by combining   -scan and measurement 
of the 1D intensity profile of reflection projection. It has 
been demonstrated that the technique yields interface-
sensitive images of ultrathin film samples. The new 
technique enables the non-destructive study of inter-
faces.
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A Novel Strategy to Reveal Latent Liver Abnormalities in Human 
Embryonic Stages from a Large Embryo Collection

The cause of spontaneous abortion of normal conceptuses remains unknown in most embryos because of the difficulty 
of diagnosing too small embryos. We aimed to reveal latent liver abnormalities using novel phase-contrast radiographic 
computed tomography (PXCT). Embryos with liver volumes ≥ 2 SD above or below the mean for the stage of develop-
ment were screened from 1156 MR images from the Kyoto Collection. Selected embryos were further analyzed by us-
ing PXCT. Liver abnormality was detected in 9 embryos by our protocol. Most of such liver abnormality embryos do not 
survive, as liver function becomes essential.

The cause of spontaneous abortion of normal con-
ceptuses remains unknown in most embryos [1] be-
cause of the difficulty of obtaining appropriate embryo 
materials as well as diagnosing internal abnormalities 
in very small embryos. The crown-rump length of an 
embryo is ranging 23 to 32 mm during the embryonic 
period by Carnegie stage (CS) 23 (about 56–60 days 
after fertilization) [2], by which stage all primordia of the 
organs are already provided.

Many factors are involved in spontaneous abortion, 
not only the embryonic factor itself but also maternal 
health and the intrauterine environment affected by un-
specified modulators. Such complicated factors distract 
attention from the laborious inspection of embryos, es-
pecially when embryos are externally normal.

More than 40,000 embryo and fetal specimens have 
been collected in the Kyoto Collection since 1961 for 
revealing the mechanism of congenital anomalies [3]. 
An MRI database of approximately 1200 well-preserved 
human embryos, diagnosed as externally normal, was 
acquired in 2000–2005 (the Kyoto embryo visualizing 
project) [4] to observe a number of normal human em-
bryos. The database has proven to be useful for re-
search purposes and as a teaching material [5].

Although the MRI database includes only externally 
normal embryo specimens, whether the internal organs 
were also normal cannot be guaranteed. Considering 
that the cumulative intrauterine mortality rate in normal 
conceptuses was estimated at 18% [1], the MRI data-
base includes embryos that have potential abnormali-
ties that would have led to spontaneous abortion. Thus, 
detailed observation of the internal organs of embryo 
specimens from the database may provide clues to 
spontaneous abortion in the embryonic and fetal peri-
ods. In this connection, we aimed to determine the la-
tent abnormalities that may cause spontaneous abortion 
by using the MRI database and novel phase-contrast 
radiographic computed tomography (PXCT).

The MRI database was screened by using the vol-
ume of the liver as the target organ. Embryos with liver 

volumes ≥ 2 SD above or below the mean for the stage 
of development were selected. Embryos with potentially 
abnormal livers were further analyzed by using PXCT. 
The PXCT data provide a resolution of ≥ 18 µm/pixel, 
which enabled highly sensitive measurement, approxi-
mately > 1000 times more sensitive than the conven-
tional radiographic method using absorption contrast [6].

Liver abnormality was detected in 9 embryos after 
the procedure of our protocol (Fig. 1), which consisted 
of hepatic agenesis (2 embryos), hepatic hypogenesis 
(4), liver lobe defect (1), involvement of the liver to the 
thoracic cavity by diaphragm herniation (1), and other 
(1). Three embryos had only liver abnormalities and 
6 exhibited complications in other organs. The preva-
lence of liver malformations in CS18 and CS21 in the 
intrauterine population of externally normal embryos 
is approximately 1.7%. Most of such liver abnormality 
embryos do not survive, as liver function becomes es-
sential during development [7].

Figure 1: Protocol for detecting latent abnormal embryos that may 
result in spontaneous abortion.
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A representative embryo with liver agenesis is 
shown in Fig. 2. The size and gestational age were 
within the normal range for the embryo at CS 21. Ob-
vious damage to, or anomalies of, the external forms 
were not present (Fig. 2a). The liver at CS21 usually oc-
cupies a large space in the abdominal cavity, which has 
a smooth surface due to the contact between the cranial 
surface and the diaphragm, and between the ventral 
surface and the abdominal wall [7]. In the present em-
bryos, the liver was not detected in any of the serial 
plane sections (Fig. 2b). The locations of all intratho-
racic, retroperitoneal, and intra-abdominal organs were 
reconstructed in three dimensions (Fig. 2c). The ab-
sence of the liver had affected the locations of the other 
internal organs, especially the stomach, duodenum, and 
pancreas. The stomach was observed on the midsagit-
tal line in the Th4 transverse sections, indicating that 
the stomach had deviated cranially and ventrally. The 
diaphragm was apparent in these sections.

The present study demonstrates that PXCT may be 
considered a powerful tool for visualization of internal 
structures of embryos, and for the detection of novel 
abnormalities during the embryonic period, without the 
need for histological analysis. The non-invasive and 
non-destructive properties of the technique are impor-
tant for analysis of scarce specimens, such as human 

embryos. The present study is the first step toward elu-
cidating the latent abnormalities that result in spontane-
ous abortion in externally normal embryos [8].
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Figure 2: Representative embryos with liver abnormality (liver agenesis). 
a External view of the embryo at CS21, which shows no obvious external abnormality. b Phase-contrast X-ray computed tomography (PXCT) 
transverse sections at the level of Th4. No liver (Li) was detected in the plane sections, while the stomach (St) was observed in the midsagittal 
transverse sections at Th4. The diaphragm is indicated by arrow heads. Lung (Lu). c Left anterior oblique view of the three-dimensional (3-D) 
PXCT reconstruction of the embryo using Amira software (Visage Imaging, Berlin, Germany), demonstrating the locations of all intrathoracic, 
retroperitoneal, and intra-abdominal organs.
The findings of note were as follows: agenesis of the liver; the stomach was deviated ventrally and cranially; the pancreas (Pa) was deviated 
ventrally; and the right mesonephros (Ms) and genital ridge (Ge) were absent. Adrenal gland (Ad), metanephros (Mt), and heart (He).
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Distinctive Dissociation of Methane Hydrate Coexisting with NaCl 
Aqueous Solution

Methane hydrate pellets including up to 2.7 wt% NaCl were formed artificially and subjected to a storage test at 253 K 
under ambient pressure. The dissociation process of the pellets during storage was investigated using phase contrast 
X-ray computed tomography. It was revealed that the dissociation rate of methane hydrate pellets containing NaCl ac-
celerated in proportion to the NaCl concentration. In addition, dissociating spots were scattered all over the pellets in 
contrast to pure methane hydrate. These experimental results suggest that the formation of NaCl aqueous solution pro-
mote the dissociation of methane hydrate pellets even below the ice point.

Methane hydrate is attracting public attention as a 
potential natural gas resource. Methane hydrate spon-
taneously forms under the ocean floor, which satisfies 
the conditions of low temperature and high pressure, 
when methane comes in contact with water [1]. The dis-
sociation of methane hydrate is suppressed under at-
mospheric pressure and just below the ice point, though 
the conditions are well outside the equilibrium region. 
This is known as the self-preservation phenomenon [2]. 
Self-preserved methane hydrate generally dissociates 
from its surface to the inside with the dissociated parts 
converting into ice, which suppresses the diffusion of 
methane gas [3, 4]. The phenomenon is complicated 
because it depends on many factors such as ice film [3, 
4], electrolytes, and so on [5, 6]. Moreover, electrolytes 
also affect the phase equilibria of methane hydrate; 
electrolytes shift the equilibrium to higher pressure and 
lower temperature [1]. Thus, electrolytes affect both the 
formation and dissociation of methane hydrate. In this 
study, the dissociation of methane hydrate pellets coex-
isting with sodium chloride (NaCl) was investigated dur-
ing storage at 253 K and ambient pressure. Dissociation 
areas inside the samples were visualized by phase 
contrast X-ray imaging to determine the dissociation 
mechanism [7].

Methane hydrate pellets (ϕ33 mm × 30 mm) includ-
ing 0.5 wt% NaCl and 2.7 wt% NaCl were formed at 

273–277 K under 5.5 MPa, and stored at 253 K under 
atmospheric pressure for over seven days. Weight loss 
attributed to the release of methane gas from dissociat-
ing methane hydrate during storage was observed for 
estimation of residual gas fractions in the samples.

Phase contrast X-ray computed tomography (CT) 
using the diffraction-enhanced imaging (DEI) method 
was applied to obtain tomographs of the methane hy-
drate samples [8, 9]. The samples were immersed in 
methyl acetate at 188 K ± 1 K throughout measurement 
to eliminate artifacts caused by the outer surface of the 
samples. The samples were irradiated by monochro-
matic synchrotron X-rays with the energy of 35 keV. An 
X-ray CT using the DEI method was carried out with a 
spatial resolution of 0.040 mm [8] and density resolution 
of ~0.01 g/cm3 [10].

Figure 1 shows residual gas fractions of the meth-
ane hydrate samples with storage time. The sample 
containing 0.5 wt% NaCl had dissociated by only 3% 
in gas fraction after storage for seven days at 253 K. 
On the contrary, the residual gas fraction of the sample 
containing 2.7 wt% NaCl dissociated by nearly half in 
the same time. It was thus revealed that the dissocia-
tion rate of the methane hydrate pellets at 253 K under 
atmospheric pressure depended greatly on the NaCl 
concentration.

Figure 1: Reduction of gas content in the methane hydrate samples of ϕ33 mm × 30 mm. Open and solid circles show residual gas fractions 
remaining in the methane hydrate samples with 0.5 wt% NaCl and 2.7 wt% NaCl, respectively. The error bars fall within the plotted points.

Figure 2
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Figure 2 shows 3D images of the methane hydrate 
samples obtained from phase contrast X-ray CT using 
the DEI method. Color gradation corresponds to den-
sity; bluish color indicates heavier material, and orang-
ish color indicates lighter material. The blue and orange 
regions roughly correspond to methane hydrate (0.934 
g/cm3 at 193 K [8]), and hexagonal ice (0.927 g/cm3 at 
193 K [8]), respectively. The methane hydrate contain-
ing 0.5 wt% NaCl had a uniform texture without dissoci-
ated parts at first (Fig. 2a). After seven days at 253 K, 
particles indicating lower hydrate concentration resulting 
from dissociation spread throughout the sample (Fig. 
2b). On the other hand, the methane hydrate containing 
2.7 wt% NaCl was studded with areas of lower hydrate 
concentration even after it had just formed (Fig. 2c). Al-
most all of the sample turned to ice after seven days of 
storage at 253 K (Fig. 2d). This indicated that methane 
hydrate including NaCl dissociates from inside areas, 
though methane hydrate formed without additives disso-
ciates from its outer surface to the inside while ice forms 
mainly on the methane hydrate surface as layers [11].

NaCl concentrations in local parts of the methane 
hydrate pellets were extremely high, because NaCl was 
excluded from methane hydrate crystals and accumu-
lated at the grain boundaries. The eutectic point of the 
water and NaCl system was 23.3 wt% NaCl at 252 K 
[12]. Therefore, methane hydrate pellets including NaCl 
might coexist with an aqueous solution of NaCl during 
storage at 253 K, even though this was lower than the 
ice point. Accordingly, suppression of gas diffusion by 
ice as the self-preservation phenomenon cannot be ex-
pected.

Consequently, the NaCl concentration was one 
of the most influential factors for the dissociation of 
methane hydrate because the presence of NaCl led to 
coexistence with aqueous solution which promoted the 
dissociation even below the ice point. Additionally, the 
phase contrast X-ray CT images showed that the meth-

ane hydrate pellets containing NaCl had many dissocia-
tion sites, indicating that dissociations occurred not only 
on the surface but also inside the pellets.

Figure 2: 3D images of methane hydrate: (a) just-formed methane hydrate with 0.5 wt% NaCl, (b) methane hydrate with 0.5 wt% NaCl after 
seven days’ storage, (c) just-formed methane hydrate with 2.7 wt% NaCl, and (d) methane hydrate with 2.7 wt% NaCl after seven days’ 
storage. Scale bars show 2 mm length.
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C K-Edge XANES Analysis of Coke on CoMo Catalysts Used in HDS 
Unit Using Feeds of LGO Mixed with Heavy Fuel Oil Blendstocks

We investigated the chemical states of coke, which is thought to be the primary cause of deactivation of gas oil hy-
drodesulfurization (HDS) catalysts, formed on spent CoMo catalysts used in an HDS unit by way of C K-edge XANES 
measurements in order to understand the catalyst deactivation behavior when the HDS feed is a mixture of LCO, a 
feedstock of diesel fuel, and a heavy fuel oil blendstock. The results of the XANES measurements suggest that the 
chemical state of the coke forming on a catalyst will differ depending on the feed used in the HDS reaction, and this af-
fects the catalyst deactivation behavior.

To ensure the most effective use of petroleum re-
sources, efficient techniques must be developed for 
converting blendstocks of heavy fuel oil to diesel fuel 
oil. However, when a mixture of light gas oil (LGO), 
a feedstock of diesel fuel, and light cycle oil (LCO), a 
heavy fuel oil blendstock, is fed into an oil refinery’s hy-
drodesulfurization (HDS) unit to produce diesel fuel, the 
cobalt-molybdenum (CoMo) catalyst in the HDS unit is 
rapidly deactivated (Fig. 1). In contrast, when the feed 
is LGO mixed with residue desulfurization gas oil (RDS-
GO), another heavy fuel oil blendstock, the catalyst is 
deactivated slowly. With this in mind, we focused on 
the coke, or carbonaceous matter, that forms around 
the active species, namely MoS2, on the catalyst sur-
face during the HDS reaction and is thought to be the 
primary cause of deactivation of gas oil HDS catalysts 
[1]. In this study, we investigated the chemical states of 
the coke formed on spent CoMo catalysts from an HDS 
unit by way of C K-edge XANES measurements in or-
der to understand the mechanism of catalyst deactiva-
tion when the HDS feed is LGO mixed with heavy fuel 
oil blendstocks such as LCO and RDS-GO. Aromatic 
compounds and basic nitrogen compounds in the feeds 
have been reported as potential causes of coking [2].

For the C K-edge XAFS measurements, we pre-
pared spent aluminum oxide-supported CoMo catalysts 

which had been used for 160, 500, 1000 and 2300 
hours on stream in the HDS unit of a bench-scale plant, 
using feeds consisting of LGO mixed with 15 vol% of 
either LCO or RDS-GO. The carbon concentrations in 
the catalysts used for the LCO-containing mixed feed 
were around 5–8 mass%, and those used for the RDS-
GO-containing mixed feed were around 4–5 mass%. 
Before the XANES measurements, the catalysts were 
subjected to Soxhlet extraction (using toluene) for 12 
hours to remove the oil on them and then were ground 
into powders.

Figure 2A shows the C K-edge XANES spectra of 
spent CoMo catalysts used for different times on stream 
in the HDS unit of a bench-scale plant, using LCO-
containing mixed feed. Two sharp peaks were observed 
at 285 eV and around 288 eV and a broad peak was 
also observed around 292 eV in the XANES spectra of 
all spent catalysts. The spectra were normalized at the 
peak around 292 eV. The peak observed at 285 eV was 
assigned to the 1s -> π* transition of the sp2 carbon 
atoms in aromatic compounds, and that at around 292 
eV was assigned to the 1s -> σ* transition. Meanwhile, 
the peak observed around 288 eV may be due to the 
alkyl groups in the aromatic compounds or the presence 
of oxygen-containing or nitrogen-containing functional 
groups.

Figure 1: Deactivation behavior of catalyst for two different feeds (bench-scale plant).
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It was found that the peak heights of the 1s -> π* 
transition peaks were clearly different depending on 
the times on stream for the catalysts used with both the 
LCO-containing mixed feed and RDS-GO-containing 
mixed feed. Therefore, we focused on the 1s -> π* tran-
sition peak at 285 eV in order to elucidate the chemical 
states of the coke formed on the spent CoMo catalysts 
during the HDS reaction.

The peak height ratio of the 1s -> π* transition peak 
to the 1s -> σ* transition peak was determined by the 
height of each peak [3]. The peak height ratio (π* / σ*) 
was viewed as a measure of the degree of polycycli-
zation of the aromatic compounds in the coke on the 
spent catalyst. The higher the peak height ratio (π* / σ*), 
the higher we expect the degree of polycyclization of 
the aromatic compounds to be. Figure 2B shows that 
the peak height ratio (π* / σ*) increased with the time 
on stream for the spent catalyst used with the LCO-
containing mixed feed. This suggests that the aromatic 
compounds in the coke that formed on the catalyst be-
came more polycyclic as the time on stream increased. 
In contrast, the peak height ratio (π* / σ*) of the catalyst 
used with the RDS-GO-containing mixed feed increased 
much less than that of the catalyst used with the LCO-
containing mixed feed as the time on stream increased, 

with the exception of an outlying data point at the 1000-
hour mark. This suggests that the aromatic compounds 
in the coke on the catalyst were less likely to become 
polycyclic as the time on stream increased.

These results suggest that the chemical state of the 
coke forming on a catalyst will differ depending on the 
feed used in the HDS reaction, and this affects the cata-
lyst deactivation behavior.

This study was supported by the Japan Petroleum 
Energy Center (JPEC) under the sponsorship of the 
Ministry of Economy, Trade and Industry (METI) of Ja-
pan.
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Figure 2: (A) C K-edge XANES spectra of spent CoMo catalysts for LCO mixed feed. (B) Relationship between the time on stream and the 
peak height ratio (π* / σ*) in the XANES of spent catalysts.

0

0.1

0.2

0.3

0.4

0.5

0 500 1000 1500 2000 2500

Pe
ak

 h
ei

gh
t r

at
io

, π
*/
σ*

 

Time on stream, h

LCO mixed feed

RDS-GO mixed feed

(B)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

280 285 290 295 300

I /
 I 0

,a
.u

.

Photon energy, eV

LCO mixed feed

160 h

500 h

1000 h

2300 h

π*

σ*
(A)



HIGHLIGHTS66

 8  Instrumentation and Techniques

Newly Developed Time-Resolved Dispersive XAFS System for 
Laser-Driven Irreversible Processes

The time-resolved dispersive XAFS (DXAFS) system for irreversible processes has been developed at the AR-NW2A. 
Combining the DXAFS system that can detect one pulse X-ray of duration ∼ 100 ps emitted every 1.26 μs from PF-AR 
with a high power pulsed laser enabled elucidation of laser-driven irreversible processes with nanosecond to subnano-
second time resolution. We applied the system to the laser compression and laser ablation process of metals as an 
irreversible process, and succeeded in obtaining the time evolution of the processes under extreme conditions from 
the change of XAFS spectra obtained. In the case of laser compression of copper, it was found that copper was com-
pressed by about 2% in volume after 4 ns from laser irradiation and the pressure was released over 200 ns.

In order to use various materials in real environ-
ments, it is necessary to understand and control 
“irreversible processes” such as fracture, fatigue, and 
corrosion, which are often accompanied by changes of 
microstructures and crystal structures caused by diffu-
sion or phase transitions. Though a number of studies 
on the destruction mechanism of materials have been 
conducted in order to improve their mechanical prop-
erties, most of them are based on ex situ observation 
of the static state of materials that have already been 
destroyed, and so an understanding of the mechanism 
remains limited. Thus, the real-time observation of 
“irreversible processes”, so-called “in situ” observation, 
remains indispensable for revealing their mechanism 
and controlling the macroscopic properties of materials 
after the processes. Real-time observations of “irrevers-
ible processes” using the X-ray diffraction technique 
were recently reported. Ichiyanagi, et al. reported the 
laser shock-induced lattice response and photo-induced 
protein reaction by using the time-resolved single-shot 
X-ray diffraction technique at AR-NW14A [1, 2]. How-
ever, structural information in the short range order of 
materials at the moment of fracture has never been 
reported, though a high degree of disorder at such mo-
ment is expected.

We have developed an in situ and time-resolved 
observation technique using DXAFS for achieving this 
challenging task at AR-NW2A. We focused on destruc-
tion and phase transition among irreversible reactions, 
which are accompanied with atomic diffusion and/or 
displacement with a nano-second time scale. The XAFS 
spectrum of the whole X-ray energy range required can 
be measured simultaneously without any mechanical 
movements using the DXAFS technique [3]. For this 
reason, the whole XAFS spectrum is acquired rapidly 
with a single shot X-ray pulse by DXAFS measurement 
using an appropriate X-ray detector.

In our new DXAFS system, destruction or phase 
transition is triggered by a high-power Q-switch Nd:YAG 
pulsed-laser (Continuum Powerlite8000) that is syn-
chronized with an X-ray pulse (Fig. 1). PF-AR is a 
unique synchrotron light source operated in the single 
bunch mode at all times, and it is particularly suited for 
time-resolved experiments. A silicon microstrip detector, 
XSTRIP [4, 5], specifically modified for PF-AR was used 
as a one-dimensional position-sensitive detector. Since 
it can detect one pulse of X-ray from PF-AR, the short-
est time resolution of the system corresponds to the X-
ray pulse duration of ca. 100 ps (FWHM).

Figure 1: Microscope images of sample before (a) and after (b) laser irradiation; conceptual diagram (c) and photos of DXAFS system 
developed (d), (e).
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We have used the developed technique to investi-
gate the laser-induced shock compression of copper. 
Polycrystalline copper foil of 5 μm thickness was used 
as the sample and was coupled with an ablator of 10 
μm-thick aluminum foil. The laser at 1064 nm was irradi-
ated from the aluminum foil side. The shock wave from 
the aluminum foil applied a high pressure to the copper 
foil. The pressure was estimated as ca. 20 GPa using 
the Fabbro-Devaux model [6], though it is rather difficult 
to estimate a pressure caused by laser-shock because 
of its short rise time. It should be noted that the Fabbro-
Devaux model was reported to be likely to be larger 
than the actual one. Because the copper foil was de-
stroyed and disappeared (Fig. 1a and b) by the irradia-
tion of the laser, we made disc-type sample changers 
(Fig. 1e).

Figure 2 shows the observed k3-weighted 
 

(k) val-
ues (a) and the radial structure functions (b) at the delay 
time of 4 and 200 ns after laser irradiation together with 
a reference spectrum without laser irradiation (Laser 
OFF). The solid and dashed lines in the figure indicate 
the observed and the best-fitted values considering the 
nearest Cu-Cu interaction, respectively. The coordina-
tion numbers, bond length and Debye-Waller factors of 
the nearest Cu-Cu interaction were obtained from EX-
AFS analysis. It was found that the coordination num-
bers and Debye-Waller factors after laser irradiation are 
almost similar to the initial state. On the other hand, the 
nearest-neighbor Cu-Cu bond length of 0.254 nm at 4 
ns after laser irradiation is shorter than that of 0.256 nm 
before laser shock. Then, it almost returned to the initial 
value of 0.257 nm at 200 ns after laser irradiation. This 
indicates that the copper after 4 ns laser irradiation is 
compressed by ca. 2% in volume on average and then 
the pressure is released at 200 ns. However, the peaks 
around 0.43 nm corresponding to the third-nearest-
neighbor distances in Fig. 2b showed a different be-
havior. The peak remained near that of the initial state 
(0.43 nm) at 4 ns, and shifted to a longer value (0.44 
nm) at 200 ns. These results suggest that the change of 

atomic-scale structure induced by the laser shock is not 
isotropic, in line with the expectation that laser shock 
produces uniaxial compression.

This kind of information on destruction mechanisms 
will be crucial for designing structural materials [7]. 
Furthermore, the developed technique can be applied 
to various “irreversible processes” that progress with a 
time scale of ns. For example, we can investigate the 
dynamics of irreversible structure changes under ex-
treme conditions, such as phase transition, spin-state 
transition, and fragmentation.

This report is derived in part from an article [8] pub-
lished in High Pressure Research on 2 Aug 2016, avail-
able online at: http://www.tandfonline.com/10.1080/08
957959.2016.1211647.

Figure 2: The EXAFS oscillations weighted by k3 (a) and the radial structure functions (b) of the copper at various delay times. Solid and 
dashed lines indicate observed and calculated values for the first shell curve in both figures, respectively.
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 9  Theory

Ultrafast Inversion of Ferroelectric Polarization in Photoexcited 
Croconic-Acid Crystal

We have investigated the mechanism of the ultrafast inversion of electric polarization in a photoexcited crystal of cro-
conic acid. Based on density-functional calculations, first, we analyzed the ground-state potential surfaces with respect 
to proton displacements and found that approximately ten molecules can exhibit polarization inversions after absorbing 
one photon. Next, we analyzed the photoexcited states and found a notable initial relaxation path, of which the relax-
ation energy exceeds 2 eV. Furthermore, we identified two reaction paths associated with the domain dynamics and 
assigned them to the fast and slow decay components found in the experiments.

The croconic-acid crystal is known to be a fer-
roelectric material with electric polarization reaching 
20 μC/cm2 [1], which is comparable to that of a typical 
ferromagnetic material, BaPbO3. Recently, a group 
from the University of Tokyo performed a pump-probe 
experiment for this material and found substantial sup-
pression of electric polarization after light irradiation 
with excitation energy of around 3 eV [2]. In this experi-
ment, the method of detection, namely, the probe, is 
second-harmonic generation (SHG) using light of 0.95 
eV. Although SHG is a popular method for detecting the 
degree of broken inversion symmetry, its spatial resolu-
tion is limited to the scale of the light wavelength, for 
instance, 1 μm, and consequently the detailed mecha-
nism of this polarization suppression was not known.

Motivated by this finding and the necessity of theo-
retical clarification, we investigated the photoinduced 
effects in this crystal based on density-functional theory 
(DFT) [2]. We performed two types of calculation: a 
cluster calculation and a calculation using a periodic-
boundary condition. After reproducing the actual magni-
tude of polarization using the latter method with an ap-
propriate combination of density function and basis set, 
we switched to the former method while keeping the 
combination. In the former calculation, we also applied 

time-dependent DFT to the cluster for the purpose of 
studying excited states in addition to the ground state.

Figure 1 shows the ground state potential curves. 
Since the crystal acid crystal has a layer structure and 
its polarization vector is parallel to the layer, we pick up 
one layer and cut out a part of it, as shown in the insets 
of Fig. 1. For the red curve, we moved the two protons 
near the central molecule to the right simultaneously. 
Note that, in this configuration, the protons, which pro-
vide a significant contribution to the polarization, are 
displaced in the left direction before the movements. 
This means a polarization directed to the left. The above 
movements of the protons therefore correspond to a 
“minimum domain” of polarization inversion. We empha-
size that its creation energy of about 1 eV seen for the 
red curve is much less than the main absorption peak 
energy of 3.5 eV, indicating a rather easy formation of 
the minimum domain. Following this, we enlarged the 
domain in two ways. For the blue curve, the domain 
was extended horizontally, whereas the domain was 
enlarged horizontally and vertically. The modest en-
ergy increase for the blue curve indicates a prevalence 
of the corresponding type of domain, that is, the one-
dimensional domain, in contrast to the two-dimensional 
domain.

Figure 1: Ground state potential curves for the three typical domain states. This figure is reprinted form reference [2].
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Figure 2 shows the detailed structure of excited 
states relevant to such one-dimensional domain. To 
save computer time, we here move the proton one by 
one as shown in the schematics of Fig. 2d. The resul-
tant potential curves as functions of the first and second 
movements are plotted in Fig. 2a and 2b, respectively, 
with the optical conductivity spectrum at the initial state 
in Fig. 2c. From these potential curves, we recognize 
the following two points. One is the large energy relax-
ation seen for the lowest excited state shown by the red 
arrow in Fig. 2a. The relaxation energy exceeds 2 eV, 
which indicates a very large proton-”π-electron” cou-
pling. The other point is the shapes of the curves in the 
latter part of the paths appearing in Fig. 2b. Namely, 
the curve in the first excited state has a substantial 
potential barrier, whereas that in the ground state has 
no barrier. These properties indicate that the path on 
the first excited state (red arrow in Fig. 2b) is expected 
to lead to metastable states with a relatively long time 
and is assigned to slow decay components observed in 
the experiment. Regarding the dynamics in the ground 
state, on the other hand, we expect the paths shown 

by the blue arrows in Figs. 2a and b. Namely, the do-
main growth occurs along the rightward arrow in Fig. 
2b via non-adiabatic transition and leads to a domain 
state around (Δb1L, Δb1R) = (0.55, 0.55) and other do-
main states with more extended sizes. After they reach 
a maximum size, the domain states are expected to 
shrink rather quickly and return to the initial state, as 
shown by the leftward arrow in Figs. 2a and b, since the 
associated curve is almost flat there. We assign such 
dynamics to the fast decay component observed in the 
experiment. We expect that such microscopic under-
standing of the mechanism of polarization inversion will 
lead to further exploration of polarization control in this 
and analogous materials.

Figure 2: (a) and (b) Potential curves in the ground and excited states, (c) calculated optical conductivity spectrum at the origin (the initial 
state), (d) schematic electronic states on the paths, and (e) related molecular orbitals. This figure is reprinted form reference [2].
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 PF ring PF-AR

Energy 2.5 GeV 6.5 GeV

Natural emittance 34.6 nm rad 293 nm rad

Circumference 187 m 377 m

RF frequency 500.1 MHz 508.6 MHz

Bending radius 8.66 m 23.2 m

Energy loss per turn 0.4 MeV 6.66 MeV

Damping time

 Vertical 7.8 ms 2.5 ms

 Longitudinal 3.9 ms 1.2 ms

Natural bunch length 10 mm 18.6 mm

Momentum compaction factor 0.00644 0.0129

Natural chromaticity

 Horizontal -12.9 -14.3

 Vertical -17.3 -13.1

Stored current 450 mA 50 mA

Normal filling 212 bunches (53 X 4 ) Single

         Beam lifetime 20 h (at 450 mA) 13 h (at 50 mA)

Hybrid filling Single (50 mA) +  

                                                                 131 bunches (400 mA) 

         Beam lifetime 8 h (450 mA) 

 Table 1: Principal beam parameters of the PF ring and PF-AR.

1. Outline of the Accelerators

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

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

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

2. Operation Summary

The operation schedule of the PF ring and PF-AR in 
FY2016 is shown in Fig. 2. The statistics of the acceler-
ator’s operation for the past decade are shown in Fig. 3. 
The scheduled user times in the PF ring decreased by 
about 120 hours compared with those in FY2015. In the 
PF-AR, the times decreased by about 1,680 hours be-
cause the construction and commissioning of the new 
direct beam transport line for the PF-AR were carried 
out in FY2016.

In the PF ring, more detailed operation statistics and 
the number of failures from FY2006 to FY2016 are list-
ed in Table 3 and Table 4, and a pie chart of the down 
time in FY2016 is shown in Fig. 4. The mean time be-
tween failures (MTBF) was longer than 150 hours due 
to a large decrease of injection troubles compared with 
FY2015. The failure rate was 0.6%, which remained at 
a low value as usual. The user operation for the PF ring 
was mostly carried out without a top-up injection due to 
the upgrade of the linac for the SuperKEKB project in 
FY2016. The helium re-liquefier for the vertical super-

conducting wiggler was replaced in August 2016 and 
the consumption of liquid helium was improved. How-
ever, since leakage in the vacuum chamber frequently 
occurred, the operation of the wiggler has been sus-
pended since January 2017. The chamber is going to 
be replaced during the summer shutdown of FY2017.

In the PF-AR, similar statistics are listed in 
Table 5 and Table 6, and a pie chart of the down time 
in FY2016 is shown in Fig. 5. The MTBF was about 85 
hours as usual and the failure rate was 1.7%. In addi-
tion, a trouble due to the dust trap occurred only once 
in FY2016. Stable operation was carried out in FY2016. 
Construction of the new direct beam transport line for 
PF-AR since FY2012 was completed, and then the 
beam commissioning was started on 13th February 
2017. The 6.5 GeV electron beam was immediately 
stored into the ring, and ramp-up was unnecessary 
thereafter. Then, the vacuum pressure was gradually 
improved during the commissioning period till 10th 
March 2017. This result enables us to smoothly resume 
the user operation in FY2017.
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Figure 2: Operation schedule of PF ring and PF-AR in FY2016.
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Figure 3: Total operation time for PF ring and PF-AR.
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Figure 4: Pie chart of down time for PF ring in FY2016.

Table 3: Operation statistics for PF ring from FY2006 to FY2016.

Table 4: Number of failures for PF ring from FY2006 to FY2016.

RF 
15% 

Magnet 
35% 

Vacuum 
3% 

Control/ Monitor 
23% 

Earthquake 
24% 

Total down time:17.3 hours 

Fiscal Year 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Total operation time (h) 5272 5104 5000 4976 5064 4728 4416 4176 3024 3888 3432
Scheduled user time (h) 4248 4296 4032 4008 4080 2832 3792 3504 2328 3048 2928
Ratio of user time (%) 80.6 84.2 80.6 80.5 80.6 59.9 85.9 83.9 77.0 78.4 85.3
No. of failures 25 23 18 24 18 18 23 22 15 23 18
Total down time (h) 44.6 91.1 23.8 42.7 29.2 14.9 37.6 52.1 11.4 14.4 17.3
Failure rate (%) 1.0 2.1 0.6 1.1 0.7 0.5 1.0 1.5 0.5 0.5 0.6
MTBF (h) 169.9 186.8 224.0 167.0 226.7 157.3 164.9 159.3 155.2 132.5 162.7
MDT (h) 1.8 4.0 1.3 1.8 1.6 0.8 1.6 2.4 0.8 0.6 1.0

Fiscal Year 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
RF 7 4 5 12 13 5 10 8 1 1 1
Magnet 3 2 3 4 0 2 0 2 4 7 7
Injection 2 3 4 0 1 0 0 1 3 6 0
Vacuum 2 1 0 0 0 0 0 0 0 1 2
Dust trap 0 1 0 1 0 0 0 0 0 0 0
Insertion Devices 3 4 3 1 1 4 3 0 1 1 0
Control/ Monitor 1 0 0 3 0 1 6 5 3 3 5
Cooling water 1 0 1 1 0 0 0 0 0 0 0
Safety/ Beamline 2 2 1 2 2 1 1 1 3 2 1
Earthquake 0 2 1 0 0 4 3 1 0 2 2
Electricity 4 4 0 0 1 1 0 4 0 0 0
Total 25 23 18 24 18 18 23 22 15 23 18

Fiscal Year 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Total operation time (h) 5272 5104 5000 4976 5064 4728 4416 4176 3024 3888 3432
Scheduled user time (h) 4248 4296 4032 4008 4080 2832 3792 3504 2328 3048 2928
Ratio of user time (%) 80.6 84.2 80.6 80.5 80.6 59.9 85.9 83.9 77.0 78.4 85.3
No. of failures 25 23 18 24 18 18 23 22 15 23 18
Total down time (h) 44.6 91.1 23.8 42.7 29.2 14.9 37.6 52.1 11.4 14.4 17.3
Failure rate (%) 1.0 2.1 0.6 1.1 0.7 0.5 1.0 1.5 0.5 0.5 0.6
MTBF (h) 169.9 186.8 224.0 167.0 226.7 157.3 164.9 159.3 155.2 132.5 162.7
MDT (h) 1.8 4.0 1.3 1.8 1.6 0.8 1.6 2.4 0.8 0.6 1.0

Fiscal Year 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
RF 7 4 5 12 13 5 10 8 1 1 1
Magnet 3 2 3 4 0 2 0 2 4 7 7
Injection 2 3 4 0 1 0 0 1 3 6 0
Vacuum 2 1 0 0 0 0 0 0 0 1 2
Dust trap 0 1 0 1 0 0 0 0 0 0 0
Insertion Devices 3 4 3 1 1 4 3 0 1 1 0
Control/ Monitor 1 0 0 3 0 1 6 5 3 3 5
Cooling water 1 0 1 1 0 0 0 0 0 0 0
Safety/ Beamline 2 2 1 2 2 1 1 1 3 2 1
Earthquake 0 2 1 0 0 4 3 1 0 2 2
Electricity 4 4 0 0 1 1 0 4 0 0 0
Total 25 23 18 24 18 18 23 22 15 23 18
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Fiscal Year 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Total operation time (h) 5016 4561 4969 5063 4608 4080 4080 3912 2352 3336 1821
Scheduled user time (h) 4032 3624 4344 4392 4032 2904 3672 3478 1992 2784 1104
Ratio of user time (%) 80.4 79.5 87.4 86.7 87.5 71.2 90.0 88.9 84.7 83.5 60.6
No. of failures 51 60 40 41 74 49 33 47 22 18 13
Total down time (h) 55.1 45.2 41.7 91.0 73.7 38.7 29.7 99.6 37.0 31.0 18.3
Failure rate (%) 1.4 1.2 1.0 2.1 1.8 1.3 0.8 2.9 1.9 1.1 1.7
MTBF (h) 79.1 60.4 108.6 107.1 54.5 59.3 111.3 74.0 90.5 154.7 84.9
Mean down time (h) 1.1 0.8 1.0 2.2 1.0 0.8 0.9 2.1 1.7 1.7 1.4

Fiscal Year 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
RF 10 1 4 8 10 5 4 5 2 1 3
Magnet 1 1 2 2 10 8 3 4 9 4 5
Injection 3 8 9 1 6 4 3 18 7 1 2
Vacuum 6 2 0 2 1 0 1 0 0 1 1
Dust trap 24 39 15 16 24 20 13 3 2 1 1
Insertion Devices 1 0 0 0 0 0 0 0 0 0 0
Control/ Monitor 0 1 1 1 2 1 2 8 0 0 0
Cooling water 1 0 3 4 4 1 0 2 0 0 0
Safety/ Beamline 4 5 5 7 17 3 4 3 1 8 0
Earthquake 0 1 0 0 0 5 3 1 0 2 1
Electricity 1 2 1 0 0 2 0 3 1 0 0
Total 51 60 40 41 74 49 33 47 22 18 13

Fiscal Year 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Total operation time (h) 5016 4561 4969 5063 4608 4080 4080 3912 2352 3336 1821
Scheduled user time (h) 4032 3624 4344 4392 4032 2904 3672 3478 1992 2784 1104
Ratio of user time (%) 80.4 79.5 87.4 86.7 87.5 71.2 90.0 88.9 84.7 83.5 60.6
No. of failures 51 60 40 41 74 49 33 47 22 18 13
Total down time (h) 55.1 45.2 41.7 91.0 73.7 38.7 29.7 99.6 37.0 31.0 18.3
Failure rate (%) 1.4 1.2 1.0 2.1 1.8 1.3 0.8 2.9 1.9 1.1 1.7
MTBF (h) 79.1 60.4 108.6 107.1 54.5 59.3 111.3 74.0 90.5 154.7 84.9
Mean down time (h) 1.1 0.8 1.0 2.2 1.0 0.8 0.9 2.1 1.7 1.7 1.4

Fiscal Year 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
RF 10 1 4 8 10 5 4 5 2 1 3
Magnet 1 1 2 2 10 8 3 4 9 4 5
Injection 3 8 9 1 6 4 3 18 7 1 2
Vacuum 6 2 0 2 1 0 1 0 0 1 1
Dust trap 24 39 15 16 24 20 13 3 2 1 1
Insertion Devices 1 0 0 0 0 0 0 0 0 0 0
Control/ Monitor 0 1 1 1 2 1 2 8 0 0 0
Cooling water 1 0 3 4 4 1 0 2 0 0 0
Safety/ Beamline 4 5 5 7 17 3 4 3 1 8 0
Earthquake 0 1 0 0 0 5 3 1 0 2 1
Electricity 1 2 1 0 0 2 0 3 1 0 0
Total 51 60 40 41 74 49 33 47 22 18 13

RF
15%

Magnet
46%

Injection
12%

Vacuum
6%

Dust trap
5%

Earthquake
16%

Total down time:18.3 hours

Figure 5: Pie chart of down time for PF-AR in FY2016.

Table 5: Operation statistics for PF-AR from FY2006 to FY2016.

Table 6: Number of failures for PF-AR from FY2006 to FY2016.
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3. Experimental Stations

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

for studies in the VUV and soft X-ray energy regions, 
and 4 stations for studies using slow positrons. Tables 
7, 8 and 9 summarize the areas of research carried out 
at the experimental stations at the PF ring, PF-AR and 
SPF.

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

 BL-1             (Short Gap Undulator)

A      Macromolecular crystallography                                                                                             N. Matsugaki 

 BL-4

 BL-5

 BL-6

BL-7

BL-8

BL-9

BL-10

A      High-resolution VUV-SX beamline for angle-resolved photoemission spectroscopy              H. Kumigashira

A      X-ray diffraction for material structural science                                                                       H. Nakao

A

B2

C

A

A

B      High-resolution VUV-SX spectroscopies                                                                                 H. Kumigashira

 BL-3             (A: Short Gap Undulator)

Person in Charge 

 Trace element analysis, X-ray microprobe (♠)

 High resolution powder diffraction (♠)

 X-ray diffraction for material structural science

Y. Takahashi [The Univ. of Tokyo] , 

M. Kimura, Y. Niwa

H. Uekusa [Tokyo Inst. of Tech.], 
H. Nakao

H. Nakao

 (Multipole Wiggler)

 Macromolecular crystallography N. Matsugaki

C

 Small-angle X-ray scattering  

 Macromolecular crystallography (♠) M. Okube [Tohoku Univ. ],              
H. Kawata

Soft X-ray spectroscopy (♦)

X-ray spectroscopy and diffraction  

J. Okabayashi [RCS], 
K. Amemiya

H. Sugiyama 

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

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

H. Sagayama

H. Sagayama

A

C

A

B

A XAFS

XAFS 

H. Abe

H. Abe

A

C

X-ray diffraction and scattering (♠)

Small-angle X-ray Scattering

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

N. Shimizu

BL-11

A

B

D

Soft X-ray spectroscopy

Soft X-ray spectroscopy

Characterization of optical elements used in the VSX region♠

Y. Kitajima 

Y. Kitajima 

K. Mase

BL-12

C XAFS H. Nitani

B      VUV and soft X-ray spectroscopy (♠)                                                                                      K. Edamoto [Rikkyo Univ.], 

                                                                                                                                                                      J. Yoshinobu [The Univ. of Tokyo], 
                                                                                                                                                                      K. Mase

C      Characterization of X-ray optical elements/White X-ray magnetic diffraction                                 K. Hirano

N. Igarashi

C

Table 7: List of the experimental stations available for users at the PF ring.

 BL-2             (Variable Polarization Undulator for VUV and planer undulator for SX) 
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♠ User group operated beamline

♦ External beamline 

◊ Operated by University 

 RCS: Research Center for Spectrochemistry, the University of Tokyo 

SINP: Saha Institute of Nuclear Physics 

Experimental Station

BL-13

Person in Charge 

A/B   VUV and soft X-ray spectroscopies with circular and linear polarization

(Variable Polarization Undulator)

K. Mase

BL-14 

C

B

A

(Vertical Wiggler)

Crystal structure analysis and detector development

High-precision X-ray optics

Medical applications and general purpose (X-ray)

S. Kishimoto

K. Hirano

K. Hyodo

BL-15

A1

A2

Semi-microbeam XAFS

High brilliance small-angle X-ray scattering

Y. Takeichi

N. Shimizu

BL-16

A

(Variable Polarization Undulator)

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

BL-17 

A

(Short Gap Undulator)

Macromolecular crystallography 

Y. Yamada 

BL-18

C

B

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

R. Prasad Giri [SINP], R. Kumai

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

BL-20

B

A

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

N. Kouchi [Tokyo Inst. of Tech],

H. Sugiyama

J. Adachi 

BL-27

A

(Beamline for radioactive samples)

Radiation biology, soft X-ray photoelectron spectroscopy

Radiation biology, XAFS

N. Usami

N. Usami

BL-28

A High-resolution angle-resolved photoemission spectroscopy with circular and linear 
polarization

(Variable Polarization Undulator)

K. Ono

High-resolution VUV spectroscopies with circular and linear polarization

(Short Gap Undulator)

B K. Ono

BL-19

B

Test beamline H. Nakao

Multipurpose monochromatic hard X-ray station (♦)

B

VUV spectroscopy (◊)
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AR-NE1

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

(Multipole Wiggler)

T. Kikegawa

T. Kikegawa

K. Hyodo, A. Suzuki [Tohoku 
Univ.]

AR-NE3

A Macromolecular crystallography Y. Yamada

AR-NE5

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

AR-NE7

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

AR-NW2

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

(In-vacuum Type Tapered Undulator)

AR-NW10

A H. NitaniXAFS

AR-NW12

A

(In-vacuum Type Tapered Undulator)

Macromolecular crystallography

AR-NW14

A

(In-vacuum Undulator)

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

M. Hikita

Y. Niwa

♥                 User group operated experimental equipment

NW2A

QC1
QC6

QC7NW14A

NW10A

NW-hall
N-hall

NE-hallNW12A

U#NW12

U#NW2 EMPW#NE1 U#NE3

10m

NE3A

NE1A

NE5C

NE7A

Experimental Station Person in Charge 

A

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

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

(In-vacuum Undulator)
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Experimental Station Person in Charge 

SPF-A3 Total-reflection high-energy positron diffraction T. Hyodo

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

Positronium time-of-flight T. HyodoSPF-B2

SPF-A4 Low-energy positron diffraction T. Hyodo

Figure 8: View of the beamlines in the Slow Positron Facility.

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

4. Summary of User Proposals

The Photon Factory accepts experimental propos-
als submitted by researchers mainly at universities and 
research institutes inside and outside Japan. The PF 
Program Advisory Committee (PF-PAC) reviews the 
proposals, and the Advisory Committee for the Institute 
of Materials Structure Science formally approves those 
that are favorably recommended. The number of ac-
cepted proposals over the period 2005–2016 is shown 
in Table 10, where S1/S2, U, G, P, MP denote Special, 
Urgent, General, Preliminary, and Multi-Probe propos-
als, respectively. Category T is a new type of proposal 
for supporting researches by PhD students. Category 
MP is also a new type of proposal in which no less than 
two of the four beams, synchrotron radiation at the PF, 
slow positron at the Slow Positron Facility, and neutron 
and muon beams at the Materials and Life Science Ex-
perimental Facility (MLF) in J-PARC, are required to be 
used, as a multi-probe experiment.

Category C is a proposal to carry out a joint experi-
ment between KEK and a research institute including 
a private company. Category I is a non-proprietary pro-
posal for integrated promotion of social system reform 
and research and development, supported by the Minis-
try of Education, Culture, Sports, Science and Technol-
ogy. Category V is a non-proprietary grant-aided pro-
posal that has already been reviewed and approved for 
a research grant; beam time for these proposals is allo-
cated with high priority, and the applicants are required 
to pay the regulation fees for the beam time. Category Y 
is a proprietary proposal; the applicants are required to 
pay the regulation fees for the beam time. The number 
of current G-type proposals each year has exceeded 
800 for the past few years. In addition to these propos-
als, 50 projects in the Platform for Drug Discovery, In-
formatics, and Structural Life Science were performed 
at the PF in FY2016. A full list of the proposals effective 
in FY2016 and their scientific output can be found in 
the Photon Factory Activity Report (http://www2.kek.jp/
imss/pf/science/publ/acrpubl.html).
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Ⅰ

Ⅱ

Category FY-2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 

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

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

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

G 310 386 403 402 397 407 415 454 447 407 361 372 

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

T          6 4 3 

MP           4 - 

C 28 25 24 18 12 15 19 20 20 25 24 37 

I     9 17 13 17 13 16 11 - 

V        1 2 2 2 4 

Y 2 23 23 22 29 31 30 30 41 22 33 39 

 
 
 
 
 
 
 

Table 10: Number of proposals accepted for the period 2005–2016.

S-type proposals consist of two categories, S1 and 
S2. S1 proposals are self-contained projects of excel-
lent scientific quality, and include projects such as the 
construction and improvement of beamlines and ex-
perimental stations which will be available for general 
users after the completion of the project. S2 proposals 
are superior-grade projects that require the full use of 
synchrotron radiation or long-term beam time. Propos-
als are categorized into five scientific disciplines, and 
reviewed by the five subcommittees of PF-PAC: 1) elec-
tronic structure, 2) structural science, 3) chemistry and 
materials, 4) life science I (protein crystallography), and 
5) life science II (including soft matter science). Figure 9 
shows the distribution by research field of the proposals 
accepted by the subcommittees in FY2016.

Figure 9: Distribution by scientific field of experimental proposals 
accepted in FY2016.

The number of users, for all types of proposals, now 
exceeds 3,010. Although the number of experimental 
stations has decreased, the approved scientific propos-
als and number of users have increased annually, as 
shown in Fig. 10. This indicates a high and increasing 
demand for synchrotron radiation and can be attributed 
to continuous improvements in the storage rings, beam-
lines, and experimental stations. The synchrotron has 
become one of the most important research tools for 
carrying out advanced science experiments and devel-
opment. About 22% of the proposals are conducted by 
new spokespersons, which indicates that the Photon 
Factory is open to public academic scientists. Figure 11 
shows the distribution of users by institutional position. 
Over three-quarters of the users belong to universities, 
of whom approximately 73% are associated with nation-
al universities. Over two-thirds of the national university 

users are graduate and undergraduate students; this 
indicates that the Photon Factory plays an important 
role in both research and education. The geographi-
cal distribution of the Photon Factory users is shown in 
Fig. 12 and Fig. 13, which also indicates the immense 
contribution of the Photon Factory to research and 
education throughout Japan. The registered number of 
papers published in 2016 based on experiments at the 
PF was 407 at the time of this writing (July 1st, 2017). In 
addition, 34 doctoral and 94 master theses have been 
presented.
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Other 1.0%Public University 
4.4%

Overseas 6.3%

Industries 7.3%

Public Research 
8.4%

Private University 
16.1% Graduate Students 

28.4%

Researchers 17.4%

Undergraduate 
Students 6.4%
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Figure 10: Number of registered PF users and scientific proposals over the period 1993–2016.
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Figure 11: Distribution of users by institution and position.

Figure 12: Regional distribution of spokespersons of proposals accepted in FY2016. We corrected the pie chart on 2019/09/02.
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Figure 13: Geographical distribution of Photon Factory users in FY2016 (domestic users only).
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13

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

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

Figure 1: Organization chart of KEK.
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Photon Factory

Synchrotron Radiation Science
Division I
Division II

Accelerators Division VII
(Light Source)

 

 

 

Beamline Engineering, Technical 
Services & Safety

User Support & Dissemination

Advanced Detector R&D

Slow Positron

Light Source III (Vaccum)

Light Source VII (Insertion Devices) 

Light Source VI (Electron Gun)

Light Source V (Beam Channel & Safety)

Light Source IV (Beam Diagnostics & Control)

Light Source II (RF) 

Light Source I (Magnet & Orbit) 

Ultrafast Dynamics

Industrial Application Research

Electronic Structure 

Condensed Matter 

Materials Chemistry

Life Sciences

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

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

Figure 2: Organization chart of PF (as of March 31, 2017) .
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Table 1: Staff members of the Photon Factory.

Group Name *Position
Title

**Additional Group Remarks

Research Staff

Director MURAKAMI, Youichi P

Synchrotron Radiation Science Division I & II

Electronic Structure Group
◎ KUMIGASHIRA, Hiroshi P

AMEMIYA, Kenta P UD ・BETSS ・AD
HORIBA, Koji AP
MASE, Kazuhiko AP
ONO, Kanta AP AD
INAMI, Nobuhito ASP AD
KOBAYASHI, Masaki ASP
MINOHARA, Makoto ASP
SAKAMAKI, Masako ASP AD
KITAMURA, Miho PD
TSUKAHARA, Hiroshi R
YUKAWA, Ryu R
(KITAJIMA, Yoshinori, ADACHI, Jun-ichi )

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

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

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

NITANI, Hiroaki ASP BETSS
TAKEICHI, Yasuo ASP AD
NIWA, Yasuhiro E UD ・BETSS
TAKAHASHI, Kei PD
KITAZAWA, Rumi R
(KIMIJIMA, Ken'ichi)

Life Sciences Group
◎ SENDA, Toshiya P
○ MATSUGAKI, Naohiro AP

KATO, Ryuichi AP
KAWASAKI, Masato AP
SHIMIZU, Nobutaka AP BETSS
TANABE, Mikio AP
YUMOTO, Fumiaki AP
ADACHI, Naruhiko ASP
HIKITA, Masahide ASP
SAIJO, Shinya ASP
SENDA, Miki ASP
YAMADA, Yusuke ASP
SATO, Tomomi PD
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Group Name *Position
Title

**Additional Group Remarks

HARADA, Ayaka R Oct. 1, 2016~
KOIWAI, Koutaro R
KUWABARA, Naoyuki R
MILLER, Simon R
NAGASE, Lisa R
NISHIKAWA, Yosuke R May. 16, 2016~
SATO, Yukari R
SHINODA, Akira R Oct. 1, 2016~Dec. 31, 2016
SUZUKI, Nobuhiro R
(IGARASHI, Noriyuki, HYODO, Kazuyuki, USAMI, Noriko,  TAKAGI, Hideaki )

Slow Positron Group
◎ HYODO, Toshio P

MOCHIZUKI, Izumi ASP

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

SUGIYAMA, Hiroshi ASP CM
KOSUGE, Takashi SE UD ・AD
UCHIDA, Yoshinori EE
MORI, Takeharu EE
TOYOSHIMA, Akio EE UD
KIKUCHI, Takashi E UD
SAITO, Yuuki E
TANAKA, Hirokazu E UD
MATSUOKA, Ai AE
ISHII, Haruno TA
NAGATANI, Yasuko TS
SUZUKI, Yoshio R Aug. 16, 2016~

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

USAMI, Noriko AP LS
OHSHIMA,  Hiroko TS

Industrial Application Research Group
◎ KIMURA, Masao P MC
○ BAN, Hiroshi SuF USD

KIMIJIMA, Ken'ichi TS MC
TAKAGI, Hideaki TS LS
TAKAHASHI, Yumiko TS CM

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

YAMAMOTO, Shigeru P

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

HASHIMOTO, Ryo ASP

Accelerator Division VII

Light Source I
◎ NAKAMURA, Norio P

KOBAYASHI, Yukinori P
HARADA, Kentaro AP
OZAKI, Toshiyuki AP
SHIMADA, Miho AP
TAKAKI, Hiroyuki AP

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

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

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

**Additional Group Remarks

UEDA, Akira EE
NAGAHASHI, Shinya E
TANAKA, Olga ASP
HIGASHI, Nao PD Oct. 1, 2016~

Light Source II
◎ SAKANAKA, Shogo P

YAMAMOTO, Naoto ASP
TAKAHASHI, Takeshi EE

Light Source III
◎ HONDA, Tohru P

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

Light Source IV
◎ OBINA, Takashi AP

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

Light Source V
◎ MIYAUCHI, Hiroshi AP

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

Light Source VI
◎ MIYAJIMA, Tsukasa AP

HONDA, Yosuke ASP
YAMAMOTO, Masahiro ASP
JIN, Xiuguang ASP
UCHIYAMA, Takashi EE
SATO, Kotaro R Jul. 1, 2016~

Light Source VII
◎ KATO, Ryukou P

TSUCHIYA, Kimichika AP
ADACHI, Masahiro ASP
SHIOYA, Tatsuro SF
NISHIDA, Maya AE Apr. 16, 2016~Sep. 30, 2016

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

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

○ Sub Group Leader◎ Group Leader
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Name Affiliation Remarks

Researcher
WAKATSUKI, Soichi

Visiting Professor
ASAKURA, Kiyotaka (Hokkaido Univ.)
KONDO, Hiroshi (Keio Univ.)
KOSHIHARA, Shinya (Tokyo Inst. of Tech.)
MORITOMO, Yutaka (Univ. of Tsukuba)
NAGASHIMA, Yasuyuki (Tokyo Univ. of Science)
NODA, Yukio  (Tohoku Univ.)
OHKUMA, Haruo (SPring-8)
OKUBO, Masataka (AIST)
SAKASHITA, Hitoshi (AIST)
TAKAHASHI, Yoshio (The Univ. of Tokyo)
YAO, Min (Hokkaido Univ.)

Visiting Associate Professor
KAMIKUBO, Hironari (Nara Inst. of Science and Tech.)

The Graduate University for Advanced Studies (SOKENDAI)
AIZAWA, Kyohei
HOTEI, Takahiro
INOUE, Keisuke
MATSUBARA, Haruki
MIYAZAWA, Tetusya
YU, Hong Yang
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  1 SAGAYAMA, Hajime

  2 KIMURA, Masao

  3 YAMADA, Kazuyoshi

  4 AMEMIYA, Kenta

  5 MURAKAMI, Youichi 

  6 ADACHI, Shin-ichi

  7 KAWATA, Hiroshi 

  8 KOBAYASHI, Yukinori

  9 SAKABE, Noriyoshi

10 TANABE, Mikio 

11 KOSUGE, Takashi

12 HARADA, Ayaka

13 MATSUMARU, Hiroyuki

14 MATSUBARA, Haruki

15 SATO, Tomomi 

16 YAMASAKI, Tazuko 

17 KURAMOCHI, Keiko

18 HAMAMATSU, Chikako 

19 NAKAJIMA, Mieko  

20 TOYAMA, Hisako

21 IGARASHI, Miho

22 UTSUNO, Emi 

23 MISUMI, Yoko

24 IGARASHI, Noriyuki

25 SASAJIMA, Kumiko

26 UNJOH, Atsuko

27 SAKAMAKI, Masako 

28 ZENIYA, Tomoko

29 KIKUCHI, Akemi

30 KITAZAWA, Rumi

31 SHIMADA, Miho

32 SHINODA, Akira

33 SATO, Daisuke

34 HORIBA, Koji

35 NAITO, Shinji

36 HIKITA, Masahide 

37 AOKI, Tamie 

38 KITSUNAI, Saki

39 TANAKA, Olga

40 TAKAHASHI, Yoshimi

41 TANAKA, Makiko

42 KOBARI, Miyuki

43 NITANI, Hiroaki

44 ICHIYANAGI, Kouhei  

45 NAGATA, Naomi

46 OHSHIMA, Hiroko

47 NOGAMI, Takashi

48 KURAMOTO, Yoshio

49 IRIE, Kaoru

50 OZAKI, Mizuko

51 KATO, Ryukou

52 NAKAMURA, Norio

53 HAGA, Kaiichi

54 KITAMURA, Miho

55 YUKAWA, Ryu 

56 ISHII, Haruno

57 SAGAYAMA, Ryoko

58 UCHIDA, Yoshinori

59 ABE, Hitoshi

60 OGAI, Yukiko

61 SUKEGAWA, Rieko

62 YONEZAWA, Kento

63 MOCHIDA, Madoka

64 TAKAHASHI, Yumiko

65 FUKAWA, Ryo

66 NAGAHASHI, Shinya  

67 UEDA, Akira

68 ASAOKA, Seiji

69 HONDA, Tohru

70 TAKAHASHI, Masatsuyo

71 MATSUOKA, Ai

72 HIRANO, Keiichi  

73 NOZAWA, Shunsuke

74 KATO, Ryuichi

75 HASHIMOTO, Ai

76 ITO, Mai 

77 SAGEHASHI, Hidenori

78 SHIGA, Daisuke 

79 NISHIKAWA, Yousuke

80 INOUE, Keisuke

81 HOTEI, Takahiro

82 YU, Hong Yang

83 YAMAMOTO, Shigeru

84 MASE, Kazuhiko

  85 TAKAI, Ryota

  86 MIYAUCHI, Hiroshi

  87 NAKAO, Hironori

  88 KIKUCHI, Takashi

  89 ADACHI, Jun-ichi 

  90 KUMAI, Reiji

  91 KURIHARA, Masashi

  92 MIYAZAWA, Tetsuya

  93 KITAJIMA, Yoshinori

  94 KOIDE, Tsuneharu

  95 HYODO, Kazuyuki 

  96 KAWABE, Hironobu

  97 KOYAMA, Atsushi

  98 SHIMIZU, Nobutaka 

  99 FUKUMOTO, Keiki

100 HASHIMOTO, Ryo

101 TAKAHASHI, Kei

102 MITSUHASHI, Taichi

103 TOYOSHIMA, Akio

104 SAKANAKA, Shogo

105 IKEDA, Kiyoshi

106 KOBAYASHI, Masaki

107  KUMIGASHIRA, Hiroshi 

108 TAHARA, Toshihiro

109 TOBISHIMA, Kensuke 

110 FUNAMORI, Nobumasa

111 TSUCHIYA, Kimichika

112 KIMIJIMA, Ken'ichi

113 TAKAGI, Sota

114 MOCHIZUKI, Izumi

115 MINOHARA, Makoto

116 BAN, Hiroshi

117 HYODO, Toshio

118 SENDA, Toshiya

119 KISHIMOTO, Shunji 

120 ONO, Kanta

121 SENDA, Miki

122 HIROOKA, Kyoko

123 HARUKI, Rie 

124 WAKABAYASHI, Daisuke
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