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Soft is Good, but Beware the Interfaces

Organic electronics attract much media attention. For 

example, by mounting electronic units on a flexible sub-

strate, it is now practicable to construct lightweight, or 

even wearable, products, so that digital information can 

be accessed in ways that were previously unimaginable. 

A prerequisite of flexible electronics is, however, that the 

components residing on the substrates be just as flex-

ible. Soft materials such as organic semiconductors (OSC) 

were hence introduced to work alongside metallic elec-

trodes. Following successful use of layered metal-OSC 

hybrid structures to control charged carriers, scientists 

subsequently began to explore whether similar struc-

tures might be used to manipulate another property of 

electrons—spin.1,2 Writing in Applied Physics Letters, Pei-

Yu Cheng and collaborators at the NSRRC identified a 

potential problem in hybrid devices due to the presence 

of metal diffusion from the top electrode deeply into the 

OSC underlayer.3 Jhen-Yong Hong and collaborators at 

National Taiwan University demonstrated a significant 

improvement in the magnetoresistance of a hybrid spin 

valve after the insertion of an ultrathin oxide layer at 

every ferromagnet-OSC (FM-OSC) interface.4 These find-

ings not only deepen our knowledge of what occurs at 

metallic-organic interfaces, but also pave the way for the 

construction of functional organic spin valves.

Controlling charged particles while minimizing their 

power consumption is one mission of electronic devices. 

The difficulty of the task is compounded when main-

taining the spin polarization of carriers is also necessary. 

Considering that spin-orbit interactions (SOI) are what 

depolarize the spin current in non-magnetic materials, 

the use of OSC layers, which are known to exhibit small 

SOI, is expected to relieve such a concern, but the ad-

vantage of small SOI might be cancelled by the charge 

This report features the work of Pei-Yu Cheng, Der-Hsin Wei and their co-workers published in Appl. Phys. Lett.104, 043303 (2014), and the work of Jhen-Yong 
Hong, Minn-Tsong Lin and their co-workers published in Appl. Phys. Lett. 104, 083301 (2014).

traps present in OSC. In Cheng’s work, the original aim 

was to understand why the Co electrode deposited on 

a fullerene (C60) layer showed retarded development in 

its ferromagnetic (FM) order. Their research indicated, 

however, that the suppression of magnetic long-range 

order in the Co top electrode is associated with diffusion 

of metal into the C60 underlayer. Employing near-edge 

X-ray absorption fine structure (NEXAFS) spectroscopy 

at BL05B2 to examine the electronic structures of C60/

Co bilayers, the team found that not only were the π* 

resonances at the C K-edge sensitive to the presence of 

Co, but also the intensity of the Co L-edge varies system-

atically with the thickness of the C60 film. Figure 1 illus-

trates that the spectral intensity of Co at a fixed amount 

is inversely proportional to the thickness of the C60 film 

in the bilayers. After experimentally determining the 

inelastic mean free path of electrons in a C60 film, Cheng 

performed a model analysis on the data, which indi-

cates that the interfacial region containing a mixture of 

Fig. 1:  (a) Co L-edge spectra taken from C60 (d nm)/Co (0.36 nm), d = 2–30. 
Reduced spectral intensity was found from structures with C60 of 
increased thickness. (b) An electron emitted at depth z = λe within 
a C60 film has probability e-1 to reach z = 0. (Reproduced from Ref. 3)
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C60 and Co clusters has thickness at least 18.5 nm. Spin-

polarized carriers are expected to experience enhanced 

scattering and depolarization when traveling through 

this mixed OSC-FM.  

Knowing that ill-defined interfaces can deteriorate 

the performance of organic spin valves, Hong decided to 

decrease the orbital hybridization and metal diffusion in 

the device by inserting a thin oxide layer between every 

FM-OSC interface. Instead of constructing a FM/OSC/FM 

trilayer, Hong’s device consisted of a soft bottom layer 

(NiFe/Co bilayers), an ultrathin AlOx film, an organic spac-

er (3,4,9,10-perylene-teracarboxylic dianhydride; PTCDA), 

a second AlOx film, and a hard top layer (Co). With this 

architecture, Hong’s device delivered 13.5% tunneling 

magnetoresistance at room temperatue. To ensure that 

the introduction of an oxide layer did not alter the fun-

damental properties of the PTCDA layer, Hong carefully 

measured the molecular orientations of PTCDA through 

polarization-dependent and angle-resolved NEXAFS 

spectra in a series at BL05B2 and BL11A1, respectively. 

The team concluded that, regardless whether it was 

deposited on a Co or an oxide surface, the PTCDA mo-

lecular plane (both perylene and anhydride groups) is 

essentially oriented lying-down.  Moreover, the presence 

of the oxide layer served to minimize orbital hybridiza-

tion. As seen in Fig. 2 in which X-ray photoemission elec-

tron spectroscopy (XPS) are shown at the C 1s and O 1s 

regions from Co/PTCDA and Co/AlOx/PTCDA at BL09A1, 

the team found that the PTCDA layer shows significantly 

more molecular features when adsorbed on the oxide 

surface. An AlOx layer (thickness 0.6 nm) is sufficient to 

eliminate any hybridization between Co and PTCDA. 

The identification of metal diffusion at OSC/FM bi-

layers implies that what separates the OSC spacer and 

FM electrode is not a two-dimensional surface but a 

region of thickness 10-20 nm comprising a mixture of 

metal clusters and organic molecules. Increasing the 

applied voltage can in principle push charged carriers 

through this ill-defined region, but the enhanced scat-

tering and non-negligible SOI are expected to destroy 

the spin coherence among carriers. The improvement 

observed from devices with an oxide layer inserted be-

tween the OSC and FM layers demonstrates how critical 

the interface is, but constructing a functional organic 

spintronic device while minimizing or possibly eliminat-

ing any hard metallic layers remains a challenge. 
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Fig. 2:  XPS spectra of C 1s and O 1s recorded from a PTCDA film (1.25 nm) 
deposited onto (a) Co/AlOx/ and (b) Co. (Reproduced from Ref. 4)
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Expecting the Realization of a Spintronic Semiconductor

Semiconductor devices operate through an ability to 

manipulate the electronic charges by means of elec-

tric fields, whereas devices based on the manipulation 

charges' spin degree of freedom are called spintronic 

devices. Much effort has been devoted to incorporate 

the fundamental electron charge and its intrinsic spin in 

a semiconductor device in a controllable fashion. Materi-

als containing atomic centres with large atomic number, 

Z, that possess a strong spin-orbit interaction have been 

proposed for such an application, especially several sur-

faces such as that of Bi, or those incorporating large-Z 

atoms on alloying Bi or Pb with noble metals,1 but these 

materials are based on metal substrates that inhibit tun-

ing of the spin splitting with an external electric field. A 

need hence arises to investigate semiconductor materi-

als that feature a large spin splitting, particularly in cases 

where splitting in both valence and conduction bands 

can provide versatile tuning of spin transport properties.

In 2014, Minn-Tsong Lin led a research team from  

National Taiwan University and revealed a naturally 

formed BiTeI p-n junction-like nanostructure on a Rash-

ba semiconductor surface; their findings might pave a 

way to design a Rashba spin-split spintronic device on a 

nanometre scale. 

BiTeI is a semiconductor that exhibits a giant Rash-

ba spin splitting both at the surface and in the bulk. For 

BiTeI, both conduction and valence bands exhibit Rash-

ba spin splitting, and either band, depending on the 

surface termination, can be shifted so that it crosses the 

Fermi level near the surface. BiTeI crystals are composed 

of a sequence of Bi, Te and I layers; the structure is shown 

in Fig. 1. These BiTeI trilayers are themselves bonded by a 

van der Waals force; the weakly bonded plane between 

Te and I provides the cleavage planes of the crystal. Also 

shown in Fig. 1 are the topography from a scanning tun-

nelling microscope (STM) (c), and dI/dV (d) map for a 

typical BiTeI surface2 cleaved in vacuum; the mappings 

indicate a variation of surface termination from one to 

another of the constituent elements of the crystal.

To understand the surface chemical composition 

and band alignment, high-resolution photoelectron mi-

croscopy and spectroscopy (HRPEM/S) based on synchro-

tron radiation provides the most suitable tool. The team 

performed advanced research in the TLS, utilizing the 

scanning photoelectron microscope (SPEM) end station 

at BL09A1, to unveil how the surface termination alters 

the surface band bending. In their work, the BiTeI crystals 

were cleaved in situ near 295 K in the SPEM UHV chamber 

with base pressure 5 × 10-10 Torr, revealing clean and well 

ordered BiTeI surfaces; the HRPEM/S experiments were 

then immediately performed in the same UHV system. 

The X-ray beam was incident on both terminations, 

yielding a total photoemission signal with a contribution 

roughly even from each surface termination, as schemati-

This report features the work of Christopher J. Butler, Minn-Tsong Lin, and their co-workers published in Nature Comms. 5, 4066 (2014).

Fig. 1:  STM observation of two surface terminations on cleaved BiTeI 
surfaces. (Reproduced from Ref. 2)
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junction-like electronic structure at the lateral boundary 

between surfaces of Te and I terminations. This bound-

ary represents a lateral junction of a type in which the 

relative position of the Fermi level is shifted with respect 

to the band edges, due principally to the surface polar-

ization, rather than by distribution of doping concentra-

tions. The junction is sharp, with a transition from p-like 

to n-like electronic structure over a distance ~4.5 nm.

According to Christophers' report, as the valence 

band in the p-like region and conduction band in the 

n-like region both exhibit Rashba spin splitting, the 

observed nanostructure might represent a Rashba p-n 

junction, as previously speculated by Crepaldi et al.,3 and 

might open a possibility for related device concepts. 

Further, these workers have demonstrated a possible av-

enue for a design of electronic properties in nano-scale 

Rashba spin-split systems by selection of polar surface 

terminations and control of their spatial distributions. 

(Reported by Chia-Hao Chen)
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cally illustrated in Fig. 2(a). The HRPEM/S spectra show Bi 

signals suppressed relative to signals of Te and I. The Bi 

signal exhibits a splitting in energy about 0.8 eV, as seen 

in Fig. 2(c). This splitting in the Bi 5d peaks is attributed 

to the differing surface polarizations of the two termina-

tions represented in the total signal. Photoelectrons from 

Bi in the Te-terminated surface are expected to have an 

increased binding energy, whereas those from Bi in the 

I-terminated surface have a decreased binding energy. 

Because the signals from Bi in the two terminations have 

roughly equal intensities, Bi was deduced to be in the 

second layer down in regions of both types; Te and I are 

thus thought to form the surface terminations. These can-

didates for the two terminations are consistent with those 

expected from the bulk crystal structure, for which cleav-

age along the van der Waals-bonded planes would leave 

Te or I as the terminating layer, with Bi buried beneath.

To visualize directly the evolution of the local elec-

tronic structure on a nanometer scale across the boundary 

between areas of distinct terminations, spatially resolved 

STS measurements were performed, as shown in Fig. 3. 

Tunneling spectra were recorded along a path crossing the 

boundary and compared with the corresponding topog-

raphy map, in Fig. 3(a). The shifting of the semiconductor 

band gap is clearly observed, with a transition correspond-

ing to the topographic step between the two regions.

The spatially resolved tunneling spectra reveal p-n 

Fig. 3:  Spatially resolved tunnelling spectra. (a) STM topography showing 
the boundary between areas of I- (left) and Te- (right) terminated 
surface. Scale bar, 20 nm. (b) Spatially resolved STS measurements 
with an emphasis on resolving the lateral behaviour at the 
junction. Vertical dashed lines enclose the transition region 
between the characteristic electronic structures of the two 
terminations. (Reproduced from Ref. 2)

(a)

(b)

Fig. 2:  Photoemission spectra for a cleaved BiTeI surface. (a) An illustration 
of HRPEM/S measurement using SPEM. (b) HRPEM/S spectrum 
showing signals for the constituent elements of BiTeI. (c) Magnified 
Bi 5d peaks show a separation into two contributions with a 
splitting in binding energy about 0.8 eV. (Reproduced from Ref. 2)
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How Does the Incorporation of Sn Affect the Structure of a 
Ge Matrix?

Group-IV semiconductor germanium has a great po-

tential for the development of novel electronic devices 

compatible with conventional Si-based semiconductor 

technology, but the indirect band gap of Ge has ap-

peared to be a limiting factor for the performance of 

such devices. To achieve direct band gaps, alloys of Ge 

and other group-IV elements have been extensively 

studied. In 2014, Yun-Liang Soo, Shih-Lin Chang, Hung-

Hsiang Cheng and their co-workers from National Tsing 

Hua University and National Taiwan University investigat-

ed the crystal structure and local structures surrounding 

Sn in Sn-Ge alloy samples of Sn concentration varying 

up to 20 at. %. The structural information derived from 

the use of X-ray techniques with synchrotron radiation is 

of central importance for understanding the electronic 

properties of the material. They reported that Sn atoms 

occupy Ge sites in these thin-film samples for which the 

lattice parameters of the films are distinctly larger than 

that of the Ge substrate and depend linearly on the Sn 

concentration in the out-of-plane direction; such in-

creased lattice parameters were not observed in the in-

plane direction.

Their film samples of Ge1-xSnx (thickness 30 nm; Sn 

concentrations 8, 12, and 20 at. %) were deposited with 

molecular beam epitaxy (MBE) from a solid source.1 The 

local structures surrounding Sn atoms were probed 

with the extended X-ray absorption fine structure (EX-

AFS) technique at BL01C1 of Taiwan Light Source at the 

NSRRC in Taiwan. A conventional fluorescence mode of 

detection was adopted with an energy-dispersive 13-el-

ement Ge fluorescence detector for all samples. The X-ray 

diffraction (XRD) patterns were measured near the Ge 

(004), (040) and (400) signals for all samples at BL07A1.

Figure 1 shows that the Fourier transform of the EX-

AFS χ-function for the 20% sample has two pronounced 

peaks, whereas those of the 8% and 12% samples have 

only one pronounced peak. Local structural parameters 

were quantitatively extracted from the χ-functions with 

an improved curve-fitting procedure. The final values of 

derived parameters reveal that the first pronounced peak 

in all samples is due to the nearest-neighbor shell of 4.8-6.2 

Ge atoms at distances 2.56 Å to 2.58 Å from the central Sn 

atoms. The second pronounced peak in the 20% sample is 

a composite peak arising from the second and third near-

est shells, both of 12 Ge atoms, at distances 4.17 Å and 4.80 

Å, respectively. Except for the slightly longer bonds and 

somewhat larger coordination numbers, the local struc-

This report features the work of Yun-Liang Soo, Shih-Lin Chang, Hung-Hsiang Cheng and their co-workers published in Semicond. Sci. 
Technol. 29, 115008 (2014).

Fig. 1:  Fourier transform of the weighted Sn K-edge EXAFS χ-functions. 
Fine lines: experiment; Coarse lines: curve fitting. (Reproduced 
from Ref. 2)
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In summary, local structures surrounding Sn in MBE-

grown Ge1-xSnx thin films probed with EXAFS resemble 

those surrounding Ge atoms in Ge crystal, indicating a 

substitutional incorporation of large concentration of 

Sn in the Ge host. As the Sn dopant atoms are larger 

than Ge, the Sn-Ge bond appears to be longer than 

the Ge-Ge bond. As revealed by XRD from the (004) 

atomic planes, such a longer bond produces a linearly 

increased lattice parameter in the out-of-plane direc-

tion as the Sn concentration increases, consistent with 

Vegard’s law. That no sign of increased lattice parameter 

in the in-plane directions was observed with XRD from 

the (040) and (400) planes indicates that a compressive 

strain might be present for the alloy layer to match the 

in-plane atomic arrangement of the Ge substrate. The 

synchrotron-radiation X-ray results obtained by the re-

search groups of Soo, Chang and Cheng have revealed 

the structural variation of the Ge matrix due to incorpo-

ration of Sn, and demonstrated the successful fabrica-

tion of substitutional Ge1-xSnx thin films with a large Sn 

concentration. (Reported by Yun-Liang Soo)
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tures of Sn obtained in their analysis resemble that of the 

standard Ge crystal, in which Ge atoms are surrounded by 

4, 12 and 12 Ge neighboring atoms at distances 2.45, 4.00 

and 4.69 Å, respectively. The apparent resemblance of Sn 

and Ge local environments, especially those in the 20% 

samples, indicates that Sn atoms most likely substitute for 

Ge atoms in these Ge1-xSnx films.

As demonstrated in Fig. 2, a satellite peak appearing 

at the left of the intense substrate peak of Ge (004) for each 

sample represents the (004) reflection from the Ge1-xSnx 

layer, in which the larger Sn atoms produce a lattice pa-

rameter larger than that of the pure Ge substrate. As the 

Sn concentration increases from 8 at. % to 20 at. %, such 

a satellite signal shifts to smaller angles indicating that 

the Ge1-xSnx lattice parameter in the direction of the film 

surface normal increases with Sn concentration. In con-

trast to the (004) reflection, no satellite peak is observed 

near the Ge (040) and (400) peaks, indicating that the in-

plane lattice parameters of Ge1-xSnx are indistinguishable 

from those of the Ge buffer layer.

Figure 3 shows that the lattice parameter of Ge1-xSnx 

films calculated from the (004) Bragg reflection increases 

linearly from the value for the crystalline Ge to that for 

metallic Sn as the Sn concentration increases. Such a lin-

ear dependence conforms to Vegard’s law.

Fig. 2:  X-ray powder diffraction patterns near the Ge (004) peak. 
(Reproduced from Ref. 2)
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High-temperature superconductivity 

(HTSC) emerges on doping holes or elec-

trons into antiferromagnetic (AFM) copper 

oxides. In undoped AFM cuprate, high-

energy magnetic excitations, so-called 

magnons, are observed. In the under- and 

optimally hole-doped cuprates, supercon-

ductivity is accompanied by an hourglass-

shaped dispersion of magnetic excitations 

around the scattering vector (0.5π, 0.5π).1 

Comparison of magnetic excitations and 

collective excitations in hole- and electron-

doped superconductors is hence required 

to unravel the mechanism of HTSC. The 

energy resolution of measurement of Cu 

L3-edge resonant inelastic X-ray scattering 

(RIXS) has improved from 1.6 eV to 130 

meV in ten years2 and can distinguish ma-

gnon excitation from an elastic feature. Cu 

L3-edge RIXS research on magnetic excita-

tions in hole-doped cuprates3,4 is recently 

promoted keenly.

On measuring Cu L3-edge RIXS, Wei-Sheng Lee et 

al. investigated how magnetic excitations and collec-

tive modes evolve in the superconducting (SC) phase 

of electron-doped cuprates Nd2-xCexCuO4 (NCCO) in 

comparison with hole-doped cuprates.5 The data of the 

AFM phase (x = 0.04) and the SC phase (x = 0.147) were 

recorded at the ADRESS beamline at SLS, PSI and the 

data of the slightly overdoped SC phase (x = 0.166) were 

recorded at BL05A1 at the TLS with the newly construct-

ed AGM-AGS spectrometer.6 All data were recorded with 

energy resolution approximately 130 meV.

 

Figure 1 presents the energy-momentum disper-

sions of magnetic excitations and collective excitations 

observed in RIXS spectra of AFM and electron-doped 

SC NCCO. Compared with the magnon excitation in the 

AFM (grey circle), two important features are observed 

in the electron-doped SC NCCO—a spin-wave-like dis-

persive magnetic excitation in the paramagnetic state, 

paramagnon (red circle) and additional unexpected col-

lective modes (blue open and closed circles). 

Paramagnon dispersion in electron-doped SC ex-

tends much further than magnon dispersion of the AFM. 

The energy at the AFM zone boundary of a paramagnon 

is approximately 450 meV, an increase 50% above that of 

a magnon (~ 300 meV). This behavior differs from that in 

New Features in the Doped Cuprate Phase Diagram

This report features the work of Wei-Sheng Lee and his co-workers published in Nature Physics 10, 883 (2014).

En
er

gy
 lo

ss
 (e

V
)

Fig. 1:  Magnon, paramagnon and collective-mode dispersions along directions (0, 0)-(π, 0) 
and (0, 0)-(π, π) deduced from RIXS spectra of AFM NCCO (x = 0.04) and SC NCCO (x = 
0.147). (Reproduced from Ref. 5)
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increases; the mode at x = 0.166 vanishes at 240 K but 

that at x = 0.147 persists to 280 K in Fig. 2(b). This condi-

tion indicates that there exists transition temperature 

TΓ and that it increases with underdoping. A doping-

dependent TΓ might be associated with the emergence 

of a doping-induced symmetry-broken state, which 

vanishes or becomes fluctuating at high temperatures. 

The existence of a symmetry-broken state implies the 

existence of a QCP beyond the AFM-SC phase boundary, 

as discussed for hole-doped cuprates.7 

Wei-Sheng Lee et al. drew complete pictures re-

garding the doping evolution of collective modes in 

doped cuprates and a phase diagram by complement-

ing existing knowledge with their results in Figs. 3(a) 

hole-doped cuprates, in which magnetic excitation soft-

ens slightly with doping.3,4 

 

The additional collective modes are absent in the 

heavily underdoped AFM NCCO (x = 0.04) and in any 

hole-doped superconductor. Wei-Sheng Lee et al. con-

sidered the origin of these unexpected collective modes 

from their dependence on doping and temperature in 

Figs. 2(a) and 2(b), and suggested that they are associat-

ed with a symmetry-broken state. The energy level at Γ 

point (0, 0) decreases with doping from x = 0.147 to 0.166 

in Fig. 2(a), which is consistent with the mass of a collec-

tive mode altering near a quantum critical point (QCP) 

associated with a symmetry-broken state. The collective 

mode near the Γ point becomes weak as temperature 
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Fig. 2:  (a) Energy-momentum dispersion of collective modes in SC compounds, x = 0.147 (open circle) and x = 0.166 (closed circle). The shaded area 
indicates the region that was unresolved because of finite resolution of instruments. (b) Temperature-dependent RIXS spectra recorded at a 
momentum position near the Γ point for SC compounds, x = 0.147 and x = 0.166. (Reproduced from Ref. 5)
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and 3(b). Their research revealed that the persistence 

of magnetic excitations and the existence of a distinct 

quantum phase are universal in both hole- and electron-

doped cuprates, although slight differences exist in their 

features. (Reported by Jun Okamoto)
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Fig. 3:  (a) Sketches of collective excitation spectra in energy-momentum space for electron-doped (e-SC, NCCO), lightly doped AFM and hole-doped (h-SC) 
superconducting cuprates. (b) A sketch of the cuprate phase diagram. The dots represent QCPs associated with symmetry-broken states (labelled as 
“other order”) on both sides of the phase diagram. (Reproduced from Ref. 5)
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Absence of Ferroelectricity in SmFeO3

Ferroelectric polarization in SmFeO3 has been recently 

reported below TN ~ 670 K, but the origin of this po-

larization is highly debated.1-3 In addition, it has been 

pointed out that a spin-reorientation transition occurs at 

TSR ~ 480 K in this material has no noticeable effect on its 

polarization. Initially, a mechanism based on an inverse 

Dzyaloshinskii-Moriya interaction was proposed as the 

driving force of the ferroelectric properties of SmFeO3.
1 

However, the underlying k = 0 magnetic structure was 

not directly measured, but was inferred from electronic 

structure calculations.1 This calculated k = 0 structure 

with magnetic ions located at inversion cen-

ters has been argued not to be responsible 

for the ferroelectric polarization by Si × Sj 

driven spin-orbit-coupling as inversion sym-

metry is broken.2 Subsequently, an alterna-

tive mechanism based on JSi • Sj exchange-

striction was proposed to be responsible for 

the ferroelectric polarization in SmFeO3.
3

In the present work, overcoming the 

highly neutron-absorbing properties of Sm 

in neutron measurements, Chang-Yang Kou, 

Zhiwei Hu, Liu-Ho Tjeng and their co-workers 

observed antiferromagnetic ordering of 

types FXCYGZ and GXAYFZ in SmFeO3 at 300 

and 515 K, respectively. As pointed out in Ref. 

2 for SmFeO3 (with magnetic ions located at 

inversion centers), k = 0 magnetic structures 

are incompatible with an electric polarization 

induced by an inverse Dzyaloshinskii-Moriya 

interaction.

The antiferromagnetic properties of Sm-

FeO3 were further studied with Fe-L2,3 edge 

Xray absorption spectra dependent on linear polarization 

at 440 and 490 K with the Poynting vector of the light be-

ing parallel to axes a, b and c, shown in Figs. 1(a)–1(c). The 

experimental data were recorded at TLS beamline 08B1. 

They observed considerable X-Ray Magnetic Linear Dichro-

ism (XMLD) signals between electric field E || b and E || c in 

Fig. 1(a), between E || a and E || c in Fig. 1(b), but nearly no 

difference between E || a and E || b in Fig. 1(c). The sign of 

the XMLD signals is reversed from 440 K to 490 K; see Figs. 

1(a)–(b). This effect is similar to previous work on the Mo-

rin transition of hematite,4 revealing a rotation of the spin 

This report features the work of Chang-Yang Kou, Zhiwei Hu, Liu-Hao Tjeng and their co-workers published in Phys. Rev. Lett. 113, 217203 (2014).
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Fig. 1:  Fe L2,3 Xray absorption spectra of SmFeO3. (a)–(c) XAS dependent on linear 
polarization measured above and below TSR with the incident beam parallel to axes a, 
b and c.
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orientation across TSR in SmFeO3. To extract 

the orientations of the antiferromagnetic 

axes, the authors simulated the spectra with 

configuration-interaction cluster calcula-

tions.5 The calculated spectra are shown 

in Figs. 1(a)–1(c); the parameters used in 

their calculation are listed in Ref. 6. The cor-

responding FeO6 cluster considered in their 

calculations is shown in the right part of 

each figure. The experimental spectra are 

evidently reproduced with the calculated 

spectra with spins parallel to axes c and 

a at 440 and 490 K, respectively, thus cor-

roborating the collinear magnetic structure 

obtained in their neutron measurements.

In seeking ferroelectrity, they mea-

sured the anisotropic dielectric properties 

of single-crystalline thin plates of SmFeO3. 

The capacitance was measured for frequen-

cies over a range with an excitation level 1 V, 

while the temperature was swept at a small 

rate of warming or cooling (1–2 K/min). As 

shown in Figs. 2(a)–2(b), the temperature-

dependent relative permittivity with electric 

field along axis b, εb(T) shows only a broad 

hump with strong frequency dependence 

below ~ 600 K. The dielectric loss, tan δ, in-

creased rapidly with increasing temperature. 

All samples are insulators near 300 K and 

become slightly conductive at high tem-

peratures (several kΩ at 800 K). No apparent 

anomalies were observed in εb(T) about TN. If an intrinsic 

ferroelectric transition had occurred at TN, the correspond-

ing anomalies should be observable in both εb and tan δ, 

irrespective of testing frequencies. Also, εb(T) and εbc(T) ex-

hibit no anomalies at TN. Complementary measurements 

of capacitance and voltage (C-V) were made on all their 

samples at 295 K.

Figure 2(c) shows a typical C-V curve with the elec-

tric field applied along axis b. No hysteresis was observed 

for SmFeO3 within the experimental resolution (< 10-4). It 

hence excludes the existence of ferroelectricity in SmFeO3.

Interpreting the observations differently from the 

authors of Ref. 1, they suggest that strain might be in-

duced by magnetoeleastic coupling at TN that would be 

responsible for an artificial observation of a pyrocurrent 

in direction b at TN. Their measurements of powder X-ray 
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Fig. 2:  Dielectric characterization of SmFeO3 with electric field along axis b at varied testing 
frequency. (a) Relative permittivity dependent on temperature, εb. (b) Tangent loss 
tan δ. (c) C-V curve of SmFeO3 at 295 K with the corresponding loss data in the inset.
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diffraction with synchrotron radiation reveal anomalies of 

predominantly the b-lattice parameter of SmFeO3 at TN. 

The hysteresis loop reported to occur at 300 K in Ref. 

1 might then be attributed to a leakage current7 that is 

absent from their experiment. This effect is perhaps re-

lated to the disparate lossy character of flux-grown1 and 

floating-zone-grown single crystals. The absence of ferro-

electric properties in SmFeO3 is also consistent with the k 

= 0 magnetic structure that they observed.

For a G-type antiferromagnetic rare-earth orthoferrite 

RFeO3 (R = rare earth), the electric polarization induced by 

exchange striction is known to occur only below the rare-

earth magnetic ordering temperature, which is about 0.01 

times TN. If exchange striction were an important mecha-

nism in SmFeO3, one would expect also a pyrocurrent sig-

nal when the magnetic structure exhibits distinct changes 

at TSR, which is not experimentally observed.1 They remark 

that magnetoelastic effects are present not only in pro-

totypical multiferroic materials such as BiFeO3 but (across 

the doping series Bi1-xLaxFeO3) also in non-ferroelectric 

centrosymmetric materials such as LaFeO3. Their findings 

indicate that magnetoelastic effects might also lead to an 

artificial observation of pyrocurrents; magnetoelastic cou-

pling can hence be easily misinterpreted as a ferroelectric 

response. (Reported by Hong-Ji Lin)
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Hard X-ray photoelectron spectroscopy (HAXPES) 

provide a new technique and excellent tool to study 

materials due to their unique ability to probe both the 

chemical and electronic structure of materials with 

bulk sensitivity. The HAXPES end-station of BL12XUSL 

at SPring-8, Japan was constructed as a collaborative 

research program of the NSRRC in Hsinchu, Taiwan and 

Max Planck Institute for Chemical Physics of Solids (MPI 

CPfS) in Dresden, Germany. Taiwan beamline BL12XUSL 

with an undulator source at SPring-8 that provides great 

brilliance and intensity is dedicated to installing the 

HAXPES end-station. The new HAXPES end-station is 

designed in a unique way to incorporate two analyzers 

Is IrO2 Goodenough? 
An Insight into Electronic Structure via HAXPES

This report features the work of David J. Payne and his co-workers published in Phys. Rev. Let. 112, 117601 (2014).

with disparate geometry. One analyzer is installed verti-

cally and is used to observe the d states of the valence 

band in transition-metal materials. The other analyzer, 

set horizontally, is assigned mainly to measure informa-

tion about the core level. In 2014, a research team of Da-

vid J. Payne’s group from the United Kingdom, revealed 

a new application of HAXPES that shows the electronic 

structure of IrO2 with crystal-field splitting of the iridium 

5d orbitals.1 Their result is in satisfactory agreement with 

the theoretical predictions of “Goodenough for conduc-

tive rutile-structured oxides”;2 they explain further why 

the spin-orbit Mott insulating state is not observed in 

the IrO2 system. 
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Ir d orbital contributions to electronic states indicates 

that the degeneracy of the five Ir d orbitals is completely 

lifted by the crystal field of coordination symmetry D2h.

Figure 2 shows the rutile crystal structure, partial 

densities of states with each atomic orbital respectively 

and band structure of IrO2. The conduction properties 

of IrO2 are dominated by the two t2g bands (dxz and dyz) 

that display a broad density of states about the Fermi 

level. The rise of metallic behavior in IrO2 is also indicated 

to be derived from the spin-orbit coupling of valence 

electrons and the electron-electron repulsion that are 

determined by the effects of crystal-field splitting and 

the effective orbital overlap.

IrO2 core-level photoelectron spectra of the Ir 4f 

and 5p regions are shown in Fig. 1(b). The result exhibits 

a distinctly asymmetric shape of the 4f line, whereas a 

symmetric line shape is typically expected in a metallic 

case. Such a strongly asymmetric shape is attributed to 

the effect of the final state, occurring during photoemis-

sion. This effect of the screening of conduction electrons 

in metallic conductors on the core-level spectral line 

shape has been well studied. It is difficult to fit well the 

Ir 4f core level with a single function such as a Voigt or 

Fano function. Improved fits were obtained on using 

two Voigt components with fixed relative intensities and 

positions of the main lines, but constraining the separa-

tion between screened and unscreened components of 

each individual core line to the same value led to a rap-

idly deteriorated quality of the fits. This effect indicates 

that the Kotani model3 might be appropriate for the IrO2 

system. According to this model, the photoemission 

triggers a local coulombic interaction with the valence 

states contributing to the conduction band. The pho-

toemission is hence described in interpreting the line 

shape of core-level photoelectron spectra of IrO2 with a 

formalism of screened and unscreened final states.4

Commercial samples of IrO2 are postulated to con-

tain an Ir2O3 impurity phase because of the presence 

Binding energy (eV)

Binding energy (eV)

Fig. 1:  HAXPES of IrO2 recorded at hν = 6.5 keV. (a) Valence-band spectrum 
of IrO2 and DFT calculation showing total densities of states. 
(b) Spectrum of Ir 4f and 5p core levels. The screened (S) and 
unscreened (U) components for Ir 4f (blue) and 5p (red) are shown.

In this work, they present high-resolution HAXPES 

measurements on IrO2, compared with theoretical band 

structure calculations using the framework of density 

functional theory (DFT). Their experimental data show 

clearly the 5d valence band utilizing the vertical geom-

etry analyzer. The HAXPES spectrum of the valence band 

of IrO2 follows closely the curve calculated with DFT, 

as shown in Fig. 1(a). The data reveal an explicit under-

standing of the electronic structure of the IrO2 valence 

band, particularly the nature of electronic states near the 

Fermi level. Further detailed analysis of the individual 
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of an Ir6+ component in the surface phase. HAXPES is a 

bulk-sensitive technique, which provides an increased 

probing depth and thus decreased surface effect in a 

photoelectron process. HAXPES hence shows promise 

for the study of the metal-insulator transition in iridate 

systems. HAXPES is a new technique rapidly developing 

at synchrotron facilities worldwide and is more sensitive 

to the bulk than XPS. The work of Payne’s group exploits 

the advantage of HAXPES on studying a metal-insulating 

system. We believe that HAXPES is also a powerful ap-

proach to investigate complicated materials, buried 

nanostructures and multi-layered structures relevant for 

device applications. (Reported by Yen-Fa Liao)
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Fig. 2:  Left: a stack of five unit cells shows the IrO2 rutile structure in the 
revised coordinate system. Right: Ir 5d partial densities of states 
projected onto their representative atomic orbitals.
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In actuating their internal lanterns on summer nights, 

fireflies create one of the most beautiful scenes in the 

world. In addition to its application to attract a mate, a 

bioluminescent signal enables light-emitting insects to 

communicate. How that bioluminescence works is an 

issue that still puzzles scientists. The biochemical mecha-

nisms used by fireflies for flashing have been recently 

clarified as bioluminescence produced by chemical 

reactions inside their lanterns. The reaction composi-

tions include calcium, adenosine triphosphate, luciferin 

and enzyme luciferase that are triggered by a sufficient 

oxygen flux,1 but the biophysical mechanisms, such as a 

mechanism of fuel supply, have not been demonstrated. 

In 2014, Yueh-Lin Tsai and Chia-Wei Li from Institute of 

Molecular and Cellular Biology in National Tsing Hua Uni-

versity with Yeu-Kuang Hwu from Academia Sinica have 

resolved this mystery on combining two sophisticated 

imaging techniques at the TLS: synchrotron phase-con-

trast microtomography (PCμT) and a transmission X-ray 

microscope (TXM).2 From the use of these techniques at 

high resolution, they accumulated convincing evidence 

to explain how the supply of oxygen works in firefly lan-

terns.

Two possible switching mechanisms of firefly lu-

minescence have been proposed. The first mechanism 

How Does a Firefly Flash?

This report features the work of Yueh-Lin Tsai, Chia-Wei Li, Yeu-Kuang Hwu, and their co-workers published in Phys. Rev. Lett. 113, 258103 (2014).
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assumes that nitrogen oxide (NO) inhibits 

the mitochondrial activity that enables a 

sufficient flux of oxygen to reach the pho-

tocytes (light-emitting cells).3 The second 

mechanism involves the presence of the 

tracheole fluid that can modulate the oxy-

gen flux to provide an extra amount for 

flashing.4 To test these two hypotheses, 

the greatest challenge was to reconstruct 

quantitatively the complicated tracheal 

structures inside firefly lanterns that help 

to estimate the flux of oxygen actually 

supplied through the tracheal system to 

the luminescent cells. The researchers 

used two advanced imaging techniques 

with X-rays from the synchrotron to re-

veal quantitatively the entire tracheal 

structures in three dimensions (3D). The 

first was PCμT at BL01A1 to observe fea-

tures on a micrometer scale with a field of 

view a few mm2; the spatial resolution of 

the PCμT is about 1 μm. The second was 

TXM at BL01B1 to observe features on a 

nanometer scale with a field of view a few 

μm2; the spatial resolution of TXM is about 

30–60 nm. Both techniques yield 3D to-

mographic images of the specimens. The 

average diameters of the tracheal tubes 

from the spiracle to the smallest terminal 

branches typically range from 120 μm to 

less than 300 nm; combining these two 

techniques enabled coverage of the full 

range of these scales. Both techniques pro-

vide phase-contrast images that are crucial 

to distinguish organic structures inside tis-

sues without labeling with any absorption-

enhanced reagents for X-rays. 

Figure 1 shows a 3D tomographic image of the 

complicated tracheal systems in L. terminalis (Figs. 1(a)-

(b)) and L. cerata (Figs. 1(c)-(d)), which were reconstruct-

Fig. 1:  3D tomographic images of the tracheal system in L. terminalis (a)–(b) and L. cerata (c)–
(d). (e)–(h) Cross-sectional images of tracheae reconstructed from X-ray tomography 
with various diameters. Scale bars: 100 μm. (Reproduced from Ref. 2)

(a) (b)

Fig. 2:  TXM images of tracheoles for L. terminalis (a)–(b) and L. cerata (c)–(d). Scale bars: 10 
μm [(a) and (c)], 2 μm [(b) and (d)]. (Reproduced from Ref. 2)

(c) (d)

ed through use of the PCμT without labeling. Figures 

1(e)-(h) show the cross sections of the tracheal tubes of 

various diameters. According to these geometric data, 
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the diameter, length and volume of the tracheal tubes, 

and also their density, were quantitatively measured. 

The most important aspect is the terminal region 

of the tracheal system, which exhibits tracheal tubes, 

known as tracheoles, of the greatest density and hence 

the smallest average diameter, typically within 300 nm. 

The tracheoles play a critical role in gas exchange, such 

as directly supplying oxygen to the mitochondria or 

photocytes. Figure 2 shows X-ray images of tracheoles 

using TXM with ultrahigh spatial resolution. Quantitative 

analysis of the tiny tracheolar geometry enables one to 

estimate the limit of oxygen flux diffusing into the mito-

chondria or photocytes through the tracheoles.

The scientists observed that the consumption of ox-

ygen corresponding to mitochondrial functions exceeds 

the maximum rate of oxygen diffusion from the tracheal 

system to the photocytes. In contrast, the maximum rate 

of diffusion of oxygen through the tracheoles is near the 

rate of oxygen consumption of photocytes for flashing. 

These conclusions support the first hypothesis of the 

luminescent mechanism of fireflies—that biolumines-

cence can be generated only on inhibiting the activities 

of mitochondria in the firefly lanterns. A sufficient por-

tion of oxygen was thus able to diffuse into the lumines-

cent cells to enable flashing. Based on the similarity of 

the rate of oxygen diffusion supplied through tracheoles 

and the rate of consumption of photocytes for flash-

ing, the second hypothesis must be rejected. No extra 

amount of oxygen can thereby be wasted by the trache-

ole fluid, which fills inside the tracheoles. This work pro-

vides substantial evidence to solve the key open ques-

tion about the biophysical mechanism of firefly flashing. 

(Reported by Chun-Chieh Wang)
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Since 1995 the chemistry of porous materials has be-

come revolutionized with the development of crystal-

lographically ordered hybrid frameworks.1 Noncovalent 

organic frameworks (nCOF), constructed through the self-

assembly of discrete organic molecules via noncovalent 

interactions (e.g. hydrogen bonding, [π…π], or [C−H…

π] interactions), have attracted much attention because 

of their modularity and processability in solution, but it is 

still challenging to synthesize a nCOF that possesses great 

thermal and hydrolytic stability, and a permanent porosity.

Based on the reported syntheses of extensively 

fluorinated ligands,2 a lightweight porous material with 

microscopic pores that captures several potent green-

house gases in large proportions has been developed 

through the self-assembly of extensively fluorinated 

molecules.3 A collaborative team including researchers 

from the NSRRC, University of Houston, and Advanced 

Photon Source at Argonne National Laboratory per-

formed this research. 

A Porous Organic Framework
Captures Greenhouse Gases

This report features the work of Ognjen Š. Miljanić and his co-workers published in Nat. Commun. 5, 5131 (2014).
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has been banned under the Montreal Protocol; they are 

being replaced with other products such as hydrofluoro-

carbons, hydrocarbons and CO2, but even these replace-

ments present potent greenhouse gases. 

A collaborative team led by Ognjen Miljanić from 

University of Houston (USA) has developed a molecule 

that self-assembles into a structure that can capture these 

greenhouse vapors to the extent 75% by mass. In their 

paper, they report that a small molecule based on an 

extensively fluorinated backbone forms a structure with 

minuscule one-dimensional honeycomb channels of di-

ameter about 1.6 nm. These pores are lined with fluorine 

atoms, which endow them with a great affinity for other 

molecules containing fluorine, including fluorocarbons 

and CFC.

Previous authors have developed other porous ma-

terials with similar pore sizes, but those were generally 

heavy (because of the presence of metals), sensitive to 

water, and difficult to process and recycle. The advantage 

of the current material is that it is stable to water and 

composed of individual molecules held together by only 

weak interactions—hydrogen bonding and [π…π] stack-

ing. The latter feature makes this material light weight, be-

cause there is no metal connector. The weak interactions 

between the molecules can be broken when needed; the 

molecule can thus be recycled or deposited on a surface.

   

The molecule is thermally stable to at least 250 °C 

(Fig. 2), proved by synchrotron powder X-ray diffraction 

(PXRD) data collected at BL01C2 at the TLS. This is a rare 

instance of an organic crystal that retains permanent 

porosity after the removal of guest solvents from its 

voids. The crystal is stable in acidic and basic solutions, 

and most organic solvents. Also, the material does not 

adsorb H2O even at 90% humidity.

The University of Houston researchers investigated 

the uptake of greenhouse gases carried by nitrogen 

onto this porous material. Of these, some were adsorbed 

Fig. 1:  Crystal structure of the porous organic framework, which has 
infinite fluorine-lined hexagonal channels protruding throughout 
the structure along the crystallographic c axis. Element colors: 
C-gray, N-blue, F-lime, and H-white. (Reproduced from Ref. 3)

Fig. 2:  Variable temperature PXRD revealed no alteration of structure until 
at least 250 °C. (Reproduced from Ref. 3)
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Greenhouse gases such as carbon dioxide have 

received much attention because of their potential to 

affect greatly the terrestrial climate. Although carbon 

dioxide presents the largest problem, several other com-

pounds are hundreds or thousands of times as potent 

in their global warming potential per unit mass. These 

include chlorofluorocarbons (CFC) and fluorocarbons 

(common refrigerants or propellants), which are highly 

stable organic compounds in which one or more hydro-

gen atoms have been replaced with fluorine. Because 

these chemicals cause the depletion of ozone in the up-

per atmosphere, the manufacture of such compounds 
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Table 1: Sorption capacities and other characteristics of guest adsorbed within the pores of nCOF. (Reproduced from Ref. 3)

Guest species
Boiling 

point (°C)
20-year greenhouse 

gas potential (vs. CO2)

Adsorption in nCOF

Mass (%)a Mol/ Mol 
nCOFb

Desorption 
temperature  ( °C)

Toluene 110 — 30.6 (29.7) 2.39 62
Hexane 68 — 27.7 (27.4) 2.31 52

Cyclohexane 81 — 25.7 (25.6) 2.20 61
Chloroform 61 — 52.5 (53.4) 3.17 62

Dichloromethane 40 31 49.8 (49.6) 4.22 45
Perfluorohexane 56 6,600 74.0 (73.6) 1.58 62

CFC-113 (Cl2FC–CClF2) 48 6,540 65.6 (64.9) 2.52 62
HCFC-225ca (CF3CHF2CHCl2) 51 429 58.0 (58.0) 2.06 63

a Values in parentheses indicate mass adsorption capacities observed in the second attempt.
b Molar values were calculated with mass adsorption data from the first attempt.

to up to 75% by mass in the prepared material (Table 1). 

The reversibility of this process was confirmed on per-

forming adsorption and desorption in over 20 cycles; no 

loss of capacity was observed. The uptake is rapid: the 

material becomes saturated with molecules of green-

house gases in less than 20 s. Near 23 °C, all examined 

guests can be removed completely from the pores of 

material within minutes on evacuation, but, if evacuation 

is not applied, fluorinated guests remain in the pores of 

material even after the flow of guest-enriched nitrogen 

is stopped; this behavior, along with the rapid uptake, 

indicates a great fluorophilicity of the material.

In summary, a thermally stable, porous, hydropho-

bic and fluorophilic nCOF has been synthesized. Its great 

affinity toward fluorocarbons and CFC is promising for 

the capture and recycling of greenhouse gases, some of 

which also cause ozone depletion.
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Dudley R. Herschbach, Yuan T. Lee and John C. Po-

lanyi were jointly awarded, in 1986, the Nobel prize in 

chemistry for their major contributions to chemical dy-

namics. Among them, Herschbach and Lee studied the 

detailed internal energies and kinetic energies of prod-

ucts formed from a single collision of two molecules (or 

radicals). Applying differential pumping and a crossed 

molecular beam, they built an environment for a reac-

tion involving a single collision with a satisfactory ratio 

of signal to noise, and opened a window to observe 

experimentally the progress of a chemical reaction. 

Several machines for crossed molecular beams are now 

distributed world-wide, designed for important chemi-

cal reactions and dynamics; one of these is located at 

the TLS in the NSRRC. This machine is also the only one 

to take advantage of synchrotron radiation as the source 

of vacuum-ultraviolet light to ionize products. 

Shih-Huang Lee is interested in the interstellar 

formation of hydrocarbons. He takes advantage of the 

Discovering the Mysteries of Chemical Reactions

This report features the work of Shih-Huang Lee and his co-workers published in J. Chem. Phys. 141, 124314 and 194305 (2014); and the work of Laurie J. 
Butler and his co-workers published in J. Phys. Chem. A 118, 3211 and 4707 (2014).
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crossed-molecular-beam machine coupled with syn-

chrotron radiation at BL21A1 to investigate intensively 

the reaction mechanisms. Not only atomic carbon and 

small carbon clusters—C2, C3 and C5—but also polyynic 

radicals, such as C2H, C4H, C6H and C8H, were detected 

in hydrocarbon-rich interstellar and circumstellar envi-

ronments. Tricarbon, C3, has a singlet electronic ground 

state, 1C3, and triplet first excited state, 3C3. Because its 

reactions have large barriers, 1C3 has typically little reac-

tivity with unsaturated hydrocarbons; no work on highly 

reactive 3C3 has been performed. Lee mixed C4F6 and 

He to generate 3C3 in the molecular beam with an elec-

tric discharge. Varying the photon energy of a tunable 

source of vacuum-ultraviolet light, he found a method 

to form a small amount of 3C3 radical.1 Figure 1 shows 

the photoionization spectrum of C3 radicals. The ioniza-

tion energy is 10 eV for 3C3 and 11.6 eV for 1C3. Although 

a dominant signal from C3 radical has an onset at 11.6 

eV, he measured a small signal from 10 eV, assigned to 
3C3. He designed the experiments with a small collision 

energy so that 1C3 radical was unable to react because 

the total energy was inadequate to overcome the reac-

tion barrier. In that environment of a reactant with a 

background free of interference, the measured products 

were expected to be produced from only 3C3. 

Besides the possible background from reactants, 

some product signal might also arise from the back-

ground. Among several parameters to decrease the 

incorrect signal, the first is to ensure the scattering direc-

tions of products. Figure 2 shows a Newton diagram of 

the reaction 3C3+ C2H2→C5H + H. In this experiment, the 

velocities of 3C3 and C2H2 were fixed; the velocity of the 

center of mass was thus well defined as Vrel. According 

to a calculation of the possible kinetic energies, product 

C5H was detectable only between 24° and 48°.

The signal of the corresponding duration of flight 

for product C5H to arrive at the detector at each scatter-

ing angle is displayed in Figure 3. The signal observed at 

angles larger than 48° and less than 24° was defined as 

Fig. 2:  Newton diagram superimposed on a two-dimensional map of the 
velocity distribution of product C5H from reaction 3C3+ C2H2→C5H 
+ H. VC3

 (VC2H2
) denotes the velocity of reactant C3 (C2H2) and Vrel 

denotes the relative velocity between both reactants. (Reproduced 
from Ref. 1)
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Fig. 1:  Photoionization spectrum of reactant C3. Arrows indicate 
deconvoluted ionization thresholds 10.0 ± 0.2 eV of 3C3 and 11.6 
± 0.2 eV of 1C3. Red and green lines serve as visual guides to the 
thresholds of 3C3 and 1C3, respectively. (Reproduced from Ref. 1) 
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a background effect that might arise from discharging 

the precursor. Another parameter such as the photon 

energy of the ionization source was finely tuned for an 

optimal ratio of signal to noise. The signal from reaction 

and background were eventually all clearly simulated, 

as in Fig. 3. On varying the ionization energy, the photo-

ionization spectrum of C5H became available to derive 

the structure of this product. This experiment enabled 

reactants, products, scattering angle, product structures, 

and internal energies to be characterized clearly. Coordi-
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nated with theoretical calculations, the surface of po-

tential energy and the extremely rapid events during 

the reaction were deduced.

Another experiment was performed to shed light 

on the formation of octatetranyl (C8H).2 Reactants C2 

and C6H2 were generated on discharging precursors in 

their nozzles. A similar method was adopted to test the 

properties of the reactants, shown in Fig. 4. The photo-

ionization spectra of reactants C2 and C6H2 are almost 

identical to those generated with another well-known 

method; this property was verifiable only with a tun-

able ionization energy.

The rates of chemical reaction are a major topic 

of research in atmospheric and combustion chemis-

try. The rates of those reactions represent statistical 

results of many collisions with diverse kinetic and in-

ternal energies. Secondary reactions are also typically 

involved. The experimental results vary because they 

are influenced by many factors. Detailed experiments 

of chemical dynamics must generally be performed to 

understand what really happens during the reaction 

and what influences the reaction rates. Laurie. J. Butler 

tried to study the addition of OH to propene on gener-

ating the radical intermediates formed upon addition 

of the hydroxyl radical by photodissociation of 1-bro-

mo-2-propanol and 2-bromo-1-propanol. Most experi-

ments were completed on their home-built machine 

for velocity map ion imaging coupled with resonance-

enhanced multiphoton ionization. A problem arose 

that, if the kinetic energy is small, the signal on the im-

age becomes near the position at which the unreacted 

ones are located and dominantly buried. A scattering 

apparatus has this advantage; a minor dissociation 

channel that was measured is shown in the inset of Fig. 

5. The best measurement was deduced on varying the 

photon energy.3

The decomposition paths of energetic materials 

are complicated but important; both experimental and 

Fig. 3:  Angle-specific time-of-flight spectra of product C5H from 3C3+ C2H2 

recorded at m/z = 61 u and photoionization energy 11.6 eV. Circles 
denote the experimental data and curves denote the simulations. 
(Reproduced from Ref. 1)
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theoretical research has been undertaken to study this 

topic but the paths are still unclear. These materials gen-

erally pass through nitroalkyl radical or nitroalkene in-

termediates to their final products. To study the reaction 

mechanisms of these major intermediate radicals, Butler 

produced them from the photochemical dissociation 

of the appropriate halogenated precursors. Although 

halonitroalkanes would serve as effective precursors for 

nitroalkyl radicals, their photodissociation dynamics of 

halonitroalkanes at 193 nm are complicated because of 

many competing channels of dissociation. In 2013 she 

found four major channels of dissociation of 2-bromo-

2-nitropropane; she used the crossed-molecular-beam 

machine coupling with tunable VUV light for a detailed 

clarification. Their paper states “they give extremely de-

tailed information about the photodissociation of halo-

nitroalkanes, which are important to benchmark future 

photolytic experiments and high-level electronic structure 

calculations on such molecules”.4 Figure 6 shows one ex-

ample. The upper plot presents results using ionization by 

electron bombardment at energy 200 eV and the lower 

one is at 10.84 eV. The green line in the lower panel is the 

new observation of NO2 products capable of possessing 

enough vibrational energy to undergo secondary disso-

ciation. During this experiment performed at the TLS, the 

detailed mechanisms that were resolved could well be 

applicable to complicated reaction systems. 
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Fig. 5:  Time -of-f l ight spectrum for fragments with m/z  = 79 u 
photochemically dissociated from C3H6OHBr. (Reproduced from Ref. 3) 
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Astronomical physics and chemistry con-

tinue to attract the attention of scientists 

who seek our origins. Advanced telescopes 

and spectra measured with them increas-

ingly enable the phenomena of space to be 

uncovered. Many large chemical species that 

scientists thought not to exist in space have 

also been identified. How they were formed 

and how they react become important in our 

quest to know more about the world beyond 

planet earth.  

The atmosphere of Titan, the largest 

moon of Saturn, comprises about 98.4% N2, 

1.6% CH4 and trace gases C2H2, C2H4, C2H6, 

etc. These trace gases are likely formed from 

the electronic excitation of N2 and CH4 with 

successive fragmentation and chemical reac-

tions. Yu-Jong Wu and his co-workers have measured 

the products formed on irradiation of CH4 in an icy N2 

matrix; some of these products are nitrile derivatives.1 

The presence of large and complicated nitriles in Titan’s 

atmosphere results from the polymerization of polyynes 

and cyanopolyynes; small unsaturated hydrocarbons, 

particularly C2H2 and C4H2, might prove crucial in chemi-

cal reactions, as they have been detected in appreciable 

mixing ratios at altitudes greater than 150 km. At this 

height, these molecules might absorb vacuum-ultra-

violet photons or collide with energetic particles, then 

produce mainly highly reactive radicals C2H and C4H that 

are the building blocks of polyynes and their derivatives. 

Wu noticed the key characters of chemical reac-

tions of unsaturated hydrocarbons; he therefore took 

advantage of the tunable vacuum-ultraviolet radiation 

Modeling Photochemistry on Saturn’s Largest Moon

This report features the work of Yu-Jong Wu and his co-workers published in Astrophys. J. Supplement Series 212, 7 (2014).

from BL03A1 at the TLS to conduct the reactions of 

C2H2 in an icy N2 matrix initiated on absorption of VUV 

photons or on electron impact.2 Figure 1 shows infrared 

spectra of C2H2/N2 (1/250) matrix samples irradiated with 

light at wave lengths (a) 160 nm and (b) 121.6 nm, and 

with (c) 2-keV electrons. Some nitrile products were ac-

curately identified and complicated derivatives, such as 

CNNC and CNCN, were also detected. Further chemical 

reactions from these products might be the key sources 

of polyynes and their derivatives. 
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Fig. 1:  Infrared absorption spectra recorded after  irradiation of frozen samples of C2H2/
N2 (1/250) with light at wave lengths (a) 160 nm and (b) 121.6 nm, and with (c) 
2-keV electrons, all for two hours. Lines pointing downward in trace (c) are due to 
interfering absorption by atmospheric water.2
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