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Battery and capacitor are each an indispensable 
component of electronic products in contempo-
rary human life. Many researchers devote time to 
related topics and fields. In this work, Nae-Lih Wu 
led his group to develop a new mixed pseudoca-
pacitor-battery electrode material. A metal oxide 
such as MnO2 is an electrode material famous for 
not only its low cost, natural abundance and envi-
ronmental compatibility but also its outstanding 
rate and high-capacity performance. The specific 
energy (E) of a capacitor is described with

E=1/2CΔV 2=1/2QΔV

in which C is the specific capacitance, ΔV is the 
operating voltage range, and Q is the specific 
charge-storage capacity. There are two obvious 
factors to improve the specific energy, the charge-
storage capacity and the operating potential win-
dow (OPW) of the pseudocapacitor electrodes. 
Until now, the charge-storage capacity of MnO2-
based pseudocapacitors has been limited to a 
small fraction of a one-electron transfer between 
Mn(IV) and Mn(III) ions per unit formula of 
MnO2  with OPW ≤ 1 V.1 To exceed this charge-
storage limit, new strategies that enable revers-
ible electron transfer between Mn ions of lower 
valences are required, which also means that the 
OPW must be extended to lower potentials. A 
novel design of metal-oxide pseudocapacitor 
demonstrated to widen substantially the operat-
ing potential window can store electrical energy 
by electron-charge transfer between electrode and 

electrolyte. Wu’s group designed a MnO2-SiO2 
nanostructured composite exhibiting unique 
mixed pseudocapacitance-battery behavior.2

Synchrotron powder diffraction patterns were 
measured at BL01C2. Patterns of porous Mn-Si-
O (MSO) composite show also a broad hump 
that is attributed to the SiO2 component. The 
signals of MSO are much broader than those of 
MnO2 control powder, which means that the 
average size of birnessite crystallites in the MSO 
sample is less than that in the control powder. 
Based on the Debye-Scherrer equation, the 
average crystallite size of MSO powder is 4.2 nm 
and 13.8 nm for the MnO2 control powder. For 
the MnO2 control powder, the structure changes 
from birnessite to spinel when the potential 
ranges from -1 to 1 V (shown in Figs. 1(b) and 
1(c)). In contrast, for the MSO powder, the oxide 
particles disappeared after the conditioning cycles 
between -1 and 1 V. The XRD data acquired 
before and after the conditioning cycles enabled 
two major conclusions. First, electrochemical 
reduction of birnessite leads to an irreversible 
structure transformation into a more compact 
spinel structure. Second, the interfacial binding 
between the MnO2 nanodomains and SiO2 might 
help to prevent the structure transformation and 
volume contraction. These conditions might 
form the reason that the MSO electrode retains a 
more open birnessite structure suitable for a large 
charge-storage capacity.

The cycling stability of the MSO electrode was 
measured in CV scans at 20 mVs−1. The MnO2 
control electrode lost more than 90 % capacity 
about 500 cycles, but the MSO electrode retained 
68 % stability after 5000 cycles (shown in Fig. 
2). No precipitation was observed during the 
conditioning cycles of the MSO electrode, indi-
cating no Mn2+ dissolution. These results show 
clearly that the MSO material design successively 
protects MnO2 from erosion when the electrode 
operates in a region of low potential.

The kinetic mechanism of the MSO electrode 
was investigated with the aid of Mn K-edge ab-
sorption spectroscopy in operando at BL17C1. 
In Fig. 3(a), the Mn K-edge absorption energy is 
proportional to its oxidation state. In general, the 
energy decreases with decreasing Mn valence. 
During a cathodic CV scan from -1 to 1 V, shown 
in Fig. 3(b), the absorption edge shifted toward 
smaller energy. The lack of an isosbestic point 
among all absorption spectra indicates that the 
Mn oxide domains remained single phase and 
charge transfer between Mn(IV) and Mn(III) 
proceeds through a solid-solution intercalation 
mechanism (SSI). During the anodic scan from 
-1 to -0.3 V, the absorption edge further shifted to 
smaller energy, which reveals that charge transfer 
from Mn(III) to Mn(II) is incomplete and a nega-
tive capacitance appeared during the early stage 
of the anodic scan. In the absorption spectra was 
observed an isosbestic point among data recorded 

A Mixed Pseudocapacitor-Battery Electrode with High 
Capacity and High Rate Character

Fig. 2: Specific capacity versus cycle number for MSO and MnO2 electrodes. 
[Reproduced from Ref. 2]

Fig. 1: Powder diffraction patterns: (a) mesoporous SiO2 host powder, (b) MnO2 
control (birnessite), (c) MnO2 after  conditioning cycles (spinel) between -1 and 1 V, (d) 
MSO composite powder, and e) MSO electrode after conditioning cycles between -1 
and 1 V. [Reproduced from Ref. 2]
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tion and extraction has two kinetic types, a homogeneous SSI mechanism 
and a heterogeneous TPR mechanism (shown in Fig. 4). In the SSI mecha-
nism, the inserting cations randomly enter or leave the host matrix without 
creating a new domain. In contrast, in the TPR mechanism, the inserting 
cations create distinct domains, either local or long-range.

at -1, -0.3 and 0.2 V, indicating that the cation insertion or extraction proceeds 
through a two-phase reaction mechanism (TPR).

In sum, charge transfer during charge and discharge of MnO2 pseudocapaci-
tive electrodes involves not only the adsorption and desorption of cations but 
also the insertion and extraction of cations. The mechanism of cation inser-

Fig. 3: Mn K-edge XANES analysis: (a) spectra of standard powders with varied oxidation states; (b) spectra in operando of the MSO electrode acquired during reduction from 1 to 
-1 V (dashed lines delineate the edge profiles of standard powders including, from left to right, MnO, Mn3O4 and MnO2); (c) spectra during oxidation from -1 to 0.2 V, and (d) spectra 
during oxidation from 0.2 to 1 V (dashed line indicates the initial spectrum of the electrode). [Reproduced from Ref. 2] 

Fig. 4: Charge-transfer mechanisms, two types involved in the MSO electrode. 
(a) Solid solution intercalation mechanism, (b) Two-phase reaction mechanism. 
[Reproduced from Ref. 2]

Fig. 5: EXAFS spectra of a MSO electrode acquired at three potentials, namely 1, 
-0.5 and -1 V, during a complete CV cycle between 1 and -1 V. A dashed line plots the 
spectrum of a MnO standard sample. The downward arrows locate the major signals 
of the Mn(IV)-O phase, while the upward arrows locate those of the Mn(II)-O phase. 
[Reproduced from Ref. 2]
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Fig. 1: Variations of lattice parameters (in Å) and volumes (in Å3) with corresponding x values in 
SrxCa0.993-x AlSiN3:Eu2+

0.007 (x = 0 to 0.9) through Rietveld refinements. [Reproduced from Ref. 3]

The Mn K-edge EXAFS spectrum 
acquired at 1 and -0.5 V of the MSO 
sample show two prominent signals at 
1.28 and 2.4 Å, which correspond to 
Mn-O and Mn-Mn bonds, respec-
tively. An additional signal about 1.8 
Å observed before the conditioning 
cycles is in accordance with an as-
sumption of Mn-O-Si bonding. The 
spectra indicate that the fundamental 
birnessite structure does not change 
within the potential ranges of the two 
charge-transfer mechanisms and is 
consistent with the SSI mechanism. In 
contrast, the spectrum acquired at -1 
V is within the TPR mechanism. The 
coexistence of domains of Mn oxides 
with disparate local structures is 
consistent with the TPR mechanism.

A novel strategy for material design is 
demonstrated to widen significantly 
(up to 2 V) the OPW of a MnO2-
based aqueous pseudocapacitive 
electrode and to enable consecu-
tive reversible charge transfer from 
Mn(IV) to Mn(II) over thousands of 
cycles. The material design involves 
forming spatially confined MnO2 
nanodomains of which the surfaces 
are surrounded by electrochemically 
inactive SiO2 with extensive interfacial 
Mn-O-Si binding. The resulting MSO 
electrode exhibits mixed pseudoca-
pacitor−battery behavior with high 
charge-storage capacity, which holds 
great promise for supercapacitor ap-
plications requiring large capacity and 
high energy. (Reported by Yu-Chun 
Chuang)

This report features the work of Nae-Lih 
Wu and his co-workers published in Adv. 
Energy Mater. 5, 1500772 (2015).
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Light-emitting diodes (LED) are the most important 
source of light in our daily life because of not only their 
great energy efficiency and energy consumption but 
also environmental compatibility. White LED can save, 
relative to incandescent light bulbs, approximately 70 
% of energy and lack hazardous mercury commonly 
used in luminescent tubes.1

Two ways to produce a white light LED are (I) mixing 
red, green and blue light, and (II) exciting a red phos-
phor with an ultraviolet or blue LED. Nitride phos-
phors, one type of red-emitting phosphor material, are 
known to be suitable for white LED. Such phosphors 
have also been studied extensively to increase the 
color-rendering index (CIE 1931), and the thermal or 
chemical stability.2 Cation substitution is a common 

The Scaring Strontium in a LED

Fig. 2: (a) Raman spectrum of SrxCa0.993-x AlSiN3:Eu2+ (x = 0, 0.3, 0.6 and 0.9). (b) Schematic graph of separate 
clusters in the lattice. [Reproduced from Ref. 3]
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way to optimize photoluminescence and thermal-quenching behaviour, but the mechanisms 
are unclear in most cases.

A collaborative team led by Ru-Shi Liu (National Taiwan University), who is an expert on the 
phosphor, has reported a detailed study from a structural point of view of how cation substitu-
tion alters the structure and photoluminescence of a red-emitting phosphor.3 This report is 
published in Journal of the American Chemistry Society, 2015. In their report, the Sr-doped phos-
phor, Ca0.993-xSrx AlSiN3:Eu2+, shows a significant emission spectral shift and improved thermal 
stability. This replacement of Ca by Sr causes several modifications of structure, atomic charge 
and coordination, which eventually affect its phosphorescence. 

In this work, Rietveld refinements of synchrotron powder diffraction data, measured at 
BL01C2, show that Sr replacement causes an expanded volume of the unit cell, and also axes b 
and c due to the larger ion Sr2+ (size 1.12 Å) than Ca2+ (0.99 Å), but this replacement also affects 
the chemical bonds and geometries parallel to axis a, the distortion of the (Si/Al)N4 tetrahedral 
structure and a decreased Sr-N distance in the second nearest coordination site (Fig. 2). 

The structure of Al/SiN4 is disordered in a Sr-free sample but becomes ordered (AlN4)(SiN4) 
in Sr-containing samples because of the highly symmetric coordination sites around the Sr cen-
ter, which generates different rotation and translation interaction energies. This effect is proved 
by Raman spectroscopy. The rotation and translation interactions between the divalent site and 
the (Si/Al)4 tetrahedral framework are shown in region 350-250 cm-1 in Raman spectra (Fig. 
2). This broad line (x = 0) separates into two lines as the Sr concentration increases. Figure 2(b) 
shows the order-disorder structure of (Si/Al)4.

The Sr-replacement causes also an altered atomic charge of Eu ions. X-ray absorption spectra 
at the Eu L3-edge were measured at BL17C1 (Fig. 3). The authors found the concentration 

of Eu3+ to decrease and Eu2+ to increase in a Sr-containing sample. In this phosphor 
Ca0.993-xSrx AlSiN3:Eu2+, Eu2+ is the major emission center whereas Eu3+ is a luminescence 
killer due to a f-f transition. The size of ions Eu2+ and Eu3+ are 1.14 and 0.95 Å. Ion Sr2+ (1.12 
Å) has a size similar to that of Eu2+ (1.14 Å); both ions prefer coordination number 10. The 
Sr-containing sample thus causes some Eu3+ to become reduced to Eu2+. The changes of 
absorption lines are related to the change of axis a.

For applications, the most important properties are photoluminescence and thermal stabil-
ity (Fig. 4). Significant changes are observed as x = 0.9. Compared to Ca0.993AlSiN3:Eu2+

0.007, 
the intensity of emitted light increases more than 25 % and wavelength shifts (~ 50 nm) to 
about 600 nm. Such a shift is important to produce a white LED. The thermal stability is 
almost the same for x = 0, 0.3 and 0.6 but it is significantly improved for x = 0.9. 

In summary, Liu and his co-workers reported a detailed study of how doping with the Sr 
ion alters the local structure. The altered ionic size and coordination number influence the 
lattice and thereby induce a variation of charge. These results not only confirm the local 
structure through a subtle analytical technique but also improve phosphor properties for 
LED applications. (Reported by Yu-Chun Chuang)

This report features the work of Ru-Shi Liu and his collaborators published in J. Am. Chem. Soc. 
137, 8936 (2015).
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Fig. 3: (a) Eu L3-edge XANES spectra of 
SrxCa0.993-x AlSiN3:Eu2+

0.007 (x = 0 to 0.9). (b) Dependence of 
Eu2+/Eu3+ within the range 6970 to 6990 cm−1; the relative 
intensity of Eu2+/Eu3+ is shown in the inset. [Reproduced from 
Ref. 3]

Fig. 4: (a) Excitation (dashed lines) and emission (solid lines) 
spectra of Ca0.993-x AlSiN3:Eu2+ (x = 0, 0.3, 0.6 and 0.9). (b) 
Fitting curve for emission intensity dependent on temperature. 
[Reproduced from Ref. 3]
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With the progress of graphene research, two-
dimensional materials related to graphene attract 
wide attention in recent years. The common 
feature of these materials is that the bulk 3D crys-
tals are stacked structures, with a van der Waals 
(vdW) interaction between adjacent sheets and 
strong covalent binding within each sheet. Due 
to the nature of vdW interaction, these stacked 
2D materials are also known as vdW materials. 
These materials span a wide range from graphene 
with the simplest structure, to transition-metal 
dichalcogenides (TMD), transition-metal oxides 
and topological insulators, etc., containing diverse 
electronic structures and physical properties. 
VdW materials thereby possess diverse potential 
applications. Even more interestingly, because of 
the nature of their weak interlayer force, vdW ma-
terials are proposed to be able to stack as atomical-
ly thin LEGO to construct artificial superlattices 

with designated functionalities.1 To achieve such 
an ultimate goal, a thorough understanding of the 
intrinsic properties of vdW materials is essential.

In this regard, several research teams applied pho-
toelectron spectroscopy (PES) with synchrotron 
radiation to study the fundamental electronic and 
chemical properties of various vdW materials in 
2015.

The research team led by Forest Shih-Sen Chien 
(Tunghai University) utilized soft X-rays deliv-
ered by BL09A1 as a reducing agent for graphene 
oxide (GO), and made use of the character of 
PES, such as the sensitivity to surface and chemi-
cal states, to study the reduction dynamics of GO 
induced by soft X-rays.2 By tuning the incident 
photon energy and the sample current density 
(SCD), Chien analyzed the evolution of the C 

Towards Atomically Thick LEGO

Fig. 1: (a) Evolution of C 1s core-level areas of C−C, C−O, C=O and C-defect signals with duration of exposure under 
X-radiation at 580 eV. (b) Logarithm of area ratio of the number of C−O moieties after exposure for period t and the 
number of C−O moieties of GO as deposited; ln([C−O]t/[C−O]1), versus period of soft X-ray exposure for four SCD. 
[Reproduced from Ref. 2]

Fig. 2: Mapping of photoemission intensity of band dispersion around the K point taken at photon energies 54 and 82 eV. 
Whereas measurements at 54 eV enhance the outer band and suppress the inner band, measurements at 82 eV exhibit the 
opposite effect. [Reproduced from Ref. 3]

1s PES line shape and valence band maximum 
position of GO in detail; the evolution of car-
bon moieties upon soft X-ray irradiation and 
the deduced rate coefficients for GO reduction 
are shown in Figs. 1(a) and 1(b), respectively. 
These results indicate that the exposure to soft X-
rays resulted in the dissociation of hydroxyl and 
functional carbonyl groups and in the formation 
of trigonal C−C bonds of GO; the dependence of 
the rate of X-ray reduction on the SCD exhibiting 
the reduction was attributed to the X-rays excited 
secondary electrons emitted from substrate. In 
summary, Chien's work yields clear experimental 
evidence regarding the mechanism of the GO 
reduction with soft X-rays, which might lead to 
an efficient method for mass production of high-
quality graphene.

On the other hand, Ku-Ding Tsuei and his co-
workers from NSRRC and National University 
of Singapore tackled another aspect of graphene 
properties, the many-body effects near the 
neutrality point of bilayer graphene (BLG). The 
ideal tool to investigate such effects is with angle-
resolved photoemission spectroscopy (ARPES) 
as it probes directly BLG's band structures with 
information about both energy and momentum.

Fundamentally, a highly doped BLG behaves 
similar to an ordinary metal and is described 
with Fermi liquid theory, in undoped BLG, such 
as mechanically exfoliated BLG (ExBLG), this 
description is expected to fail; the system can be 
considered as quantum-critical, when the Fermi 
level (EF) resides at the Dirac energy (ED) and 
the system has no gap. In Tsuei’s recent work,3 
as shown in Fig. 2, using the ARPES system at 
BL21B1, they demonstrated that ExBLG on 
a Si substrate with native oxide has no gap and 
does not behave as a Fermi liquid. Tsuei's team 
observed for the first time in such charge-neutral 
BLG an electron-phonon coupling strongly 
dependent on anisotropic momentum space near 
the K-point as well as a directly observed non-Fer-
mi liquid behaviour; their observations strongly 
support the existence of 2D quantum-critical 
points at the charge-neutrality point. Further-
more, the experimental evidences indicate that the 
thickness of vdW materials strongly affects their 
electronic structure, even in the simplest form of 
graphene. This information is of great importance 
when vdW superlaatices are to be assembled.

Another family member of vdW materials that 
attracts much attention comprises TMD. Bulk 
TMDs are indirect band-gap semiconductors, 
but, interestingly, when thinned to a monolayer, 
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they become direct band-gap semiconductors, which means that their het-
erojunctions (HJ) are ideal platforms for atomic layer optoelectronic applica-
tions. Since HJ band offset is the key parameter for the design of HJ-based 
electronic or photonic devices, an accurate determination of this parameter is 
critically important.

Fig. 3: SPEM measurements on stacked MoS2/WSe2 and WSe2/MoS2 heterostructures. 
(a) Mo3d and W4f mappings for the same physical area. The right figure is an overlapped 
mapping that allows the identification of MoS2/WSe2 stacked areas. Points A and 
B indicate a typical stacking area in which XPS are recorded. (b) Spectra of selected 
isolated WSe2 and MoS2 flakes, stacked MoS2/WSe2 and WSe2/MoS2 heterostructures. 
[Reproduced from Ref. 4]

Green chemical energy is a promising source of 
energy in the pursuit of a natural environment free 
of pollution. By adopting the decomposition or 
oxidation of methanol on metallic nanocatalysts 
supported on oxides in electrochemical cells, 
the direct methanol fuel cell (DMFC) offers an 
efficient conversion to electricity and an abundant 
source of hydrogen, but the structure of a metallic 
or hetero-metallic nanocatalyst is found to play an 
important role in the electrochemical reactions in 
the design of a highly efficient cell or to improve 
the performance of DMFC operations. In 2015, 
scientists attempted to bridge the material gap 
between single metallic or core-shell nanocrystals 
(NC) and real catalysts by characterizing cata-
lytic processes on supported metal or core-shell 
nanoclusters. A research team of Meng-Fan Luo 
(National Central University) investigated the 

dependence on cluster size of supported rhodium 
(Rh) nanocatalysts in the decomposition of 
methanol. As Rh has been widely used and can be 
alloyed with primary platinum (Pt) catalysts in a 
DMFC, an investigation of the reaction mecha-
nism and the cluster size in this model system 
might shed light on the design of a highly efficient 
catalytic system. From the hetero-structural point 
of view, another team of Tsan-Yao Chen (National 
Tsing Hua University) reported the effect of the 
bimetallic core-shell structure on electrochemi-
cal oxidation of MeOH in a full-stack module of 
a DMFC. Both reports illustrate the importance 
of catalytic structures on the efficiency of the 
methanol reaction in a DMFC cell.

From their investiagation,1-4 the former team 
demonstrated the decomposition of methanol 

and methanol-d4 on Rh clusters supported on 
an ordered thin film of Al2O3/NiAl(100) under 
UHV conditions with various surface techniques 
and calculations with density-functional theory. 
To investigate the correlation between structures 
of the Rh nanocatalyst and the methanol decom-
position, the team performed advanced research 
in applying X-ray photoemission spectroscopy 
(PES) at BL09A2. In their work, the oxide-sup-
ported Rh nanocatalysts were carefully controlled 
in situ to imitate the conditions prepared in the 
NCU laboratory. To avoid contamination from 
the reactive gases in air, the research team per-
formed PES measurements in situ immediately 
after the preparation of samples.

As Fig. 1(a) shows, the C 1s PES spectra display the 
temperature dependence of the decomposition of 

How the Structure of Metallic or Bimetallic Nanocatalysts 
Affects the Reactivity of a Direct Methanol Fuel Cell 

To understand the band alignment of TMD, Chih-Kang Shih (University of 
Texas at Austin, USA) Lain-Jong Li (Academia Sinica/King Abdullah Uni-
versity of Science and Technology, Saudi Arabia) and their co-workers, em-
ployed a scanning photoelectron microscopy (SPEM) located at BL09A1, 
to study the band alignment of single layer MoS2/WSe2 heterostructure.4

Using micro-focused soft X-rays delivered from SPEM (Fig. 3), in conjunc-
tion with scanning tunnelling spectroscopy, Shih amd his collaborators de-
termined the band alignment in TMD heterostructures. A type-II alignment 
in WSe2/MoS2 with a valence band offset 0.83 ± 0.07 eV and a conduction 
band offset 0.76 ± 0.12 eV was determined. The team discovered further that 
the TMD and its supporting graphite form also a semiconductor/semimetal 
heterostructure such that a transitivity holds for heterostructures formed 
between TMD and TMD/graphite.

All works describe above were aimed to elucidate the fundamental physical 
or chemical properties of vdW materials. Although we are still far from play-
ing with vdW materials as LEGO, all this accumulated knowledge definitely 
bring us closer to this ultimate goal! (Reported by Chia-Hao Chen)

This report features the works of Ming-Hui Chiu, Chih-Kang Shih, Lain-Jong Li 
and their co-workers published in Nat. Commun. 6, 7666 (2015); of Cheng-Maw 
Cheng, Ku-Ding Tsuei, Barbaros Özyilmaz and their co-workers published in Sci. 
Rep. 5, 10025 (2015); and of Chi-Yuan Lin, Shih-Sen Chien and their co-workers 
published in J. Phys. Chem. C 119, 12910 (2015).
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methanol (5.0 L) adsorbed on Rh clusters/Al2O3/NiAl(100) (1.0 ML). The 
PES C 1s spectra provide information about the species methanol/methoxy/
CO on the Rh surface at the selected annealing temperature. According to the 
C 1s signals, the formation of CO vanished about 500 K through dissociation 
and desorption. A plot of the variation of C 1s integrated intensities as a func-
tion of temperature provided an estimate of the probability of dehydrogenation 
of methanol on the Rh clusters. Figure 1(b) shows two declining lines in the 
plot. The former indicates the desorption of methanol and the latter primarily 
the desorption and dissociation of CO. The PES 
results combined with other experimental and 
computational results indicate that the methanol 
on the Rh clusters decomposed via dehydrogena-
tion to CO, which was significantly activated above 
200 K, regardless of the cluster size. In contrast, the 
production of CO and hydrogen (deuterium) per 
Rh surface site varied notably with the cluster size. 
As a result, methanol on Rh clusters decomposed 
through only one channel—dehydrogenation to 
CO. The schematic diagrams in the Fig. 2 illus-
trate the results from the DFT calculations. With 
decreasing cluster size, the activation energy for the 
scission of the O-H bond in the initial dehydroge-
nation became smaller than the activation energy 
for the competing desorption. Therefore, adsorbed 
methanol on Rh single crystals and large clusters 
prefers to desorb, whereas that on small clusters 
to undergo dehydrogenation. The mechanism 
resembles that on Rh single crystals, but differs 
from that on supported Pt and Pd nanoclusters, 
for which scission of the C-O bond serves as an 

alternative channel.

The structural stability of the nanocatalyst is also 
critical to affect the performance of the electro-
chemical reaction in a DMFC. Among the nano-
catalysts, the core–shell structure of NC displays 
the most structural stabilization from the nanome-
ter to the atomic scale. The research team of Tsan-
Yao Chen studied various structural configurations 
of alloyed RuPt and core–shell NC (RuCore–PtShell 
NC, denoted as PtS/RuC) for the electrochemical 
oxidation of MeOH in a full-stack module of a 
DMFC. To unravel the influence of the core-shell 
structure on the reactivity of DMFC, the physical 
structures of the NC were characterized with X-ray 
absorption spectroscopy at BL07A1, BL17C1, 

and SP12B1. As Figs. 3(a) and 3(b) show, the X-ray-absorption 
near-edge structure (XANES) spectra of PtS/RuC NC elucidate 
the changes of the chemical states and the atomic ordering of Pt 
and Ru atoms on NC after electrochemical reactions. Figure 3(a) 
indicates the formation of an ultra-thin Pt oxide on the outermost 
layer of freshly prepared NC. Compared to alloyed RuPt NC, 
substantially decreased HA* and increased HB* illustrate the reduc-
tion of Pt oxides in the redox reaction in MOR and DMFC work 
cycles. The Ru K-edge XANES spectrum in Fig. 3(b) indicates 
that the RuO2 core was shielded by the Pt shell capsule without 

exposure to the chemisorption of protons. The chemical state and structural 
evolution were confirmed with Fourier-transformed radial-structure functions 
for the samples at the Pt L3 and Ru K-edges in Figs. 3(c) and 3(d), respectively. 
The absence of Pt–O and Pt–Ptox signals indicates the reduction of Pt oxide. 
This conformational confinement of PtS/RuC core–shell NC enhanced the 
charge donation from the shell Pt to the core Ru, and thus improved the CO 
tolerance factor to the module durability of the DMFC.

Fig. 1: PES spectra; (a) C 1s from CH3OH (5.0 L) adsorbed 
on Rh clusters (1.0 ML) on Al 2O3/NiAl(100) at 125 K and 
annealed to selected temperatures. (b) Integrated intensities 
of C 1s spectra for methanol/methoxy/CO as a function of 
temperature. [Reproduced from Ref. 2]

Fig. 2: Formation of CO and hydrogen with optimized structures of CH3OH and its decomposition 
fragments on Rh(100) and Rh38. [Reproduced from Ref. 2]

Fig. 3: XANES spectra for NC with and without conducting MOR and DMFC work cycles for PtS/RuC NC at (a) Pt L3-
edge and (b) Ru K-edge. (c) Fourier-transformed radial-structure functions for NC at the Pt L3-edge and (d) Ru K-edge. 
[Reproduced from Ref. 4]
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Mesocrystals, materials in a new class with 
nanocrystal superstructures exhibiting directional 
or translational symmetry, have captured sig-
nificant attention in the past decade due to their 
potential for applications of catalytic, electronic, 
optical, drug-delivery and reaction-precursor ap-
plications. Because of their structural nature, the 
mesocrystals can possess unique properties and 
functionalities that are distinct from bulk or nano 
functional materials. Considerable efforts have 
been made to develop mechanisms of synthesis 
and to acquire new members of the mesocrystal 
family, such as oxide, metal and organics, as well 
as to tailor their various functionalities. In 2015, 
a research team of Ying-Hao Chu (National 
Chiao Tung University) demonstrated magnetic 
mesocrystals of several new types consisting 
of self-assembled core-shell nanocrystals or 
nanocrystals embedded in a matrix material via 
epitaxial growth. The epitaxy enables the align-
ment of orientations among nanocrystals, form-
ing building blocks of a mesocrystal to enlarge 
the playground of mesocrystals. According to 
their recent reports, this team demonstrated a 
growth method to synthesize self-organized two-
dimensional mesocrystals composed of highly 
oriented magnetic nanocrystals with assistance of 
shell materials or various matrices. The properties 
of the mesocrystals were modulated on either 

varying the core-shell structure or altering the sur-
rounding matrix. To uncover the intriguing func-
tionalities of these mesocrystals, X-ray absorption 
spectroscopy (XAS) and X-ray magnetic circular 
dichroism (XMCD) at BL11A1 were employed 
to understand the coupling mechanisms between 
core and shell materials or nanocrystal and matrix, 
which provide critical insight to tailor the physical 
properties of mesocrystals. 

Considerable efforts have been made to develop 
mechanisms of synthesis and to acquire new 
members of the mesocrystal family as well as to 
tailor their tantalizing functionalities. The chal-
lenge to grow core-shell oxide nanocrystals as 
building blocks for mesocrystals remains in the 
formation of discrete nanocrystals epitaxially on 
substrates. In Ref. 1, they employed cobalt oxide 
(CoO)-cobalt ferrite (CoxFe3-xO4, CFO) as a 
model system of self-assembled core-shell build-
ing blocks for mesocrystals. CoO is an antifer-
romagnetic (AFM) material; it can modify the 
magnetic anisotropy of ferrimagnetic CFO via in-
terfacial exchange coupling. They used BiCoO3/
BiFeO3 targets to generate CoO/Fe3O4 and Bi2O3 
species with pulsed-laser deposition (PLD). 
Fe3O4 would notably react further with CoO to 
form the CFO during the deposition. The greater 
interfacial energy of Fe3O4-STO interfaces plays 

an essential role to drive Fe3O4 to diffuse toward 
CoO cores with the aid of melted Bi2O3. After the 
deposition, the growth chamber was again evacu-
ated to remove Bi2O3, and core-shell mesocrystals 
were formed. The orientation control of core-shell 
building blocks can be achieved also with varied 
morphology and properties of mesocrystals. The 
magnetic anisotropy strongly reflects the advan-
tages of the orientation control in mesocrystal 
systems. In addition, the interface of the core-shell 
mesocrystal can be designed on varying the ratio 
of core to shell because the exchange coupling at 
the CFO-CoO interface can modify the magnetic 
anisotropy of the building blocks and thus the 
entire mesocrystal. Furthermore, the sequence of 
core-shell is another parameter to be controlled 
to tailor the properties of core-shell mesocrystals; 
CFO(core)-CoO(shell) inverse mesocrystals can 
be fabricated simply on exchanging the deposi-
tion sequence of BiCoO3 and BiFeO3.

In this work, as the crystal structures of CoO and 
CFO are similar, inter-diffusion is expected, which 
hinders the basic understanding of the mesocrys-
tal system. To provide further information, XAS-
XMCD was employed. To determine the value 
of x in CoxFe3-xO4 phases, XMCD was applied 
to determine the valence and magnetic moment 
of Fe and Co. A magnetic field ± 1 T was applied 
along the out-of-plane direction of samples and 
the Poynting vector of X-rays was 30° off the 
out-of-plane axis. Figures 1(a) and 1(b) show 
the XMCD results of the CoO and Fe3O4 core-

Figure 4 shows the configuration of PtS/RuC NC 
to illustrate the effect of the geometric confine-
ment on the local restructuring in the surface of 
the core-shell NC during MOR. Chemisorption 
of CH3OH on top of the Pt atoms (Pt–CH3O-
Hads) and subsequent decomposition of H+ from 
Pt–CH3OHads in the core-shell structure proceeds 
with a small activation energy. The residual CO 
molecule adhered at both the bridge of the PtF–
PtG sites and the hollow sites after decomposition 
of H+ from Pt–CH3OHads in the core-shell that 

elongates the bond between the CO molecule 
and the sorption sites. This bond weakening leads 
to substantial dissolution followed by a regrowth 
of hydrophilic components under mild redox 
conditions. This geometrical confinement can 
serve as a highly ordered Pt capsule to protect the 
core from the redox environment, thus improving 
the enduring stability of the NC. 

These two works not only renew our knowledge 
about the structural effects of nanocatalysts, apart 

from the well investigated phenomena of reactiv-
ity and durability, but also indicate a new direction 
to control metallic structure or the core-shell 
heterostructure, which is the key to achieve a great 
DMFC fuel cell. (Reported by Yao-Jane Hsu)

This report features the works of Meng-Fan Luo and 
his co-workers published in ACS Catalysis 5, 4726 
(2015) and of  Tsan-Yao Chen and his co-workers 
published in J. Mater. Chem. A 3, 1518 (2015).
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Fig. 4: Bimetallic models of PtS/RuC NC: Pt on RuO2 (001) “4×4 RuO2+ 32 Pt”. [Reproduced from Ref. 4]
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only mesocrystals, respectively. The result for the 
CoO core-only mesocrystal shows typical CoO 
without net magnetic moment. The result for the 
Fe3O4 core-only mesocrystal shows typical Fe3O4 
with Fe2+ in octahedral and Fe3+ in octahedral and 
tetrahedral sites. Figures 1(c) and 1(d) show the 
results for a CoO (core)-CFO (shell) mesocrys-
tal. A large magnetic moment of Co2+ was found, 

Fig. 2: (a) Co and (b) Fe L3,2-edge XMCD spectra extracted from photo-helicity of incident X-rays parallel (μ+) and anti-
parallel (μ−) to the direction of magnetization for the CFO mesocrystal in BFO, STO and SRO matrices. By simulating the 
experimental curves using a LFM model, the ratio of tetrahedral and octahedral sites for Co and Fe cations can be obtained, 
which shows an obvious redistribution between each cation and a site that is highly correlated to the stress-mediated 
structural coupling. [Reproduced from Ref. 2.]

Fig. 1: XMCD of (001)-oriented mesocrystal. (a) Co L2,3 edge of CoO core-only mesocrystal. (b) Fe L2,3 edge of Fe3O4 
core-only mesocrystal. (c) Co L2,3 edge and (d) Fe L2,3 edge of CoO(core)-CFO(shell) core-shell mesocrystal.

which is coupled ferromagnetically to Fe3+ in 
octahedral sites and antiferromagnetically to Fe3+ 
in a tetrahedral site. Fe2+ nearly disappeared. This 
fact reveals the formation of CFO with x near 
one. This result provides crucial information for 
further building a physical model to explain the 
tunable properties of the core-shell mesocrystals. 

Furthermore, the functionalities of mesocrystals 
are the collective behaviors of the composed 
nanocrystals. Tuning the intrinsic properties of 
the constituent nanocrystals is thus one essential 
factor to determine the properties of mesocrys-
tals, but the matrix, the other important part of 
the composite system, has been treated only to 
assemble nanocrystals into an array with a specific 
crystallographic orientation. Little attention has 
been paid to understand the influence of the 
matrix on the properties of these nanocrystals. 
To unveil this relation between the matrix and 
the nanocrystals, self-assembled epitaxial nano-
composites synthesized with PLD served as an 
example. In these systems, two oxide materials, 
spinels and perovskites, served as nanopillars and 
matrix, respectively. The spontaneously assem-
bled nanopillars also possessed a perfectly ordered 
crystal orientation, which can be viewed as a two-
dimensional mesocrystal system. The perovskite 
matrix can establish a compact connection with 
the spinel mesocrystal through the bridging of oc-
tahedral sites, which strongly affects the structural 
and physical properties of the mesocrystals. The 
matrix materials thus become important as they 
provide additional degrees of freedom to tailor the 
crystal orientations and physical properties of the 
mesocrystal, which cannot be observed in those 
mesocrystals within the organic or polymer matri-
ces. In Ref. 2, spinel CFO and several perovskties 
(BiFeO3 (BFO), PbTiO3 (PTO), SrTiO3 (STO), 
and SrRuO3 (SRO)) were chosen. When CFO 
and perovskite materials were codeposited on 
perovskite substrates, CFO naturally formed 
mesocrystals because of the large surface energy 
at the interface of spinel and perovskite. The CFO 
mesocrystal was found to undergo varied out-of-
plane compressive strain states when embedded 
in several commonly adopted perovskite matrices. 
The variation of the strain state in the CFO meso-
crystal also alters its magnetic properties such as 
magnetic anisotropy or the origin of the mag-
netic moment on an atomic scale. These results 
indicate that a state of increased strain of the CFO 
mesocrystal drives the variation of k12, which has 
been observed in those cases of off-stoichiometric 
CFO through the cation site-exchange of Co and 
Fe ions. There is hence expected to be a strong 
correlation between strain state and cation redis-
tribution in a CFO mesocrystal. This speculation 
was verified on performing XMCD measure-
ments; this technique is useful to understand the 
charge, site symmetry and origin of magnetic 
moments on an atomic scale. Three samples 
selected for XMCD measurement were the CFO 
mesocrystals with BFO, STO and SRO matrices, 
which represent the strain-free, medium strain, 
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Diluted magnetic semiconductors (DMS) have 
received much attention due to the possibility of 
utilizing both charge and spin degrees of freedom 
in electronic devices.1,2 To realize functional spin-
tronic devices, it is important to have full control 
of the carrier density and ferromagnetic Curie 
temperature (TC). A newly found DMS, Ba1-

xKx(Zn1-yMny)2As2 (Mn-BaZn2As2),3 is isostruc-
tural with iron-based superconductors4 of type 
“122” and has a TC up to 230 K.5 This material 
has an advantage that the charge-reservoir Ba layer 
and the ferromagnetic ZnAs layer are spatially sep-
arated, as shown in Fig. 1, which independently 
allows control of the amount of hole carriers by K 
substitution into the Ba layer and that of magnetic 

GaMnN. This effect indicates that Mn 3d orbitals 
strongly hybridize with the surrounding As 4p 
orbitals as in GaMnAs and GaMnN; the strength 
of hybridization is greater than in GaMnAs but 
weaker than in GaMnN.

To extract the local electronic structures of the 
doped Mn, they performed RPES experiments 
using photon energies at the Mn L3-edge. The 
3d partial density of states (PDOS) of a transi-
tion metal in solids was deduced on taking the 
difference of valence-band photoemission spectra 
between on-resonant and off-resonant photon 
energies. For Mn-BaZn2As2, on-resonant and 
off-resonant photon energies at Mn L3-edge are 
estimated to be 635 and 638.5 eV from Mn L3-
edge XAS, shown in Fig. 3(a). By subtracting the 
off-resonant spectra from the on-resonant spectra, 
they deduced the PDOS of Mn 3d orbitals as 
shown in Fig. 3(b). The DOS is small at EF, finite 
between -2 eV and EF, and has a maximum at -4 
eV. The deduced Mn 3d PDOS is compared with 
that of Ga0.957Mn0.043As7 in Fig. 3(c); the overall 
spectral shapes are similar. This result indicates 
that the electronic states of doped Mn are alike in 
these two DMS systems; the similarity originates 
from the same chemical valence 2+ of the Mn at-
oms and the tetrahedral coordination with the As 
4p orbitals. Holes are thus predominantly intro-
duced into the valence band composed mainly of 
As 4p states; the local magnetic moments with S 
= 5/2 are formed there in the presence of Hund’s 
coupling between electrons of the d 5 configura-
tion.

elements on substituting Mn into the ZnAs layer. 
As DMS in this series show great possibilities for 
next-generation spintronic devices, Suzuki et al.6 
investigated the electronic and magnetic struc-
tures of Mn-BaZn2As2 and compared them with 
archetypal Mn-doped DMS materials such as 
Ga1-xMnxAs.

They recorded X-ray absorption spectroscopy 
(XAS) and resonant photoemission spectros-
copy (RPES) of Ba0.7K0.3(Zn0.85Mn0.15)2As2 (Mn-
BaZn2As2) polycrystalline samples at BL11A1 
of the TLS and at BL-2C of Photon Factory, 
respectively. The samples were filed in situ before 
the measurements to ensure fresh surfaces. 

Figure 2 shows the Mn L2,3-edge XAS of Mn-
BaZn2As2 compared with those of reference 
Mn materials. The energy of the main Mn L3-
edge XAS signal shows the valence of the Mn 
atom. The main Mn L3-edge XAS signal of Mn-
BaZn2As2 is located above that of Mn metal, 
below that of LaMnO3 (Mn3+), and the same as 
of Mn2+ compounds; this result shows the Mn 
atom in Mn-BaZn2As2 to take valence 2+. The 
Mn line shape of the L2,3-edge XAS reflects the 
localized nature of Mn 3d states; as the multiplet 
structures become clearer, the Mn 3d electronic 
structures become more localized. The XAS line 
shape of Mn-BaZn2As2 is intermediate between 
those of two DMS systems, Ga0.922Mn0.078As 
(GaMnAs) and Ga0.958Mn0.042N (GaMnN). The 
shoulder structures at 640 and 643 eV are more 
pronounced than in GaMnAs and weaker than in 

and highly strained states, respectively. By apply-
ing a site simulation based on a ligand-field model, 
XMCD spectra at Fe L2,3 edges for these three 
samples (Fig. 2(a)) exhibit two negative signals 
and one positive signal, which correspond to Fe2+ 
and Fe3+ cations at octahedral (Oh) sites, and Fe3+ 
cations at tetrahedral (Td) sites, respectively. In 
addition, the sample with a SRO matrix exhibits 
a decreased intensity of signal in Fe3+ Td sites and 
an increased intensity in Fe3+ Oh sites relative to 
the other two samples, revealing that more Fe3+ 
cations prefer to occupy the Oh sites in this case. 
In contrast, XMCD spectra measured at Co L2,3 
edges (Fig. 2(b)) show a significant discrepancy 
among these three samples. Although Co XMCD 
measured from the samples with BFO and STO 
matrices showed the same line shape and were 
consistent with the reference XMCD of Co2+ at 

Oh sites, the BFO matrix possessed a much larger 
XMCD signal than the other two. The simula-
tion of the XMCD spectrum measured from the 
sample with a SRO matrix reveals a mixture of 
Co2+ cations at Td and Oh sites. The existence of 
Fe2+ Oh sites and Co2+ Td sites indicates that site 
exchange occurs in these systems because a strain 
effect or oxygen vacancies can readily break the 
symmetry and redistribute cations and charges. 
Based on the results of site simulation, the ratio of 
Fe3+ Td sites and Oh sites was obtained as ~ 0.78 
for nearly strain-free CFO, ~ 0.84 for moderately 
strained CFO and ~ 0.56 for highly strained CFO. 
The Co2+ cations occupy solely the Oh sites for 
nearly strain-free and moderately strained cases, 
which retain similar electronic structures near those 
of the CFO references. The highly strained CFO 
has a ratio of Co2+ Td sites and Oh site near one.

The work of this team delivers new concepts to 
design functional core-shell mesocrystals and stress-
mediated functionalities of mesocrystals. The results 
from XAS-XMCD were a key to reveal the insight of 
these studies. (Reported by Ying-Hao Chu)

This report features the work of Ying-Hao Chu and 
his co-workers published in Small 33, 4117 (2015) 
and Sci. Rep. 5, 12073 (2015).
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Itinerant Hole Carriers Mediate Local Magnetic Moments 

Fig. 1: Crystal structure of Mn-BaZn2As2 (structure of 
type ThCr2Si2, space group I4/mmm). [Reproduced 
from Ref. 4]
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This report features the work of Hakuto Suzuki, Atsu
shi Fujimori and their co-workers published in Phys. 
Rev. B 95, 140401(R) (2015).
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Fig. 2: Mn L2,3-edge XAS of Mn-BaZn2As2, compared 
with those of Ga0.922Mn0.078As, Ga0.958Mn0.042N, Mn 
metal, Ba(Fe0.92Mn0.08)2As2, LaMnO3, and MnO. The 
valence and local symmetry of Mn atoms are indicated 
for each compound. [Reproduced from Ref. 6]

Fig. 3: (a) On- and off-resonance photon energies are shown with arrows on Mn L3-edge XAS of Mn-BaZn2As2. (b) Mn 
3d PDOS deduced on subtracting the off-resonance spectrum (hv = 635 eV) from the on-resonance spectrum (hv = 638.5 
eV). (c) Mn 3d PDOS of Ga0.957Mn0.043As (Ref. 7) compared with that of Mn-BaZn2As2. [Reproduced from Ref. 6]

Suzuki et al. studied the electronic structures of 
Ba1-xKx(Zn1-yMny)2As2 related to Mn 3d states us-
ing XAS and RPES measurements. The Mn L2,3-
edge XAS indicate that the doped Mn atoms have 
a valence 2+ and are strongly hybridized with the 
As 4p orbitals, as in archetypical DMS GaMnAs. 
The Mn 3d PDOS obtained from RPES leads to 
the d 5 electronic configurations of Mn atoms with 
local magnetic moment S = 5/2. They concluded 
that the doped holes go into the top of the As 4p-
derived valence band and are weakly bound to 
the Mn local spins. The ferromagnetic correlation 
between the local spins mediated by the hole 
carriers induces ferromagnetism in Mn-BaZn2As2. 
(Reported by Jun Okamoto)

Topological insulators (TI) are a fascinating 
form of quantum matter that possesses a Dirac 
cone-like conducting surface state on its surfaces. 
The surface state exhibits novel properties, such 
as time-reversal protection against back- scattering 
and spin-polarized current. TI were predicted to 
have a high potential in applications of quantum 
computation. From the point of view of ex-
perimental study of TI, two key issues are how to 
determine the surface state and what characteristic 
properties the Dirac fermions possess. Several 
experimental techniques, such as angle-resolved 
photoemission spectroscopy (ARPES) and scan-
ning tunneling microscopy, have been applied to 

gain insights on these issues.

For example, an unoccupied second surface state 
(second SS) and bulk bands (BB) located above 
the first SS by 1.5 eV have been observed in Bi2Se3 
with the two-photon photoemission spectroscopy 
of ARPES measurements.1 These second SS and 
BB play important roles in TI's optical coupling and 
related optoelectronic applications. Earlier studies 
on TI with optical spectroscopy, such as second 
harmonic generation and pump-probe measure-
ments,2,3 did not clearly identify the influences of 
these second SS and BB. This is because, during the 
optical excitation there are numerous phenomena 

occur simultaneously, such as photo-electron emis-
sion, nonlinear light conversion and generation 
of hot photo-carriers. Recently, it was proposed 
that terahertz (THz) emission was suggested to 
be a potential candidate capable of examining not 
only nonlinear light conversion but also transient 
dynamics of photo-excited carriers. In the THz and 
mid-infrared spectral ranges, electric-field-resolved 
light is a practical approach, which yields abundant 
information from the materials because of the avail-
able phase information of the light.

Chien-Ming Tu and his co-workers measured the 
THz emission spectra of TI samples with varied 
doping.4 Figure 1(a) shows the schematics of their 
experiments. P-polarized 75-fs optical pump pulses, 
at wavelength 800 nm, illuminated the (111) 
surfaces of TI crystals at incident angle 45° to gener-
ate THz radiation; the emitted THz waveform 

New Features of Topological Insulators 
from Terahertz Emission Spectroscopy
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used in this work. The 
ARPES images were 
recorded at BL21B1.

Figures 2(a) and 2(b) 
show the measured 
few-cycle THz pulses 
from variously doped 
samples. In Figs. 2(c) 
and 2(d), comparison 
with X-ray diffrac-
tion results and THz 
amplitude ϕ-scan 
results shows no three-
fold symmetry in a 
THz amplitude ϕ-scan. 
The directions of the P-
polarized THz pulses 
are hence parallel to 
the surface normal of 
the samples; the P-
polarized THz pulses 
are the results of the 
transient photocurrent 
induced by optical 
pulses. Interestingly, Tu 
et al. observed a polarity 
reversal as the samples 

switched from n-type to p-type, as shown in Figs. 
2(a) and 2(b). The directions of the transient 
photo-excited current are hence anti-parallel 
near the surfaces. This phenomenon is entirely 
different from that observed in common narrow-
band-gap semiconductors, such as InAs (energy 

band gap ~0.36 eV) and InSb (energy band gap 
~0.17 eV); the diffusion current picture in InAs 
(InSb) cannot explain the polarity reversal of THz 
emission from TI with varied doping.

The recently discovered second SS and BB can 
elegantly resolve the paradox, as shown in Fig. 2(e). 
Because of the wide effective band gap (~1.5 eV) 
between the second SS and the first SS, the effective 
band gap matches the photon energy (1.55 eV at 
800 nm) of the optical pump pulse, which provides 
extra energy loss for the photo-excited carriers. 
Surface field Esurface due to band bending causes drift 
current Jdirft and results in a polarity reversal of the 
THz pulse emitted from p-type Bi2Te3.

Tu's work shows not only the band structure of 
TI is important on optical coupling but also the 
potentials of time-domain THz emission spec-
troscopy. Tu's findings also expose some interest-
ing issues for for future stueis, such as the depen-
dence on photon energy and circular dichroism. 
This work shows also the uniquenessof bringing 
laser-based and synchrotron-based spectroscopy 
together. (Reported by Cheng-Maw Cheng)

This report features the work of Chien-Ming Tu, 
Chih-Wei Luo, Cheng-Maw Cheng and their co-
workers published in Sci. Rep. 5, 14128 (2015).
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Fig. 1: (a) Schematic for THz emission from TI. P-polarized optical pulses irradiated the 
(111) surface of TI, and P-polarized THz radiation was detected after a wire-grid polarizer. 
The thick arrows denote in-plane and out-of-plane electric fields. (b)-(c) ARPES images of 
n-type Cu0.02Bi2Se3 and p-type Bi2Te3. [Reproduced from Ref. 4]

Fig. 2: (a)-(b) P-polarized THz waveform emission from n-type Cu0.02Bi2Se3 and p-type Bi2Te3 after P-polarized optical-pulse excitation. In (a), the thin red line represents the 0.015-times smaller 
P-polarized THz wave generated from n-type InAs under the same conditions. The polarity of the THz waveform from p-type Bi2Te3 is reversed from that of n-type Cu0.02Bi2Se3. (c)-(d): Plots of 
amplitude peak to peak as a function of azimuthal angle (ϕ-scan) of TI. The corresponding X-ray diffraction ϕ-scans for the (1 1 15) line for both single crystals are also shown (green). (e) Schematic 
for the influence of the second SS and BB on P-polarized THz emission from p-type Bi2Te3. BCB: bulk conduction band. BVB: bulk valence band. The second SS and BB would be responsible for 
the energy loss of the photo-excited carriers. Surface field Esurface  induced by band bending thus results also in drift current Jdirft in the narrow-band-gap materials. [Reproduced from Ref. 4]

was measured with electro-optic sampling. A wire-
grid polarizer was set to detect P-polarized THz 
radiation. Figures 1(b) and 1(c) show the APRES 
images of the used samples. Two doped samples, 
n-type Cu0.02Bi2Se3 (energy band gap ~0.3 eV) and 
p-type Bi2Te3 (energy band gap ~0.15 eV), were 
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Fig. 1: Crystal structure of Ba3V2S4O3. [Reproduced from Ref. 6]

Fig. 2: Specific resistivity as a function of temperature. Inset shows the Curie-Weiss fit, 
calculated from the inverse magnetic susceptibility χ-1 at the highest temperatures. MV 
is the magnetic moment per VIII. [Reproduced from Ref. 6]

One-dimensional materials remain an active topic of research because of 
their unique properties and potential electrical applications.1 Calvagna et 
al. reported the crystal structure of sulfide oxide Ba3V2S4O3 and the band 
structure calculations.2 This material which consists of quasi-1D vanadium 
sub-lattices was rarely suggested to be metallic. For example, the formally 
isovalent BaVS3, also containing a 1D vanadium-sulfur structure, is a well 
studied system that exhibits a metal-insulator transition.3 For insulating spin 
systems, 1D transition-metal sublattices can be of great interest to physicists, 
as Haldane gaps can be found in integer spin systems and Luttinger liquid 
phenomena in S = 1/2 systems.4,5 Transition-metal sulfide oxides are also of 
interest due to their possible applications and ability to form anionic superlat-
tices that result in atypical properties. Charge disproportionation according 
to the hard-soft acid-base (HSAB) rule is likely in superlattices with smaller 
(larger) cationic charges near softer (harder) anions. Many factors thus 
contribute to the potential interest in Ba3V2S4O3, but insufficient amounts 
of single-phase material have been synthesized. Hopkins et al.6 synthesized 
single-phase Ba3V2S4O3, studied its transport and magnetic properties and 
clarified the underlying V 3d electronic structures.

Figure 1 shows the crystal structure of Ba3V2S4O3. Face-sharing VS6 octahe-
dra construct one dimensional columns, which are separated by Ba atoms 
and VSO3 tetrahedra. These tetrahedra clearly depict the polarity of the 
crystal structure, as all tetrahedral have sulfur pointing in the same direction. 

As for the transport property, in contrast to predictions from calculations in 
previous work,2 no metallic character is observed in the measurement of re-
sistivity of BaV2S4O3, shown in Fig. 2. For the magnetic properties, BaV2S4O3 
shows paramagnetic behaviour at high temperature as inverse magnetic 
susceptibility χ-1(T) is linear, in the inset of Fig. 2. A Curie-Weiss fit of data 
measured between 300 and 750 K gives 2.77 μb per formula unit.

To clarify the underlying V 3d electronic structures of BaV2S4O3, Hopkins 
et al. measured V L2,3-edge soft X-ray absorption spectroscopy (XAS) of 
Ba3V2S4O3 at BL08B1. XAS were recorded in the total- electron-yield mode 
with photon-energy resolution 0.2 eV. Figure 3 presents V L2,3-edge XAS of 
Ba3V2S4O3 (black line). Two weak spectral features about 513.1 and 513.6 
eV bear a resemblance to those of V2O3, which means that VIII exists in the 

Mott Insulating S = 1 Magnet in Quasi-One-Dimensional 
Vanadium Sublattice

Fig. 3: Experimental V L2,3-edge XAS (black line) of Ba3V2S4O3 and calculated spectra 
(red). The calculated spectra are the summations of the edge (green dashed line), V at 
tetragonal VO3S and octahedral VS6 sites (magenta and blue lines). (a) The tetrahedral 
site is VV (magenta) and the octahedral site is VIII (blue). (b) Tetrahedral site VIII and 
octahedral site VV. (c) Both sites are VIV. In (a), the arrows indicate the typical features of 
VIII in an octahedron. [Reproduced from Ref. 6] 
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octahedral site, indicating a scenario in which VIII is in the octahedral VS6 
site and VV is in the tetragonal VSO3 site.

To confirm this mixed-valence state, they simulated the experimental 
spectrum of Ba3V2S4O3 with the well proven full-multiplet configuration-
interaction approach (red line) using XTLS 8.3 code for three coordina-
tions: (a) VIII in octahedral VIIIS6 site, VV in tetragonal VVO3S site, (b) VV in 
octahedral VVS6 site and VIII in tetragonal VIIIO3S site, and (c) both sites VIV. 
Figure 3(a) shows a satisfactory agreement between the experimental spec-
trum (black line) and the theoretical simulation (red line). For VVS6 and 
VIIIO3S, Figure 3(b) shows a disagreement of overall spectral features of the 
experimental and simulated data, especially the lower-energy double signals 
about 513.1 and 513.6 eV originating from the VIII ion in the octahedral site. 
The possibility that both octahedral and tetrahedral sites have VIV can also 
be excluded because of the disagreement of spectral features and the overall 
peak shape between the experimental results and simulation, shown in Fig. 
3(c). These results clearly confirm the coordination VIIIS6 and VVO3S, a 
perfect example of charge disproportionation according to the HSAB rule; 
VIII is found purely with sulfur, that is, a soft anion, whereas the harder 
anion oxygen coordinates only to VV. From the XAS, Ba3V2S4O3 contains 
one magnetic vanadium ion, VIII (d2, S = 1), and one diamagnetic VV (d0, S = 
0) per formula unit. The expected spin-only moment for a species with S = 
1 is 2.83 μb, which is near the value 2.77 μb estimated from a Curie-Weiss fit 
of χ-1(T) data.

Hopkins et al. synthesized a single-phase Ba3V2S4O3 powder, and investigated 
its physical properties. They clarified that vanadium in Ba3V2S4O3 takes 
charge-disproportionated VIIIS6 and VVSO3 coordination through analysis of 
XAS, which means that Ba3V2S4O3 is Mott insulating with S = 1. (Reported 
by Jun Okamoto)

This report features the work of Emily J. Hopkins, Zhiwei Hu, Liu Hao Tjeng 
and their co-workers published in Chem.-Eur. J. 21, 7938 (2015).
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Fig. 1: Powder X-ray diffraction pattern of a Cd3As2 sample (red crosses) and its Rietveld 
refinement (green curve). The inset shows the obtained diffraction patterns of single 
crystals with facets of preferred orientations along directions (112) and (even 00).

Topological insulators (TI) are new quantum materials characterized with 
a bulk insulating gap and gapless surface states protected by time-reversal 
symmetry, which is realized by band inversion induced by spin-orbit coupling 
with an odd number of Dirac cones. The topological classification of materi-
als has recently been extended to a higher dimension in the so-called three-
dimensional topological Dirac semimetal (TDS) phase. In contrast to TI, the 
TDS phase exhibits linear dispersion in all three dimensions and is protected 
by the crystalline symmetry. A TDS phase was predicted theoretically in 
Na3Bi and Cd3As2 materials and confirmed experimentally using angle-
resolved photoemission spectroscopy (ARPES). These TDS phases might, 
notably, be a 3D-Dirac semimetal of a new type due to the lack of inversion 
symmetry, which causes the lifting of the spin degeneracy of certain bands 
in the vicinity of the Dirac point, thereby raising the possibility of realizing 
the Weyl semimetal phase. The 3D Dirac semimetal has thus attracted much 
attention in physics and material science. The conduction and valence bands 
of Cd3As2 touch at the Dirac nodes in the bulk band structure, which gives 
rise to bulk Dirac fermions featuring robust topologically protected linear 
dispersion in 3D. In 2015, a research team of Fang-Cheng Chou (National 
Taiwan University) demonstrated a method of growth to obtain large plate-
like single crystals of Cd3As2 and performed various characterizations on a 
Cd3As2 single crystal to reveal its unique functionalities. 

In their work, they presented a detailed report on the self-selecting vapor 
growth technique of the crystal growth and the characterization of large and 
high-quality single crystals of Cd3As2. In particular, they generated crystals 
containing self-selected large facets of two types, namely the (112) and (even 
00) orientations. Figure 1 shows the X-ray diffraction pattern of the sample 
as grown and the refined synchrotron X-ray diffraction pattern recorded 
at BL01C2. All diffraction signals can be indexed with space group I41cd. 
A Rietveld refinement on the XRD pattern yields lattice parameters a = 
12.6512(3) Å and c = 25.4435(4) Å. The crystal structure of Cd3As2 has been 
shown to be complicated, depending strongly on the temperature of growth 
and the rate of quenching. Two space groups have been assigned to the 
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Doped Mott insulators have served as 
a rich playground for strongly correlated 
electron systems, but the physics is incom-
pletely comprehended. The complication 
results from an interplay between compet-
ing orders, such as charge, spin, orbital and 
lattice, and strong quantum fluctuations.1 
In high-TC superconductor La2-xSrxCuO4 
(LSCO), in which holes are doped into the 
antiferromagnetic (AFM) Mott insulating 
La2CuO4, unidirectional self-organized elec-
tronic stripes are induced in plane a × b of 
the crystal space.2 This intralayer coupling 
between the ordered charges and spins has 
been widely discussed; it is natural to ask 
what role the interlayer coupling between 
the charge and spin orders in separate 
planes plays in these systems.

La2-xSrxNiO4 (LSNO) has a tetragonal 
structure, shown in Fig. 1(a), and is 
isostructural with the superconducting 
cuprate LSCO. Both LSCO and LSNO 
are AFM Mott insulators in the absence 
of hole doping. While LSCO becomes a 
high-TC superconductor with hole doping 
to a small extent, LSNO remains insulat-
ing for doping levels up to 90 %.3 LSNO, 
however, shows an alternating pattern of 
AFM domains (spin stripes) separated by 
charge stripes within each two-dimensional 
NiO layer, shown in Fig. 1(b);4 the stripes 
lead to charge and spin satellite reflections 
with wave vectors QCO = (H ± 2ε, 0, L1) 
and Q SO = (H ± ε, 0, L2), in which H and L2 
are integers, L1 is odd and ε is determined 
by the hole concentration with ε ~ x. For 
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crystals obtained with slow cooling: non-centrosymmetric 
I41cd and I41/acd with centrosymmetry. The I41cd and 
I41/acd symmetry difference is a reflection of the varied 
ordering type of CdAs4 tetrahedral units packed in a large 
unit cell of stacked fluorite-like structure with vacancies. The 
Cd3As2 crystal structure studied in this work can be satisfac-
torily indexed with space group I41cd. 

The band structure of the grown Cd3As2 single crystal was 
characterized with ARPES measurements at beam line 4.0.3 
at Advanced Light Source in Berkeley, California. Sharp 
XPS signals at binding energies EB~11 and 41 eV that cor-
respond to cadmium 4d and arsenic 3d core levels were ob-
served, confirming the chemical composition of the Cd3As2 
single crystal to be correct. Remarkably, a low-lying small 
feature that crossed the Fermi level was observed, which cor-
responds to surface bands of Cd3As2. The linearly dispersive 
upper Dirac cone is notably located at the surface Brillouin 
zone center; the Dirac point is found at binding energy 200 
meV. The spectral characterization shows a linear dispersive 
band, thus confirming the high quality of the sample. The 
surface structure of the vacuum-cleaved Cd3As2 surface was 
further explored with STM measurements. The observed 
pseudo-hexagonal nearest-neighbor lattice spacing 0.435 nm 
is near that expected for the (112) surface. Tunneling spec-
tra were subsequently recorded for this (112) surface. The 
results reveal a conductance minimum at approximately 200 
meV below the Fermi level, consistent with the energy of the 
Dirac point observed in the ARPES data. The approximately 
linear increase in conductance above this point is consistent 
also with the linearly dispersive upper Dirac cone observed 
using ARPES. Resistivity data were measured using a 
standard four-probe method. The temperature dependence 
of the resistivity shows that metallic behavior is observed 
in Cd3As2 crystals. The resistivity is nearly independent of 
temperature below T = 5 K, giving a residual resistivity in the 
range approximately 0.2–0.4 mΩ cm. The Hall resistivity is 
practically linear under a magnetic field up to 15 T with the 
Shubnikov-de Haas oscillation appearing at higher fields. 

Their work delivers large plate-like high- quality single 
crystals of Cd3As2 with large facets of (112) and (even 00) 
planes prepared with a self-selecting vapor growth method. 
The combination of ARPES, STM and transport measure-
ments revealed the unique band structure of 3D Dirac 
semimetal Cd3As2. (Reported by Ying-Hao Chu)

This report features the work of Fang-Cheng Chou and his co-
workers published in Sci. Rep. 5, 12966 (2015).
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Fig. 1: (a) Crystal structure of LSNO. (b) Schematic view of charge and spin stripes in LSNO in NiO2 
planes. The arrows represent Ni2+ ions and solid circles are the holes. Yellow and red boxes indicate the size 
of spin and charge modulations. [Reproduced from Ref. 5]
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Fig. 2: (a) Temperature dependence of the ratio of correlation lengths of the charge stripe along directions H and K. The inset shows the temperature dependence of each correlation length. (b) 
Temperature dependence of the correlation length of the charge stripe along direction L. [Reproduced from Ref. 5]

Fig. 3: Temperature dependence of (a) integrated intensity and (b) line width for CO reflection (4.66, 0, 3) (blue dots) and SO reflection (0.66, 0, 0) (red dots). (c) Real-space configurations 
of the states in regimes I and II. [Reproduced from Ref. 5]

La1.67Sr0.33NiO4 (x = 1/3), the charge and spin orders are commensurate with 
the lattice as ε is 1/3.

Studying charge and spin ordering of stripes in La1.67Sr0.33NiO4 measuring X-
ray scattering, Shu-Han Lee, Chao-Hung Du and their co-workers5 reported 
an atypical inverse order-disorder transition of charge stripes due to interlayer 
coupling of the in-plane charges and spins. They measured X-ray scattering of 
charge-ordering reflection of LSNO at BL07A1 and SP12B1; the incident 
photon energy was selected to be 10 keV. For spin-stripe reflection, they 
measured also resonant soft X-ray scattering at the Ni L3 edge at BL05B3.

Figure 2(a) shows the temperature dependence of the ratio of correlation 

lengths of the charge stripe along directions H and K in reciprocal space. On 
the basis of the temperature dependence, they divided the charge-ordered 
phase into three regions with two transition temperatures, TCO (~ 238 K) 
and T2 (~ 218 K). In regime I (T > TCO), the segregated charges are in a 
disordered and isotropic state. Upon cooling, the segregated charges form 
anisotropic charge stripes; the anisotropy displays a temperature-dependent 
behaviour in regime II (T2 < T < TCO). The anisotropy becomes eventually 
nearly constant in regime III (below T2). 

The atypical inverse order-disorder transition is observed in measurements 
of the correlation lengths of charge ordering taken along direction L in 
reciprocal space, as shown in Fig. 2(b). Cooling from high temperatures, the 
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charge correlation begins to build significantly along axis c of the crystal at 
TCO; the charge correlation length begins to increase from ξ = ~ 6 Å to 14 Å 
as temperature decreases to 230 K. At 230 K, the interlayer charge correlation 
spans over two NiO layers; it seems that a full 3D ordering would eventually 
develop, but on further decreased temperature the interlayer charge correla-
tion begins to decrease and an inverse order-disorder transition occurs. The 
interlayer charge correlation length eventually attains ξ = ~ 10 Å below T2 = 
218 K, at which both the charge and spin stripes are established. 

To consider the origin of the inverse order-disorder transition in the inter-
layer charge correlation, they compared the temperature dependence of the 
charge-ordering (CO) reflection (4.66, 0, 3) and the spin-ordering (SO) re-
flection (0.66, 0, 0). Figure 3(a) compares the temperature dependence of the 
integrated intensity of the CO and SO reflections. The weak spin-ordering 
reflection is, notably, still observable at temperature 230 K, which indicates a 
strong coupling between the charge and spin stripes. 

They compared also temperature dependence of the line width of a SO 
reflection (0.66, 0, 0) measured along direction H and that of a CO reflection 
(4.66, 0, 3) along direction L in Fig. 3(b). The former serves as a measure of 
in-plane spin order and the latter as a measure of interlayer charge correla-
tion. Although the spin-stripe transition occurs at ~ 190 K, the satellite SO 
reflection persists to a temperature as high as 230 K, indicating a dynamic 
spin fluctuation at high temperatures. The onset of the interlayer charge-
order suppression at 230 K coincides with the appearance of the in-plane 
spin-stripe order, which indicates that the in-plane spin-stripe order plays an 
important role in the inverse transition of the interlayer charge order.

Lee et al. intuitively explained the curious rise and fall of the interlayer correla-
tion as a result of two competing interactions. The interlayer charge-charge 
coupling favors the stripes in separate layers to be out of phase because the 
charge stripes repel each other, whereas the interlayer charge-spin coupling 

favours in-phase stripes because the formation of in-plane spin modulation 
causes a dissipation of the kinetic energy of the electrons. In-plane charge 
order appears first, resulting in the building of an out-of-phase interlayer 
charge correlation, but, as the in-plane spin-stripe order begins to develop, the 
interlayer charge order is suppressed. Figure 3(c) indicates the real-space con-
figurations for regimes I and II: in regime I, there exists no or weak in-plane 
charge order and correlation between layers is small; in regime II, the charge-
stripe order develops whereas the spins remain disordered. Out-of-plane 
charge correlation develops to minimize the Coulomb repulsion. In regime 
III, spin order develops and the out-of-plane charge correlation is suppressed; 
the system transforms into a three-layer stacking.

Their work points to the importance of the interlayer coupling in LSNO. An 
interlayer Coulomb interaction has been argued to be crucial to understand 
an anomalous shrinking of ratio c/a of lattice parameters that correlates with 
TCO in LSNO, as well as the existence of fluctuating charge stripes that persist 
to high temperatures. In particular, the inverse order-disorder transition of the 
interlayer charge order observed in their work might provide a new direction 
to understand the dominance of the dynamical stripes in cuprates. (Reported 
by Jun Okamoto)

This report features the work of Shu-Han Lee, Chao-Hung Du and their co-
workers published in Phys. Rev. B 92, 205114 (2015).
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