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For a sustainable modern society, Li-ion-batteries (LIBs) play a more important role as an 

energy storage of electric vehicles. Understanding the operation mechanisms of LIBs is 

necessary to improve their properties, such as energy density, safety operation, and thermal 

stability, etc. Therefore, an elucidation of lithiation/delithiation phenomena by detailed 

electronic-state analysis under potential control is essential. 

For this purpose, there are many reports about 

operando measurements on the electronic properties of 

the constituent elements. However, most of the operando 

synchrotron x-ray spectroscopy techniques typically 

provide average information in the region of tens or 

hundreds of m which is larger than the particle size of 

the active materials. A spectroscopic microscopy with 

high spatial resolution is particularly important to further 

understand the charge/discharge mechanisms. This is 

because the method can detect changes in various 

electronic structures of elements closely correlated with 

lithiation/delithiation in single particle.  

Here, we have developed operando photoelectron 

spectromicroscopy to obtain spatially resolved 

information to the electronic structure of a few μm single 

crystal LIB active materials. For this purpose, we have 

developed an all-solid-state LIB cell that can operate 

under ultra-high-vacuum conditions, and measured 

operando photoelectron spectra of LiCoO2 (LCO) 

cathode material and Li4Ti5O12 (LTO) anode material in 

charge/discharge state by using SPring-8 BL07LSU 

3DnanoESCA having sub-100 nm spatial resolution [1]. 

 

Fig. 1 shows the operando photoelectron 

spectromicroscopy system for the all-solid-state LIBs. In 

preparation of operando cell, an LCO slurry was dropped 

onto micro-grid/Au-mesh, and placed on a solid 

electrolyte after slurry drying. The operando cell was 

Fig. 1 (a) Schematic details of all 

solid-state LIBs for Operando 

photoelectron spectromicroscopy 

system of 3DnanoESCA. (b) 

Optical image of operando cell on 

sample holder with five terminals. 

(b) 

(a) 



fabricated in an Ar-filled glovebox using Li metal as an anode material, and all of component 

were fixed by ceramics jigs which has a hole for exposing LCO particles. A photoelectron 

intensity mapping could be obtained by scanning a soft X-ray beam, which is focused on a 

sample by using a Fresnel zone plate. 

In an experiment, we obtained the Co 3p and Li 1s spectral mapping on LCO single crystal 

after Li extraction. Integrated spectra form each facet shows that atomic ratios of Li: Co were 

different depending on the facets. This result indicates that Li extraction varies with the facets, 

and guaranteed the reliability of our operando photoelectron spectromicroscopy[2].  

Furthermore, this operando measurement was applied to Li4Ti5O12 anode material, which 

has excellent performance for rapid charging and cycle stability. Fig. 2 (a-c) shows spectral 

mapping of LTO single particle comparing with optical and SEM images. As Fig. 2 (d), we 

compared Ti 3p changes after charging and discharging on the LTO particle, and found that 

SEI was formed and Li 3p was hidden during Li insertion. During LTO charge/discharge, 

lithium insertion and extraction proceed between two coexisting phases, spinel Li4Ti5O12 and 

the rock salt Li7Ti5O12 (Li-rich phase). In additional experiments conducted after this 

beamtime, we found that the Ti 3p peak shows chemical shifts as a result of phase change 

during the Li desertion [3]. 
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Fig. 2 Optical microscopy (a), photoelectron intensity mapping (b), and SEM (c) images 

of LTO single particle. (d) Ti 3p XPS spectra from LTO particle in (b). 
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To develop innovative materials for lithium-ion batteries (LIBs), which are rapidly 

increasing in demand, intensive research has been carried out in the research fields of cathode 

and anode materials. While novel materials have been eagerly sought for cathodes, 

anode materials have been focused on the use of metallic Li and alloy materials such as 

silicon and tin oxide (SnO2). Compared with commonly used graphite-based anode materials, 

alloy-based materials are expected to increase in capacity by several to dozens of times. 

However, the low cycle characteristics of alloy materials are a problem, because a large 

volume change occurs with lithiation/delithiation during charge/discharge processes. 

To overcome this problem, we propose in situ photoelectron spectromicroscopy with high 

spatial resolution in SnO2 wire during lithiation. We analyze the detail electronic states of 

each element in the electrode, and reveal the charge/discharge mechanism such as lithium 

diffusion and volume/shape change. This study aims to develop a cycle degradation control 

technique based on the understanding these phenomena. Therefore, we conducted an in situ 

measurement during lithiation into single particle anode material by using 3DnanoESCA[1]. 

By the proposed method, the lithiation reaction in SnO2 single crystal can be visualized with 

spectral mapping, and the effect from crystal orientation and facet on lithiation and diffusion 

will be clarified [2,3]. Since detailed changes of chemical states are revealed from 

photoelectron spectroscopy measurement, discrimination between conversion reaction of 

SnO2 and alloying reaction of Sn and Li is also expected. The findings obtained by the 

proposed experiments will greatly contribute to the future development of Li-ion batteries. 

 

In the sample preparation, we embedded SnO2 wires on metal Li in Ar-filled glovebox. This 

sample was put on the heater, which was connected to the terminal of the sample holder. This 

sample and sample holder was transferred into the 3DnanoESCA chamber without air 

exposure, and the SnO2 wire was observed with photoelectron mapping. The sample was 

heated to promote the Li reaction, and the morphological and chemical changes were 

observed from mapping and photoelectron spectroscopy. Observed SnO2 wires were observed 

before and after beamtime without air exposure using high resolution optical microscope and 

compared with the results of 3DnanoESCA. 

Fig. 1 (a, b) shows obtained images of optical microscopy and photoelectron intensity 

mapping of SnO2 after Li reaction enhanced at 50°C. Li diffused from the left side of the 

images and reacted with SnO2, and the reacted area was strongly expanded in the left region. 

The photoelectron spectra (Fig. 2) of Sn 3d showed that the Sn4+ peak on SnO2 wire (red) was 

shifted to Sn0 peak on the reacted region (green), which means SnO2 wire was reduced and 



changed to metal Sn and/or Sn-Li alloy. The Li 1s also showed that components of Li2O and 

LixSn are detected in the reacted region. These results clearly shows that the conversion 

reaction and the alloying reaction proceeded in the reacted region.  
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Fig. 1 Optical (a) and photoelectron intensity mapping 

(b) images of partially reacted SnO2 wire. 
Fig. 2 Pin-point XPS spectra of Li 1s and Sn 

3d from upper wire and reacted region on 

photoelectron mapping in Fig. 1 (b). 
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Improvement of the performances of electrode materials for Li-ion batteries (LIBs) are 

highly important to further develop electric and hybrid-electric vehicles. To develop novel 

electrode materials having high performances, understanding the charge-discharge 

mechanisms of the electrode materials from a viewpoint of the electronic structure is 

indispensable. Soft x-ray spectroscopy, which directly reveals the 3d orbital of transition 

metals, has recently attracted much attention for the electronic-structure analyses of the 

electrode materials.  

In this study we demonstrate operando soft x-ray emission spectroscopy (XES) for LiFePO4 

with an aqueous electrolyte solution. LiFePO4 is a typical cathode material for LIB1 and 

works as a cathode even for an aqueous electrolyte solution as well as organic electrolyte 

solutions used for general LIB. While a high voltage cannot be obtained for the aqueous LIBs 

because of the narrow voltage window for H2O, the redox reaction in the host framework of 

LiFePO4 is expected to be almost the same with the case when an organic electrolyte solution 

is used.  

We developed an in situ cell consisting of the LiFePO4 cathode, a Pt-wire counter electrode, 

Ag/AgCl reference electrode, and a 1 M LiNO3/H2O electrolyte solution by modifying the in 

situ cell for fuel cell catalysts2. The charge-discharge experiment was performed with cyclic 

voltammetry (CV) with a scan speed of 0.5 mV/s. The XES spectra were recorded at the four 

points on the second cycle (OCV 1 → charge → discharge → OCV 2) shown in Fig. 1. 

The operando XES experiments were carried out using HORNET XES spectrometer3 at 

BL07LSU of SPring-8. We selected 708 

eV as the excitation energy (Ein) in which 

the Fe2+ character should be enhanced for 

the Fe L3-edge absorption spectrum. The 

charge-discharge experiments were 

performed by cyclic voltammetry. The 

operando XES measurements were 

performed for the second 

charge-discharge cycle. 

The Fe 2p-3d-2p resonant XES spectra 

revealed great difference between the 

slurry (initial state) LiFePO4 powder and 

open-circuit-voltage (OCV) state after 

the first cycle (OCV 1, -0.07 V) (Fig. 2). 

For the slurry, the dd-excitation peaks are 

clearly observed from 704 to 707.5 eV 

and the charge-transfer (CT) excitation is 

Fig. 1: The CV curve for the operando XES measurement. 

The potentials for the charged and discharged states were 

maintained by a potentiostatic operation. For OCV 1 and 

2, the potentials were almost unchanged during recording 

the corresponding XES spectra.  



considerably suppressed. These results are ascribed to be the Fe2+ high-spin state as shown in 

a previous report4. For OCV 1, broad feature centred on ~703 eV should overlap on the Fe2+ 

peaks.  

For the charged state (+0.4 V), the profile is substantially changed from that of the OCV 1. 

Especially, the intensity for 704.5-707.5 eV greatly decreased, indicating a disappearance of 

the Fe2+ component possibly due to the oxidation reaction to Fe3+ state with Li extraction. 

Then, the profile for the charged state should be of the Fe3+ state. For the discharged state 

(-0.7 V), the dd-excitation peaks for the Fe2+ state as with the slurry appeared again, 

suggesting a reduction reaction to the Fe2+ state by discharge (Li re-intercalation). The 

spectrum for OCV 2 (-0.1 V) is similar to that for discharged state.  

In summary, operando XES 

measurements for LiFePO4 

with an aqueous electrolyte 

solution were performed to 

reveal the Fe 3d 

electronic-structure change 

during the charge-discharge 

process. The great difference 

between the slurry and OCV 1 

and the XES profile of charged 

state possibly reflecting the 

Fe3+ state indicate that the 

redox inactive Fe3+ component 

should be formed by the first 

cycle. For the second cycle, the 

redox reaction is reversible to 

some extent. In future, the 

electronic-structure parameters 

for the Fe2+ and Fe3+ states will 

be determined accurately by 

using multiplet calculations. 

The relationship between the 

electronic structure and 

electrochemical properties will 

also be discussed. 
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Fig. 2: Operando Fe 2p-3d-2p XES spectra for LiFePO4. 
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The redox potential of electrode materials for Li-ion batteries (LIBs) is the most important 

parameter to realize high-voltage LIB. For the cathode materials, the redox potential should 

be high as long as the electrolyte solution used in the battery is not decomposed. For example, 

LiCoO2 (LCO) and LiMn2O4 (LMO) which are typical cathode materials exhibit redox 

potential of ~4 V vs. Li/Li+. In contrast, LiFePO4 (LFP) has a redox potential of 3.5 V vs. 

Li/Li+ based on the Fe2+/Fe3+ redox couple, while the chemical/thermal stability and 

charge-discharge cycle performances of LFP are higher than those of LCO and LMO. To 

elevate the redox potential of LFP, it is well known that substitution of Mn for Fe is 

effective.1A potential plateau indeed appears at 4 V vs. Li/Li+ by the Mn doping, which is 

thought to be of the Mn2+/Mn3+ redox couple. On the other hand, there are several reports 

suggesting that redox-inactive Mn exists.2 In this study, we confirmed the redox reactions of 

LiMn0.5Fe0.5PO4 (LMFP) by using operando soft X-ray spectroscopy.  

For the operando experiment, we used our operando cell3 with an oxygen-free current 

collector for O K-edge measurement. LMFP thin-film layer was directly fabricated by 

sputtering on the oxygen-free current collector layer on Si3N4 window (150 nm) which 

separate the vacuum from the electrolyte solution. The operando soft X-ray absorption 

spectroscopy (XAS) for the LMFP thin film were carried out at BL07LSU of SPring-8.4 

Partial-fluorescence-yield (PFY) detection mode using a silicon-drift detector was employed 

for the XAS measurement. The charge-discharge experiment was performed with cyclic 

voltammetry (CV) (Fig. 1). The operando XAS spectra were recorded at the five points on the 

second cycle as shown in Fig. 1: ① open-circuit voltage (OCV), ② 4.0-V charge, ③ full 

charge, ④ 3.7-V discharge, and ⑤ full discharge.  

Figure 2(a) shows the operando XAS 

spectra at the Mn L edge. The XAS 

spectrum for ① OCV is attributed to Mn2+ 

high-spin state. This profile did not change 

for ② 4.0-V charge. For ③ full charge, 

the Mn L3 peaks became smaller and a 

broad structure centered on 643 eV 

appeared. Moreover, the peak at 652.5 eV 

for the Mn L2 edge was slightly enhanced. 

These changes suggest a small amount of 

Mn3+ emerged by charge, while the Mn2+ 

component considerably remained. The 

XAS profile returned to the Mn2+ state for 

④ 3.7-V discharge and maintained after 
Fig. 1. CV curve for LMFP. ①－⑤ indicate potentials 

where the operando XAS was performed. 



⑤ full discharge, indicating the oxidation peak centered on 4.2 V and the reduction peak 

centered on 3.9 V in Fig. 1 are of partial redox reaction on the Mn. On the other hand, the Fe 

L-edge XAS largely changed for ① → ② and ④ → ⑤ (Fig. 2(b)). These reactions are 

attributed to reversible Fe2+ ⇔ Fe3+ redox reaction around 3.5 V similar to LFP.  

 

 

The O K-edge XAS profile gradually changed during the charge-discharge process (Fig. 3). 

In particular, the pre-edge region below 532 eV was enhanced for ③ full charge. Taking the 

Mn L-edge XAS results into account, the Mn 3d-O 2p hybridized orbital should be redox 

active around 4 V. In 

addition, the peak at 533 eV 

comes from the electrolyte 

solution. 

In summary, we measured 

the operando XAS at the Mn 

L-edge, Fe L-edge and O 

K-edge for LMFP. The redox 

orbital around 4 V is not 

attributed to localized Mn 3d 

orbital, but hybridized Mn 

3d-O 2p orbital. In the near 

future, we will perform the 

operando soft X-ray 

emission spectroscopy to 

further understand the redox 

reaction. 
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Fig. 2. Operando XAS results (a) at the Mn L-edge and (b) Fe L-edge. The numbers correspond to the 

potentials in Fig. 1. 

Fig. 3. Operando XAS results at the O K-edge. 
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Current lithium-ion battery (LIB) technology powers most of today’s portable electronics, in 

part, owing to the high energy efficiency with which LIBs operate through intercalation 

chemistry. However, the tremendous industrial demand resulting from the market penetration 

of electric vehicles has significantly raised the requirement for the development of rechargeable 

batteries with higher energy density.  

One of the main means of increasing the energy density of batteries is the development of the 

positive electrode (cathode), in which ion (de)intercalation is charge-compensated by the redox 

reactions of transition metals. Quantitatively, in the conventional charge-compensation regime, 

which relies on the redox capability of transition metals, the theoretical capacity is maximized 

for the chemical composition of AMO2 (A: alkali metal, M: transition metal). However, recent 

experimental observations have shown that A-excess transition-metal oxides, A1+xM1−xO2, can 

deliver large extra capacities exceeding the theoretical limit of the M-redox reaction because of 

an additional oxygen-redox capacity. For example, Li1.2Ni0.13Co0.13Mn0.54O2 gives a large 

specific capacity of 270 mAh g-1 with a large contribution from an oxygen-redox reaction (~150 

mAh g-1). Therefore, exploiting additional oxygen-redox reactions of oxides would 

significantly contribute to surpassing the current energy-density limit of batteries. 

We investigated the reversible oxygen-redox capacity of a layered sodium manganese oxide 

Na2Mn3O7. Na2Mn3O7 (Na4/7[1/7Mn4+
6/7]O2 in conventional NaxMO2 notation) consists of Na+ 

and [1/7Mn4+
6/7] layers that stack alternately (Figure 1). We expect that Na2Mn3O7 has 

nonbonding 2p orbitals of oxygens neighboring , leading to an extra oxygen-redox capacity 

upon Na+ extraction at a higher potential.  

The powder X-ray diffraction (XRD) pattern of the as-prepared compound confirms the 

successful synthesis of Na2Mn3O7. The galvanostatic charge/discharge curves of Na2+xMn3O7 

recorded between 1.5 and 3.0 V vs. Na/Na+ (Figure 1) confirm the reversible electrochemical 

reaction of Na2Mn3O7 ↔ Na4Mn3O7 based on Mn4+/Mn3+. In addition, we confirm that Na+ can 

also be deintercalated from Na2Mn3O7. The galvanostatic charge/discharge curves for first few 

cycles between 3.0 and 4.7 V vs. Na/Na+ at a C/20 rate show that Na2−xMn3O7 delivers an extra 

Figure 1. Left: Crystal structure of Na2Mn3O7. Right: Charge-discharge curves of Na2Mn3O7 in a 

sodium-ion cell. 



reversible capacity of approximately 75 mAh g-1, corresponding to the (de)intercalation of 1.0 

Na+ per formula unit (Na2Mn3O7 ↔ NaMn3O7) at an average potential of 4.1 V vs. Na/Na+. 

Considering that Mn4+ in Na2Mn3O7 cannot undergo further oxidation during Na+ 

deintercalation, the origin for this capacity is the reversible oxygen-redox reaction.  

X-ray absorption spectroscopy (XAS) at the Mn L-edge and oxygen K-edge was conducted 

to confirm the oxygen-redox activity. The XAS spectra were measured in the bulk sensitive 

partial fluorescence yield (PFY) mode with a probing depth deeper than 100 nm, as well as in 

the surface sensitive total electron yield (TEY) mode with a probing depth of approximately 5 

nm. Before charging, the XAS spectral shape of the Mn L3-edge in the PFY mode is almost 

identical with that reported for Mn4+ in Li2MnO3. Maintaining its initial shape during the entire 

charge/discharge processes indicates that Mn in bulk does not contribute to the redox reaction. 

However, the XAS spectra of the Mn L3-edge in the surface sensitive TEY mode indicate the 

formation of Mn3+ at the surface when discharging below 4.0 V vs. Na/Na+. Therefore, at the 

sloping charge/discharge profile region below 4.0 V vs. Na/Na+, the surface redox reaction of 

Mn4+/Mn3+ is responsible for the capacity. 

The XAS oxygen K-edge spectrum (PFY) before charging shows two pre-edge peaks that 

correspond to the excitation from 1s to unoccupied oxygen 2p orbitals hybridized with Mn eg
↑, 

t2g
↓, and eg

↓. If Mn4+ ions were oxidized during Na+ deintercalation, a new absorption peak 

corresponding to the excitation from 1s to the unoccupied O 2p−Mn t2g
↑ state should appear at 

the lowest energy region (ca. 528 eV). However, the absorption increases at the high energy 

region of 532 eV after charging. The emergence of this new absorption at the high energy region 

upon charge is a typical behavior of oxygen-redox electrodes.  

It is important to note that the oxygen K-edge XAS spectral change is reversible upon 

charge/discharge, confirming the reversibility of the oxygen-redox reactions. The oxidized 

oxygen is stabilized by a π-type interaction between the oxygen 2p and Mn t2g orbitals. In 

addition, the large difference in the effective ionic radii of Na+ (1.16 Å) and Mn4+ (0.67 Å) 

should suppress damaging Mn migration while coulombic attraction between Na+ and  

maintains the stacking of [1/7Mn4+
6/7] layers after desodiation.  

In summary, a Mn deficient layered compound Na2−xMn3O7 (Na4/7[1/7Mn4+
6/7]O2) showed 

highly reversible oxygen-redox 

reaction at approximately 4.1 V 

vs. Na/Na+. Nonbonding 2p 

orbitals of oxygens neighboring 

Mn vacancies  were 

determined to be essential for 

the reversible oxygen-redox 

reaction delivering an extra 

capacity of 75 mAh g-1. This 

work provides a compelling 

future research direction 

toward reversible oxygen-

redox cathodes for high energy 

density batteries through 

orbital/structural engineering. 
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Figure 2. O K-edge X-ray absorption spectra for Na2Mn3O7 upon 

charge/discharge. 
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Electronic spin plays a crucial role in determining the physical and chemical properties of 

transition-metal compounds. In particular, d4−d7 electronic configurations of first-row 

transition-metals in an octahedral coordination have either high spin (HS) or low spin (LS) 

states, governed by the competition between the ligand-field splitting and electron paring 

energy. When two spin states are thermally accessible, the spin state changes (also known as 

spin crossover or spin transition) owing to external stimuli such as temperature, pressure, light, 

and chemical reactions. Because the alteration of spin states drastically modulates frontier 

orbitals that are fully responsible for chemical reactivity, coupling phenomena between spin 

transitions and chemical reactions are of great interest in chemistry. In an electrochemical 

system, the number of d electrons at a redox center is variable. Therefore, a stable spin state 

may occasionally be altered after oxidation/reduction, leading to a spin transition. 

Redox-driven spin transitions are important processes, for example in biochemistry, and have 

also been studied for possible applications for molecular devices. 

In battery ceramics electrode materials containing transition-metals M, electrochemical ion 

(de)intercalation modulates the valence of M, which in turn changes the magnitude of the 

ligand-field splitting and the number of d electrons. In analogy with liquid state 

transition-metal complexes, it is likely that M in battery electrode materials exhibits a hitherto 

unreported solid-state electrochemical spin transition, which might considerably influence the 

operating potential of the electrodes. However, despite considerable interest in the redox 

behavior of M in battery electrode 

materials, materials featuring a RDST has 

not been explored to date. One suitable 

material for exploring this new concept is 

the layered transition-metal oxide NaMO2 

where MO6 octahedra form a triangular 

two-dimensional slab and Na ions reside in 

the interlayer space. NaMO2 has been 

investigated as a promising cathode 

material for sodium-ion batteries with a 

large theoretical capacity. Importantly, 

NaMO2 maintains a layered structure with 

various Mn+ owing to the large ionic size 

difference between Na+ and Mn+. These 

features make the NaMO2 system suitable 

for investigating the electrochemical 

properties of various redox couples 

M(n+1)+/Mn+ in an identical solid-state 

matrix.  

Taking advantage of the remarkable 

structural tolerance of NaMO2 towards the 

variation of the electronic structure, we 

explored the possibility of spin transitions 

in NaxMO2 during charging/discharging 

reactions. Using computational 

calculations assuming various d4−d7 

configurations in NaxMO2, we predict Mn+ 

Figure 1. (a) Charge/discharge curves for 

O3-NaxTi0.5Co0.5O2 and NaxTi0.5Ni0.5O2. (b) Ex situ 

X-ray diffraction patterns for NaxTi0.5Co0.5O2.  



species that can cause the HS-LS transition in a battery cell and verify these predictions in 

multiple experiments. 

We verified the redox-driven spin transition for Co3+/Co2+ experimentally. Generally, 

NaxMO2 exhibits reversible electrochemical Na-ion (de)intercalation with a small polarization 

owing to high Na-ion diffusivity and high electron mobility. For example, NaTi0.5Ni0.5O2 

shows reversible charge/discharge curves over a narrow voltage region. Conversely, the 

charge/discharge curves for NaxTi0.5Co0.5O2 show a large voltage hysteresis of approximately 

2.8 V for the Na+ (de)intercalation (Figure 1a). This phenomenon is not caused by sluggish 

conversion/phase segregation because ex situ X-ray diffraction experiments confirmed a 

commonly-observed smooth reversible transformation between the O3 and P3 phases upon 

Na-ion (de)intercalation (Figure 1b). Therefore, we attribute this large voltage hysteresis to 

specific energetics of the electron configuration. 

To clarify the change in the electronic-structure of NaxTi0.5Co0.5O2 upon desodiation 

(charging) and subsequent sodiation (discharging) processes, we measured L-edge X-ray 

absorption spectroscopy of the transition metals M. No significant change of the Ti L-edge 

spectra was observed upon charge/discharge. The spectral shapes for all samples were well 

reproduced by the configuration interaction (CI) calculation of Ti4+ in octahedral TiO6. 

Clearly, Ti is not redox active during charging/discharging NaxTi0.5Co0.5O2. We further 

confirmed the redox inactivity of Ti by X-ray photoelectron spectroscopy measurements of 

the Ti 2p region. Conversely, the Co L-edge spectra for NaxTi0.5Co0.5O2 showed notable and 

reversible changes upon charge/discharge. The spectra for NaTi0.5Co0.5O2 and 

Na0.5Ti0.5Co0.5O2 were well reproduced by CI calculations of Co2+ HS and Co3+ LS in 

octahedral CoO6, respectively (Figure 2). Therefore, the stable spin state of Co reversibly 

changed during the charging/discharging of NaxTi0.5Co0.5O2.  

In summary, we discovered a solid-state 

redox-driven spin-state transition of 

Co3+/Co2+ in layered transition metal 

oxides upon reversible sodium 

intercalation reaction in an 

electro-chemical cell. Our work points to 

the considerable influence of the 

spin-state variance of transition metals 

with d4−d7 configurations on their 

solid-state electrochemistry. Further 

ex-ploration in various host structures 

might reveal the missing link between the 

spin transition and electrochemical 

modula-tions. In a practical sense, 

redox-driven spin transitions cause a large 

voltage hysteresis (> 1 V) upon 

electrochemical charg-ing/discharging 

processes and a large loss in energy efficiency. Thus, Co3+/Co2+, and possibly Fe4+/Fe3+, in 

oxides should be used with care as the redox couples in battery electrodes. 
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INTRODUCTION 

Organic photovoltaic (OPV) devices are one of leading solutions for realizing ubiquitous 

light-harvesting systems. Although much effort has been devoted to improve the OPV 

performance, the light-electricity conversion efficiency is no more than 15% [1]. An effective 

electron-hole separation before an electron-hole recombination is a key to realize a high 

efficiency. Thus, it is important to understand the behavior of the photoexcited electrons and 

holes especially at heterojunctions between p- and n-type organic semiconductors. 

In the present study, layered systems fabricated by phthalocyanine (CuPc and TiOPc), a 

p-type organic semiconductor, and C60, an n-type organic semiconductor, on a single 

crystalline rutile TiO2(110) surface were investigated by pump-probe time-resolved soft X-ray 

photoelectron spectroscopy (TRXPS) to clarify the photoexcited carrier dynamics in the 

layered organic thin films [2]. Photoresponsivity of C60 towards the ultraviolet (UV) light was 

found to be enhanced when the phthalocyanine layer covers the C60 layer.  

 

EXPERIMENTAL 

The TRXPS measurements were done at BL07LSU of SPring-8 [3]. A 402-nm UV laser 

was used to generate the photoexcited carriers in the organic films, and the excited states were 

monitored through synchrotron-radiation (SR)-excited C 1s peaks of C60 and phthalocyanine. 

The SR was provided with an H-mode operation of SPring-8 with a pulse width of about 50 

ps, which corresponded to the time resolution of the TRXPS system. We also carried out 

conventional X-ray photoelectron spectroscopy (XPS) measurements at BL-13B of the 

Photon Factory [4] utilizing an SES200 electron energy analyser (Gamma Data/Scienta).  

A 0.05 wt% Nb-doped rutile TiO2 crystal with (110) orientation was used as a substrate. 

The (110) surface was cleaned in an ultrahigh vacuum (UHV) chamber by cycles of Ar+ 

sputtering and annealing at 950 K in O2 atmosphere. C60, CuPc and TiOPc were evaporated 

on the TiO2 surface at room temperature using Knudsen cells. The thicknesses of the organic 

layers were adjusted to monolayer-equivalent thicknesses, i.e., 0.8 nm for C60 and 0.34 nm for 

the phthalocyanine molecules, by controlling evaporation rate and time. 

 

RESULTS AND DISCUSSION 

Fig. 1 shows C 1s XPS spectra of the C60/TiO2(110) and CuPc/C60/TiO2(110) systems. The 

C 1s spectrum of the former system is composed of a single component, whereas both C60 and 

CuPc contributions are confirmed by peak fitting. Even though the C60 layer is beneath the 

CuPc layer, the C 1s spectrum for the CuPc/C60/TiO2(110) system is dominated by the C60 

component, reflecting the densities of the composite C atoms in the CuPc and C60 layers.  

Upon the UV laser irradiation, the C 1s spectrum moves slightly towards the higher binding 

energy side (Fig. 2). Amounts of the peak shift are 13 and 14 meV at a delay time, a time 

difference between the pump UV laser pulse and the probe SR pulse, of 0.1 ns for 

CuPc/C60/TiO2(110) (Fig. 2) and TiOPc/C60/TiO2(110) (not shown here but given in Ref. [2]), 

respectively. Since the C 1s spectrum is dominated by the C60 component, the observed 



spectral shift is caused mainly by the shift of the C60 component. The direction of the shift 

implies cationization of C60 after photoabsorption. We speculate that an electron excited into 

an unoccupied state of C60 is transferred to the conduction band of TiO2. Thus, the peak shift 

indicates the electron-hole separation.  

As the delay time is prolonged, the shift is diminished to ~8 meV for both systems (Fig. 3). 

Solid lines in Fig. 3 are best-fitted results using Δ1 exp(− t/τ1) + Δ2 exp(− t/τ2), where Δ and τ 

are the magnitude of the shift and the decay time constant, respectively. τ for 

CuPc/C60/TiO2(110) are 95 ns and >100 μs and those for TiOPc/C60/TiO2(110) are 20 ns and 

>100 μs. This indicates that there are two excited states of C60; one has a lifetime in a 

nanosecond order and the other has a very long lifetime (a microsecond order). Existence of 

the long-lifetime component is beneficial to the efficient OPV because it means suppression 

of the electron-hole recombination.  

Also shown in Fig. 3 is a delay-time dependence of the C60 C 1s peak shift for the 

C60/TiO2(110) system. The C 1s peak moves to the higher binding energy side upon the UV 

laser irradiation. The magnitude of the shift is approximately 7 meV irrespective of the delay 

time. If the magnitude of the shift is proportional to the density of excited C60, comparison of 

the three systems leads us to conclude that, although the phthalocyanine overlayer partially 

blocks the incoming UV photons, photoresponsivity of C60 is enhanced by the overlayer. A 

pohotoresponsivity enhancement is possible when an energy is effectively transferred from 

excited phthalocyanine to C60 via either a Förster mechanism or a Dexter mechanism [5]. 

Such an intermolecular energy transfer is an important process in, for example, dye-sensitized 

solar cells, in which a repeated stack of the C60 and phthalocyanine layers may be effective to 

achieve a high efficiency. 
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FIGURE 1. C 1s spectra of 

CuPc/C60/TiO2 and C60/TiO2. 

Lines drawn by dots are 

experimental results, and solid 

lines are best-fitted results of 

peak fitting using Voigt 

functions. 
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FIGURE 2. C 1s spectra of 

CuPc/C60/TiO2 without UV laser 

irradiation and at 0.1 ns after 

the laser pulse irradiation. 

Magnified view around the 

spectral peak region is shown in 

the inset. A slight shift of the 

peak position is induced by the 

UV irradiation. 
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FIGURE 3. Summary of 

the laser-induced shift of 

the C60 C 1s peak as a 

function of the delay time. 

Dots are the experimental 

results and solid lines are 

obtained by fitting the 

data using a biexponential 

function.  
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Silicon carbide has attracted great attention in order to be applied to high-power devices for 

devices that depict low power consumption, low on-resistance, and high blocking voltage, 

because of its superior material properties such as high voltage endurance and saturation 

velocity. Recently, 4H-SiC trench-MOSFETs have been regarded as one of the most 

promising device structures to reduce on-resistance. Furthermore, the non-polar 1-100 plane 

(m-plane) of 4H-SiC can offer the highest channel mobility among various SiC crystal planes 

and can be used as a channel plane for the trench sidewall in trench-MOSFETs. [1]  

In this study, SiC trench structures having a width of 0.6 m and a depth of 2.0 m 

fabricated by reactive ion etching (RIE) using a gas mixture of SF6, Ar, and O2 were cleaved 

to expose the sidewall for the channel region of a trench MOSFET and analyzed by 3D 

nano-ESCA [2] using a 100 nm soft-X-ray beam at SPring-8 BL07LSU (Fig. 1). The AFM 

image of RIE-tranch sidewall surface is shown in Fig. 2. 

It is observed that around 2 nm-thick homogeneous carbon-rich layer containing 1%-2 % F 

is formed on the SiC sidewalls. This may be caused due to the re-deposition of RIE reaction 

products, CF4, and SiF4 under appropriate conditions to fabricate approximately vertical 

trench walls, as shown in Fig. 3. Further, a carbon-rich layer having a thickness of about 2.4 

nm is also formed on the bottom of the SiC trench, suggesting the possibility of selective 

etching of Si from the SiC substrates. CFx species are likely to form polymer-like protective 

layers during the RIE process, resulting in the enhancement of the etching selectivity, and the 

addition of Ar to the etching gas is thought to enhance the physical reaction or sputtering 

effect. The overall chemical reaction can be represented as follows: 

4 SF6 + 4 O2 + 3 SiC → 4 SO2↑ + 3 SiF4 ↑ + 3 CF4 ↑     (1). 

It should be noted that the position of the Si 2p dominant peak that is associated with the 

SiC component remains constant regardless of the trench depth, as shown in Fig. 4. This 

suggests homogeneous band bending due to the RIE defects, which may explain the reason 

for no variation being observed in the gate oxide/SiC interface trap density values. The Si 2p 

binding energy of 101.1 eV on the sidewall corresponds to a band bending of 1.50 eV. 

Theoretical calculations using DFT reportedly revealed that the EH7 trap observed by DLTS 

[3] can be attributed to the presence of positively charged carbon vacancies (VC
+) whose 

energy level is 1.73 eV below the CBM [4]. Based on these experiments and calculations the 

observed band bending of 1.50 eV may be attributed to the dominant EH7 trap or to the 

positively charged carbon vacancy (VC
+). [5] 

We also analysed SiC trench sidewall which was treated with thermal annealing and 

oxidation processes, and found that the almost same band bending remained unchanged even 

by these processes. Further study is needed to realize nearly flat band condition. 
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   Fig. 1. 3D nano-ESCA at SPring-8 BL07LSU   Fig. 2. AFM image of SiC trench sidewall 
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Fig. 3. F 1s photoelectron spectra with the deconvoluted components from four different 

positions (X= 0.1, 0.7, 1.2, and 1.8 m from the surface) of the SiC trench sidewall, and a 

schematic model of RIE trench structure. 
 

 
Fig. 4. Si 2p photoelectron spectra in a narrow scan mode with the deconvoluted components 

from four different positions (X= 0.1, 0.7, 1.2, and 1.8 m from the surface) of the SiC trench 

sidewall, and a schematic band diagram for the m-plane SiC sidewall caused by RIE. 
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Introduction 
Recently, new organic functional materials that show the proton (H+) dynamics coupled 

with electrical conductivity have been reported [1,2]. In the organic crystal consisting of 
catechol-fused tetrathiafulvalene derivative (Cat-TTF), the change in the position of H+ in the 
hydrogen bonds (HBs) induces charge redistribution of the π electrons in the molecules, 
which results in the switching of electrical conductivity [1,2]. Although the novel 
“proton-electron” concerted functionality of Cat-TTF has been achieved in 3D crystals, it 
should be necessary to reduce the dimensionality to 2D when one considers its application in 
organic electronic devices. In the previous study, hence, we designed the proton-electron 
correlated bilayers and created them in a way of self-assembly [3]. The bilayer consists of the 
catechol-fused bis(methylthio)tetrathiafulvalene (H2Cat-BMT-TTF) molecular layer as a H+ 
donor and the imidazole-terminated 
alkanethiolate self-assembled monolayer 
(Im-SAM) as a H+ acceptor (Fig. 1). When the 
pairs of H+ donor and acceptor provide strong 
HBs, the H+ transfer along the HBs becomes 
easier in the bilayer and thus the conductivity 
of the Cat-TTF layer may become more 
controllable. In this study, therefore, we aimed 
to elucidate the characteristics of the 
interfacial HB states in the heterobilayer for 
creating the 2D proton-electron correlated 
systems on a substrate [4]. 

 
Experimental 

The organic heterobilayer on an Au surface was prepared by sequential two-step immersion 
of the Au substrate deposited on cleaved mica (Au film thickness of 200 nm, Phasis) in 
individual solutions of the organic compounds. First, the clean Au substrate was immersed in 
a deoxygenated ethanol solution containing 1 mM of 1-(11-mercaptoundecyl)-imidazole 
(Im-(CH2)11-SH; 96%, Sigma-Aldrich) for ≥ 20 h. This produced a well-packed Im-SAM on 
Au. Secondly, the Im-SAM/Au sample was immersed in a deoxygenated chloroform solution 
containing 1 mM of the synthesized H2Cat-BMT-TTF for ≥ 20 h. All immersion processes 
were carried out under dry N2 atmosphere in a glove box at room temperature. Further details 
of sample preparation can be found in the previous publication [3]. 

The element- and site-specific molecular interactions in the organic bilayer were 
investigated by NEXAFS. The NEXAFS experiments were carried out at soft X-ray beamline 
BL07LSU at SPring-8. The spectra were recorded in total electron yield (TEY) by measuring 
the sample drain current. The incidence angle of the p-polarized soft X-ray was set to 54.7° 
from the sample surface, i.e., “magic angle”. The incident soft X-ray beam was defocused to 
~60 µm (H) × ~30 µm (V) to avoid beam damage of the organic molecules. All NEXAFS 
spectra were measured in UHV (base pressure of ~5 × 10−6 Pa) at 300 K. The NEXAFS 
spectra were normalized with the incident photon flux measured by the drain current of the 
Au mesh and then, a linear background determined by the slope at the nitrogen preedge region 

 
Fig. 1.  Schematic chemical structures of the 
self-assembled heterobilayer consisting of the 
Cat-TTF layer and Im-SAM on an Au substrate. 



(396−399 eV) was subtracted. Further details of NEXAFS 
measurements can be found in our recent publication [4]. 
 
Results and Discussion 

By the design of our heterobilayer, the OH group of 
catechol and imino N in the imidazole group may make HB 
(Fig. 2). In fact, the interfacial HB states in the heterobilayer 
are characterized by a broadened and highly red-shifted band 
of O-H stretching vibrations observed by infrared reflection 
absorption spectroscopy [3]. This is the clear evidence of 
strong HBs of the H+ donors. However, it was not clear that 
imino N works as the H+ accepter in HBs. Hence, the N 
K-edge NEXAFS was conducted to specify the complete 
picture of interfacial HB states [4]. The element specificity of 
NEXAFS allows elucidation of the nature of HB at the H+ 
acceptor side because N atoms exist only in the Im-SAM. 

Figure 3 shows the N K-edge NEXAFS spectra of Im-SAM/Au and H2Cat-BMT-TTF 
adsorbed on Im-SAM/Au. The sharp peaks at 400.0 eV and 401.8 eV are ascribed to the N 1s 
→ 1π* transition of the imino N (N3) and amino N (N1) atoms, respectively, of the imidazole 
ring in Im-SAM. In comparison between the spectra before and after the H2Cat-BMT-TTF 
adsorption, the π* peak of imino N (N3) shifts from 400.0 eV to 400.3 eV, while that of 
amino N (N1) remains at the same energy. This shows that the adsorption of 
H2Cat-BMT-TTF changes only the chemical environment of imino N, by making HBs. Based 
on the deconvolution analysis, the ratio of the shifted component to the total imino N is 
determined to be 0.41. These results depict the interfacial HB states in the heterobilayer as 
that closely half of imino N makes strong HB with the OH groups of H2Cat-BMT-TTF. 
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Fig. 3.  N K-edge NEXAFS spectra of Im-SAM and H2Cat-BMT-TTF adsorbed on Im-SAM: (a) Whole 
absorption, (b) enlarged π* peak regions (raw data), and (c) enlarged π* peak regions (raw data and fit data) 
[see details in Ref. 4]. The NEXAFS spectra were fit by up to six Gaussian peaks for the excitation of a core 
electron to π* and σ* states, and two step functions for the excitation of a core electron to a continuum. Two 
step functions originate from two different N atoms in Im-SAM; imino N (N3) and amino N (N1) atoms. 

 
Fig. 2.  Schematic chemical 
structures and a hydrogen bond 
at the interface between the 
Cat-TTF layer and Im-SAM. 
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Chemical transformation of methane to valuable chemicals is an attracting, but challenging 

research topic. Activation of inert methane molecules on metal or metal-oxide surfaces is an 

important process for catalytic conversion [1]. In order to detect reaction of physisorbed 

methane molecules, (near) ambient-pressure condition is indispensable, since dissociative 

sticking probability of methane is very small [2]. In this study, the reaction of methane with 

preadsorbed oxygen on Pd(110) and a PdO thin film was investigated by XPS under ultrahigh 

vacuum and ambient-pressure XPS (AP-XPS). 

XPS experiments were performed using the AP-XPS apparatus in BL07LSU [3]. The 

Pd(110) sample was cleaned by sputtering and annealing in the preparation chamber (base 

pressure = 3 × 10-10 mbar). The oxygen-preadsorbed Pd(110) (O-Pd(110)) was prepared by 

exposure of 22 mbar oxygen on Pd(110) at room-temperature for 1500 s. The PdO thin film 

on Pd(110) (PdO-Pd(110)) was formed by heating the sample to 770 K in the presence of 1 

mbar oxygen. 

Figure 1(a) shows a series of Pd 3p and O 1s spectra of the O-Pd(110) surface as a function 

of methane exposure. Methane molecules were exposed on the surface at room-temperature. 

By the reaction of methane with preadosorbed oxygen, the adsorbed amount of oxygen was 

gradually decreased. Concomitantly, peaks of oxygen-adsorbed Pd atoms in Pd 3d core-level 

(Fig. 2b) decreased in intensity. Fig. 1(c) shows change in the coverage of oxygen atoms. The 

oxygen coverage was steeply decreased at low methane exposure, indicating that reaction 

probability of methane is higher at high oxygen coverage than those at lower oxygen 

coverage. 

Fig. 2 (a) and (b) show Pd 3p, O 1s and Pd 3d spectra of PdO-Pd(110) surface under 0.4 

mbar methane atmosphere as a function of sample temperature. The methane gas was 

introduced into the gas-cell at sample temperature of 300 K, followed by heating in the 

presence of methane. The reaction of methane did not occur on the PdO thin film at room 

temperature. The sample was reduced by heating above 450 K. These results indicate that 

methane reactivity is much lower on the PdO thin film formed on Pd(110) than on the 

oxygen-preadsorbed Pd (110) surface. 
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Fig. 2 (a) Pd 3p, O 1s, and (b) Pd 3d AP-XPS spectra of the PdO thin film on 

Pd(110) as a function of sample temperature. A series of spectra was measured in the 

presence of 0.4 mbar methane. 

(a) (b) 

Fig. 1 (a) Pd 3p and O 1s, and (b) Pd 3d core-levels of oxygen-preadsorbed 

Pd(110) as a function of methane exposure. Methane was dosed on the 

surface at room temperature. (c) Oxygen coverage estimated from O 1s 

intensity. 
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The interfacial interaction between metal and metal oxide significantly affects reactivity of 

heterogeneous catalysts [1]. The metal particle on the oxide support is often decorated or 

encapsulated by the metal-oxide thin film through the strong metal-support interaction 

(SMSI) [2]. Metal-oxide thin films deposited on metal substrates are thus a good model 

system to examine the SMSI effect in catalysis. Recently, we have studied CO2 hydrogenation 

on Zn-deposited Cu surfaces, and revealed that surface oxidation states depend on reaction 

conditions, such as sample temperature and gas composition [3]. Therefore, in situ 

observation of catalysts during reaction is indispensable for elucidation of chemical states of 

working catalysts. 

Ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) is now widely applied for 

many reaction systems for real time observation of electronic structures of catalysts and 

reaction intermediates on the surface under reaction condition [4]. In particular, soft X-ray 

AP-XPS is suitable for investigation of chemical states of a thin film deposited on the surface, 

since it is surface-sensitive technique due to low kinetic energy of photoelectron. In this study, 

redox properties of the Ir-deposited Pd(110) surface were investigated by AP-XPS. 

The sample preparation and AP-XPS measurements were carried out in ultrahigh vacuum 

chambers (base pressure: 3 × 10-10 mbar). Iridium was deposited on the Pd(110) surface at 

room temperature using electron-beam evaporator (Scienta Omicron, EFM 3). The coverage 

of Ir was estimated to be 1.7 ML. After the preparation of the Ir-deposited Pd(110) model 

catalyst, AP-XPS measurements of redox reactions were conducted in the gas-cell at room 

temperature. 

Figure 1 shows Pd 3d and Ir 4f AP-XPS spectra measured under 1 mbar oxygen at sample 

temperature of 300 K as a function of elapsed time. The Pd 3d spectra show gradual growth of 

an oxygen-adsorbed Pd peak (O-Pd). Oxidation of the substrate to PdO was not observed in 

this reaction condition. In contrast, the Ir 4f spectra show oxidation of deposited Ir from a 

metallic state to IrO2 oxide. Note that total intensity of the Pd 3d peaks decreased as the 

oxidation of Ir proceeds. This indicates that Ir atoms were segregated on the surface, and an 

IrO2-Pd(110) interface was formed in the presence of 1 mbar oxygen. 

Figure 2 shows a series of Pd 3d and Ir 4f AP-XPS spectra of the IrO2-Pd(110) interface 

under 0.4 mbar methane at 300 K. By the reaction with methane, atomic oxygen on Pd atom 

was removed, and the IrO2 thin film was reduced to a metallic state. Thus, the Ir-deposited 

Pd(110) surface is oxidized by O2 and reduced by methane at room temperature. In the case of 

the bare Pd(110) surface, oxidation and formation of a PdO thin film occur at much higher 

temperature (about 600 K). In addition, the PdO thin film was reduced to metallic Pd by 

heating to 450 K in the presence of 0.4 mbar methane. These experimental results indicate 

that the redox reactivity is significantly improved by the deposition of Ir atoms on the Pd(110) 

surface. 

 

 

 

 

 



 

Figure 1. (a) Pd 3d and (b) Ir 4f core-level spectra of Ir-deposited Pd(110) 

measured under 1 mbar oxygen atmosphere as a function of elapsed time. 

During the measurement, the sample was kept at 300 K. 

 

Figure 2. (a) Pd 3d and (b) Ir 4f core-level spectra of IrO2-Pd(110) in the 

presence of 0.4 mbar methane as a function of elapsed time. The sample 

temperature was 300 K. 
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Biocompatibility is one of the important performance indicators for polymers used in 

medical materials. It is thought that adsorbed water on the polymer surface contributes to 

the expression of biocompatibility. At the biocompatible polymer interface, there are 

roughly three types of water classified as free water, intermediate water, and antifreezing 

water. It is considered that the intermediate water plays an important role in the 

expression of biocompatibility. However, the local structural and dynamical properties of 

intermediate water are still unknown. In this project, it aims at studying water contained in 

biocompatible polymer in detail, using soft X-ray absorption spectroscopy (XAS) by O 

K-edge core excitation and (resonant) soft X-ray emission spectroscopy (XES/RIXS) by 

successive emission from oxygen valence to the excited core states after XAS. 

Polyvinyl pyrrolidone (Poly Vinyl Pyrrolidone (C6H9NO)n: PVP) and polyethylene 

glycol (Poly Ethylene Glycol (C2H4O)n: PEG) were used as the biocompatible polymer. 

For PVP and PEG, an aqueous solution was prepared as a measurement sample at a 

polymer concentration of 5 wt% - 65 wt%, along with absolutely dry polymer powders as 

an estimate of background. The O K-edge XAS measurements were performed in the 

energy range from 520 to 550 eV. The XES measurements were performed under 

ionization excitation energy of 550 eV. In the RIXS analysis resonant excitation to the 

pre-edge (535 eV), main-edge (537 eV), and post-edge (541 eV) in the XAS spectrum of 

water were used. Moreover, measurement was also performed with excitation energy near 

the resonance to the C = O carbonyl * 

state (near 532 eV). The measurement of 

the polymer aqueous solution was carried 

out using an originally developed solution 

cell at room temperature and under 

ambient pressure environment by 

circulating the solution. 

Figure 1 shows XAS spectra of PVP 

aqueous solution with a polymer 

concentration of 5 wt% and 50 wt%, PVP 

powder, and pure water. Peaks at 532.7 

eV for the aqueous PVP solution and at 

532.2 eV for the PVP powder are 

considered to be attributed to C = O 

(carbonyl). In the PVP aqueous solution, 

as the concentration decreased, the peak 

intensity also decreased, and a clear 

 
Figure 1. O K-edge XAS spectrum of PVP 

aqueous solution with a polymer concentration of 
5 wt%(yellow) and 50 wt%(green), PVP 

powder(red), and pure water(blue). 



correlation was found between the concentration of the polymer aqueous solution and the 

peak intensity. 

In this experiment, XES / RIXS analysis was also performed. In the RIXS analysis, the 

energy shown by the arrow in Fig. 1 was used as the excitation energy. In the near future, 

we plan to proceed the analysis of the obtained results and compare them with the 

previous results to investigate in more detail the characteristics and electronic state of 

water contained in the biocompatible polymers. 
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Introduction 

Research into the interaction between metals and hydrogen is very important for the 
development of potential applications, such as advanced materials for hydrogen storage and 
purification. Among these catalysts, Pd nanoparticles (NPs) are known as the classic models 
for the clarification of hydrogen-storage properties of metal nanoparticles [1-5]. It is reported 
that the hydrogen absorption/desorption processes during the hydrogen-storage leads to a 
large expansion of the Pd lattice, which is called as α-β phase transition [2]. In addition, 
hydrogen atoms can be trapped strongly in the Pd NPs compared with Pd bulk catalysts 
because of the larger surface area to volume ratio [3,4]. Recently, many studies have been 
conducted on the structures effects on the catalyst performance of Pd NPs, however, in-situ 
observations of hydrogen adsorption/desorption mechanisms on Pd nanoparticles with 
specific surface depending on nanoparticle size under the ambient pressure are lacked. In this 
study, the valence band as well as the core-level photoelectron spectra of Pd NPs were 
investigated under the ambient hydrogen atmosphere to characterize the size dependence of 
hydrogen absorption process. 
 
Experimental 

The Pd cube shaped NPs samples with size of 12 and 20 nm are prepared in aqueous 
solution by reducing Na2PdCl4 with citric acid in the presence of PVP [6]. The size and 
crystalline structure of Pd NPs were characterized by TEM and XRD measurements. The Pd 
microparticles with 1 μm size were measured as a reference sample. The hydrogen absorption 
were observed under H2 atmosphere at 2.0 mbar at 300, 373, and 473 K by using ambient 
pressure X-ray photoelectron spectroscopy system at BL07LSU. Pure H2 (> 99.99999%) gas 
was introduced into an ambient-pressure gas cell, where the base pressure was below 5 × 10-10 

Torr. An electron analyzer (SPECS, Phoibos 150) was assembled with a three-stage 
differential pumping system. The Pd 3d core-level and valence band spectra were observed at 
a photon energy of 1200 eV. 
 
Results and Discussion 
Figures 1 (a)-(c) show the Pd 3d5/2 spectra measured before hydrogen exposure and during 
hydrogen absorption at 2.0 mbar at 300, 373, and 473 K for 12 nm Pd NPs, for 20 nm Pd NPs, 
and Pd microparticles, respectively. Pd 3d5/2 spectra observed before hydrogen exposure on 
three samples were fit well with two components, which are located at 334.8 eV and 335.4 eV. 
The component at lower binding energy (BE) is assigned as Pd atoms from the bulk (Pd bulk), 
another one at higher BE is assigned as Pd carbide (Pd-C). After hydrogen exposure at 2.0 
mbar at 300 K, one new component appeared at BE of 335.1 eV on the Pd NPs surface. It can 
be assigned as the Pd hydride (Pd-H), which is generally located at lower BE relative to Pd-C. 
On the other hand, there is almost no Pd hydride formed on Pd microparticles during 
hydrogen exposure at 300 K. Moreover, the amount of Pd hydride formed on 12 nm Pd NPs is 
more than that on 20 nm Pd NPs, indicating the hydrogen absorption rate is higher with 
decreasing the particle size. The hydrogen absorption was enhanced on both Pd NPs and Pd 
microparticles by increasing the temperature. In the meantime, the Pd carbide was reduced 
because of the carbon diffusion into the bulk with the increase of temperature, which 



produced more absorption sties for hydrogen atoms. We suggested that the increase of the 
absorption sites enhance the hydrogen absorption rate. Figures 2 (a)-(c) show the valence 
band spectra observed on the Pd NPs and Pd microparticles under the same condition. The 
valence band spectra near Fermi edge was increased after hydrogen exposure on Pd NPs, 
whereas there was no changes on Pd microparticles. First-principle simulations of the valence 
band will be carried out to compared with the experiment results to explain the detailed 
electronic properties during hydrogen adsorption/absorption. 
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Fig.1 Pd 3d5/2 spectra measured before H2 exposure and during hydrogen absorption at 300 K, 373 K 
and 473 K on (a) Pd nanoparitles (12 nm), (b) Pd nanoparitles (20 nm) and (c) Pd microparticle. 

 
Fig.2 valence band spectra measured before H2 exposure and during hydrogen absorption at 300 K, 373 
K and 473 K on (a) Pd nanoparitles (12 nm), (b) Pd nanoparitles (20 nm) and (c) Pd microparticle. 
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Photocatalytic water splitting is one of the most attractive technologies for storing sunlight. 

However, today’s photocatalysts (photoelectrodes) still suffer from low efficiency or poor 

stability [1], and to overcome these problems, the physical basis of photoelectrochemical 

reactions has to be understood in more detail. Band alignment (, i.e., the relative position 

between the conduction band minimum (CBM) or the valence band maximum (VBM) of the 

semiconductor and the redox potentials in the electrolyte at the semiconductor/electrolyte 

interface,) determines whether the reaction of interest proceeds or not, and therefore is the key 

factor for photoelectrochemical reactions. Nevertheless, from an atomistic point of view, little 

is known about the photocatalyst(semiconductor)/electrolyte interface, and the relationship 

between the band alignment and the geometric structure at the interface remains unrevealed.  

The recent development of ambient pressure X-ray photoelectron spectroscopy (AP-XPS) 

has made it possible to probe the geometric as well as the electronic structure of the 

semiconductor/electrolyte interface under nearly in situ conditions [2]. On the other hand, we 

have been exploring the band alignment at the semiconductor/electrolyte interface under the 

same environment as in the progress of photoelectrochemical water splitting [3]. The purpose 

of this research is to bridge the band alignment in the surface vicinity of n-GaN photoanode 

between the situation in vacuum to the condition of water splitting, using AP-XPS with 

controlled coverage of water molecules on the n-GaN surface.  

An n-type GaN layer was grown epitaxially on a silicon substrate using metalorganic 

vapor-phase epitaxy (MOVPE) with a doping concentration of ca. 4×1018 cm-3. X-ray 

photoelectron spectroscopy (XPS) of the GaN surface was conducted using SPring-8 

BL07LSU beamline in order to quantify the band bending in the surface vicinity of the GaN. 

The amplitude of band bending was evaluated on the basis of the binding energy of Ga 3d 

peak with respect to the Fermi level.  

Prior to XPS measurements, the surface of the GaN layer was treated with N2 plasma in a 

vacuum environment and the periodic arrangement of surface atoms was confirmed by 

low-energy electron diffraction (LEED). In order to observe the change in band bending 

under light irradiation, ultraviolet light from Xe lamp was introduced onto the GaN surface 

through the quartz window of the specimen chamber. Water molecules were attached to the 

GaN surface by introducing water vapor (1.9 mbar in partial pressure) into the chamber while 

keeping the surface temperature to either 289 or 302 K.  

Band bending under the dark condition was evaluated first. Under high-vacuum condition, 

band bending was 0.43 eV. Adsorption of water molecules on the GaN surface at 289 K 

reduced band bending to 0.032 eV. By increasing the surface temperature to 302 K, 

corresponding to the reduction in the amount of adsorped water molecules, band bending was 

slightly increased to 0.060 eV. Such reduction is band bending induced by the adsorption of 

water molecules is consistent with the previous report [4]. It seems that water molecules 

passivated the surface states of n-GaN and un-pinned the Fermi-level from the surface states. 

As depicted in Fig. 1, such almost flat-band conditions brought about by water adsorption 



seems is in contrast to the huge band bending which has been observed for the n-GaN surface 

adjacent to 1M NaOH aqueous solution [3]. This gap is a target of future investigation. By 

increasing the amount of water adsorbed on the GaN surface, further structural change in the 

GaN surface is anticipated.  
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Fig. 1   Band alignment in the surface vicinity of n-GaN photoelectrode under dark. 

 

The next analysis is the impact of light irradiation on the band bending with and without 

water adsorption on the n-GaN surface. Under the light intensity of this experiment (not 

quantitatively calibrated), the amplitude of band bending was decreased by 10 - 20 meV, to 

which the impact of water adsorption is not clear. For the n-GaN adjacent to 1M NaOH 

aqueous solution, much larger change in band bending has been observed, but further 

discussion needs the XPS measurement with more intense and variable light irradiation, 

which is the target of the future trial.  

The initial results described here provides a perspective for the future experiment: it will be 

possible to analyze the band bending of n-GaN photoelectrode as a function of both the 

amount of adsorbed water molecules and light intensity. 

 

(a)                                   (b) 

 
Fig. 2 The shift in Ga 3d peak position under dark and Xe-lamp illumination: (a) under 

vacuum, (b) with water adsorption at a GaN surface temperature of 289 and 302 K. The 

increased binding energy under light irradiation indicates the increased distance between the 

Fermi level and the Ga 3d level in the topmost surface of GaN, i.e., the reduction in band 

bending. 
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   Stefan et al 1) focused on the BaTiO3 (111) / Pt (111) thin film and succeeded to make 

Oxide Quasi-Crystal (OQC) on Pt (111) substrate by specific annealing steps. Their 

characteristic two-dimensional structures are revealed by STM and LEED technique. OQC not 

only has a 12-fold quasi-periodic structure called Stampfli-Gähler tiling, but it also changes to 

a more regular approximate crystal structure under an another annealing condition. Furthermore, 

the wetting mechanism on the substrate indicates that the OQC film has potential as a brand 

new device. However, there is still room for clarification of the local structure of each element.  

   We have conducted elemental selective experiments of two-dimensional oxide thin film 

using photoelectron holography technique. These experiments used BL07LSU beam line, 

which produces strong linear and circular polarizations in the soft x-ray region. Meanwhile, we 

used Display type ELlipsoidal Mesh Analyzer (DELMA) 2), a unique device, to perform high 

energy resolution photoelectron diffraction measurements.  

   Fig.1 shows O 1s core-excited diffraction pattern from BaTiO3 (111) islands. The pattern 

was operated by three-fold symmetry operation and mirror-symmetry operation. Distinctive 

diffraction rings derived from two-dimensional structures were confirmed in ultra-thin film 

pattern. This feature directly indicates that the local structure around O atoms have changed 

dramatically by the additional annealing treatment. Fig. 2 shows a local atomic model around 

oxygen constructed from the O1s using holographic transformation. From this result, we clearly 

show that two-dimensional photoelectron holography is a very effective tool for the analysis of 

ultrathin films. 

 
Fig.1  O 1s core photoelectron diffraction 

pattern from BaTiO3 (111) . 

 

 
Fig.2 Local atomic structural model around O. 
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Fig. 1 Typical XAS spectra at the (a) O K 

and (b) Cu L edges for the hexagonal and 

orthorhombic phases of Ba3CuSb2O9 

taken in the TFY mode. 
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Quantum spin liquids in Mott insulators usually emerge in geometrically frustrated magnets. 

Less commonly, unfrustrated magnets can show a variety of quantum spin liquids if charge 

and/or orbital degrees of freedom are involved. Ba3CuSb2O9 harbors orthorhombic phase and 

hexagonal phase. Jahn-Teller distortion of Cu2+O6 octahedra is absent only in the hexagonal 

Ba3CuSb2O9 suggesting a Cu 3d spin-orbital liquid [1,2]. Many previous experiments 

indicated that the spin-orbital liquid phase in the hexagonal Ba3CuSb2O9 is associated with a 

dynamical character of fluctuation in the orbital sector. However, the real microscopic origin 

of this behavior was still not clarified in these studies. A puzzle is that the same material 

seems to exist in the two different modifications. The orthorhombic phase behaves quite 

normally: it shows a cooperative JT distortion, no special dynamic effects, etc. On the other 

hand, the hexagonal phase has all these strange features argued above. 

In order to clarify the microscopic origin for this different behavior, we measured x-ray 

absorption spectroscopy (XAS) and time-resolved resonant soft x-ray scattering (Tr-RSXS) at 

BL07LSU of SPring-8 for two phases of Ba3CuSb2O9. Single crystals of Ba3CuSb2O9 were 

grown under oxygen atmosphere from the 

BaCl2-based flux [2]. The samples were cleaved 

along the (001) plane in situ to avoid the surface 

contamination. The XAS spectra were recorded both 

using the total electron yield (TEY) and total 

fluorescence yield (TFY) modes. The Tr-RSXS 

measurement was performed using the pump-probe 

technique with a time-resolution of ~50 ps [3]. A 

second-harmonic Ti:sapphire laser pulse (hv=3.1 eV, 

repetition rate = ~ 1 kHz, width = 50 fs) was adopted 

as the pump light, which was introduced from the 

laser station of BL07LSU. 

Figure 1 shows TFY-XAS spectra at the O K and 

Cu L edges of Ba3CuSb2O9. The Cu L3 main peak at 

930.2 eV is accompanied by the charge transfer 

satellite at about 933 eV. The intensity of the 

satellite seems to be rather large in the hexagonal 

phase compared to the orthorhombic phase. The 

main and satellite peaks are assigned to the 

transitions of 2p63d9 to 2p53d10 and of 2p63d9L to 

2p53d10 [4]. Here L represents a hole on the oxygen 

2p orbitals. The Cu 2p XAS indicates that the 

ground state of the hexagonal phase includes more 

3d9L than the orthorhombic phase. On the other hand, 

the structure at 530 eV observed at O K edge spectra 



Fig. 2 Time-revolution of the Tr-RSXS signals at Q=(002) for 

the hexagonal and orthorhombic and phases after the 

pump-pulse of  

of Fig. 1(a) can be assigned to the transition from 1s to 2p which is hybridized into the upper 

Hubbard band. The peak at 528.2 eV is observed only in the hexagonal region and can be 

assigned to the Zhang-Rice singlet band seen in the hole doped high-Tc cuprates: the 

transition from oxygen 1s to unoccupied oxygen 2p (corresponding to “3d9L to 3d9”) [5]. 

 Figure 2 shows the dynamics of 

Tr-RSXS at Q=(002) with hv=930.2 

eV on the Cu L resonance after the 

pump pulse at 3.1 eV. A coherent 

oscillation with period of ~165 ps 

(~6 GHz) is observed in the 

hexagonal phase while no oscillation 

seems to be not observed in the 

orthorhombic phase. In addition, the 

x-ray scattering signals probed at 

923.0 eV below the absorption edge 

do not show appreciable change after 

the pump pulse. The observed 

coherent oscillation of ~6 GHz is 

rather slow compared to various 

optical phonons in the system which 

are usually coupled to charge or 

orbital orderings. Such a slow 

dynamics in the hexagonal phase is 

consistent with the expectations in 

the previous reports [6,7]. 

To summarize, x-ray absorption spectroscopy on Ba3CuSb2O9 reveal that the hexagonal 

phase with spin and orbital liquid is characterized by emergence of oxygen 2p hole in the 

highly insulating state. The coherent oscillation in the pump-probe resonant x-ray scattering 

measurement suggests that the spin-charge-orbital fluctuation in the hexagons of Cu sites can 

be controlled by optical laser.  

 

REFERENCES 

[1] S. Nakatsuji et al., Science 336, 559 (2012). 

[2] H. Man et al., J. Phys.: Condens. Matter 30, 443002 (2018). 

[3] K. Takubo et al., Appl. Phys. Lett. 110, 162401 (2017). 

[4] T. Mizokawa et al., Phys. Rev. Lett. 67, 1638 (1991). 

[5] C. T. Chen et al., Phys. Rev. Lett. 66, 104 (1991). 

[6] Y. Ishiguro et al., Nature Comm. 4, 2022 (2013). 

[7] Y. Han et al., Phys. Rev. B 92, 180410(R) (2015). 



AMBIENT-PRESSURE XPS STUDIES OF CO2 HYDROGENATION ON 

PD-BASED BIMETALLIC ALLOY CATALYSTS 

Jiayi Tang1, Takanori Koitaya2, Susumu Yamamoto3, Okkyun Seo4, Kozo Mukai3, Iwao 

Mastuda3, Jun Yoshinobu3 
1Departnment of Engineering, University of Hyogo,2 Institute for Molecular Science, 3 The Institute for 

Solid State Physics, The University of Tokyo, 4 National Institute for Materials Science  

 

Introduction 

Reducing CO2 emission, capturing, storage and utilizing of CO2 as a feedstock to 

synthesize useful chemicals not only contribute to solve “greenhouse effect” but also to 

provide a great challenge in exploring new methods and opportunities for catalytic and 

industrial development. Although various technologies for CO2 reduction has been considered, 

the recycling of CO2 by hydrogenation to high-energy-density liquid fuel is considered to be 

the most attractive approach in terms of economy, ecology, and safety. In order to further 

improve the activity, selectivity and stability of catalyst, the origins of catalytic properties, 

transition metal Pd is an excellent candidate to activate hydrogen molecules, leading to a 

catalyst surface with highly reduced state, which can facilitate the hydrogenation process. 

Alloy sites have been considered as the active sites in the CO2 hydrogenation, such as 

Pd-based bimetallic catalysts [1-4]. The study of bimetallic surfaces has gained considerable 

interest because it is difficult to know the correlations between electronic and chemical 

properties of the intermixed bimetallic surfaces and the catalytic reaction. In this study, the 

ambient pressure X-ray photoelectron spectroscopy were carried out to investigate the 

changes of electronic properties as well as the reaction mechanisms during the CO2 

hydrogenation over Pd-based alloy catalysts. 

 

Experimental 

The fcc- and B2- phased PdCu40 and PdAg23 alloys (ϕ12.4 mm, 0.1 mm thickness) were 

obtained from Tanaka Kikinzoku Kogyo K.K.. The bulk compositions were 60 wt% Pd and 

40 wt% Cu for PdCu alloy, and 77 wt% Pd and 23 wt% Ag for PdAg alloy. The clean surface 

of PdCu and PdAg alloys are prepared by several cycles of Ar+ sputtering (0.5 keV) for 15 

min and annealing at 670-675 K for 2 min. The CO2 hydrogenation were observed under H2 

and CO2 atmosphere by using ambient pressure X-ray photoelectron spectroscopy system 

with base pressure of ~5.0 ×10-10 Torr at BL07LSU, SPring-8. The temperature dependence 

experiments were performed under H2 pressure of 0.4 mbar and CO2 pressure of 1.6 mbar at 

300 K, 310 K and 320 K. The gas pressure dependence was performed under H2 pressure of 

0.4 mbar and CO2 pressure of 0.8, 1.6 and 2.4 mbar at 300 K. The C 1s, O 1s, Pd 3d and Ag 

3d core-level were measured at photon energy of 680 eV, and Cu 2p spectra were measured at 

photon energy of 1200 eV.  

 
Results and Discussion 

C 1s spectra measured on the clean surface and under H2 pressure of 0.4 mbar and CO2 

pressure of 1.6 mbar at 300 K on the PdCu(fcc) alloy are shown in Fig.1. The graphene-like 

carbon C-C(sp2) located at binding energy (BE) of 284.4 eV and CO contaminations whose 

BE is 286.2 eV still remained on the clean surface even after several cycles of Ar+ sputtering 

and annealing. The component located at BE of 287.5 eV appeared after flowing H2 and CO2, 

which can be assigned as the intermediate species formate (H2+2CO2→2HCOO) during the 

CO2 hydrogenation. The amount of formate slightly increased with exposure time. Figure 2 

shows the C 1s spectra observed on the clean surface and during CO2 hydrogenation process 

under the H2 pressure of 0.4 mbar and CO2 pressure of 1.6 mbar at 300 K on the PdCu(B2) 

surface. It shows the same reaction behavior on the B2-phased PdCu surfaces as that on 



fcc-phased PdCu surfaces, where the formate 

slightly increased with exposure time. The 

amount of formate formed on the surface after 

exposure time of 82 min are almost same between 

fcc phase and B2 phase. It indicates that the 

activity of CO2 hydrogenation is relatively high to 

other catalyst, such as ZnCu alloy. The 

phase-structure has little effect on CO2 

hydrogenation activity on the PdCu alloys. Figure 

3 shows the C 1s spectra measured on the clean 

surface and under H2 atmosphere of 0.4 mbar and 

CO2 atmosphere of 1.6 mbar at 300 K on the 

PdAg alloy. After H2 and CO2 exposure, the 

formate was formed on the surface, and increased 

with time. Besides, the additional adsorption 

species C=O species, CHx and C-C(sp3) appeared 

on the surface, whose BEs are 287.2 eV, 285.0 eV 

and 284.2 eV, respectively. We observed that CO 

formation is largely suppressed, however, formate 

formation activity is almost same on the PdAg 

alloy compared to the reaction on the PdCu alloys. 

The temperature dependence of the formate 

formation on PdCu(fcc) alloy is shown in Fig.4. 

The formate formation rate is higher at lower 

temperature, which indicates the desorption of 

formate is occurring during the CO2 

hydrogenation by increasing the temperature. 
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Fig.1 C 1s spectra measured on the clean 

surface and after H2 exposure at 0.4 mbar and 

CO2 at 1.6 mbar at 300 K on PdCu(fcc) alloy. 

 

 
Fig.2 C 1s spectra mesured on the clean 

surface and under H2 exposure at 0.4 mbar and 

CO2 at 1.6 mbar at 300 K on PdCu(B2)  alloy. 

 

 
Fig.3 C 1s spectra measured on the clean 

surface and under H2 exposure at 0.4 mbar and 

CO2 at 1.6 mbar at 300 K on PdAg alloy. 

 

 
Fig.4 Temperature dependence of the formation of 

HCOO with exposure time on the PdCu(fcc) alloy. 
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Flexible and wearable electronic devices have attracted much attentions. Substrates for such 
devices are often required to have both flexibility and functional properties. Composite 
materials, which consists of inorganic fine particles providing functionalities and polymer 
materials providing flexibility, are promising candidates for the substrate. However, in 
general, the flexibility is greatly reduced as the mixing ratio of inorganic fine particles 
increases to reach desired functionalities.  

To overcome such trade-off, we treated inorganic fine particles by plasma in solution. The 
resulted composite materials, such as plasma-treated BN particles with slide-ring materials, 
showed improved toughness and high thermal conductivity comparing with the composite 
with non-treated BN particles [1]. One of the reasons for the good performance might be high 
dispersibility of inorganic particles in the composites [2]. The high dispersibility should be 
achieved with well-dispersed suspension during the process.  

Carbon nanotubes are well known to have high thermal and electrical conductivities and 
thus applied for high thermal and electrical conductive composites. It is also known that 
plasma treatment in solution could improve dispersibility in solution, thus might results in 
better performances in the composites made e.g. with solution. In this study, by soft X-ray 
emission spectroscopy (XES) we are analysing the solutions with carbon nanotubes treated by 
plasma in liquid to reveal how the plasma treatment could improve the dispersibility.   

Soft X-ray emission spectroscopy (XES) of the solutions were performed at SPring-8 
synchrotron radiation facility using the BL07LSU HORNET station. In the station, the 
original system for performing XES of liquid with a very thin (150 nm) Si3N4 window is 
equipped. Thus we have applied this spectroscopic system for investigating our solution with 
CNTs. The probe was O 1s, which should represent the structure of H2O molecules in the 
CNT-dispersed solution. The first purpose of this study is to detect changes of water structure 
associated with CNTs. 

The soft X-ray emission spectrum of 
the hydrophilized CNTs aqueous solution 
was compared with the untreated CNTs 
dispersion. The hydrophilization was 
performed with plasma in solution 
containing 4 wt% hydroquinone and 0.5 
wt% multi-walled CNTs (average 
diameter and length were 20-30 nm and 
0.5-2 μm) in 70 ml deionized water 
(Fig. 1). The treatment time was 30 min. 

 
Fig. 1 Schematic of plasma treatment of CNTs in 
solution. 



After the treatment, the 
remaining hydroquinone were 
rinsed away with ethanol and 
dried CNTs were re-dispersed 
in deionized water to form the 
solution investigated.  

The XES spectra of pure 
water, solutions with 
plasma-treated CNTs, and 
solutions with raw CNTs were 
recorded and compared. CNT 
concentrations were modified 
from 0.1 to 1 w% for 
plasma-treated one. Since the 
untreated CNTs could not be 
dispersed in water well, the concentration of raw CNTs were essentially unknown although 
we modified the initial concentration at 0.5 w% .  

The spectra of pure water and the solution with raw CNTs were almost identical, while the 
spectra with plasma-treated CNTs with concentration higher than 0.5 w% clearly showed 
different feature around 3a1 region at 521–525 eV, indicating the modification of hydrogen 
bonding network by plasma-treated CNTs. While the mechanism for the spectral change still 
need to be revealed with theoretical study, the difference could be seen only with high 
concentration of CNTs, which could not be achieved with untreated CNTs. 

 

REFERENCES 

[1] T. Goto, M. Iida, H. Tan, C. Liu, K. Mayumi, R. Maeda, K. Kitahara, K. Hatakeyama, T. Ito, Y. 
Shimizu, H. Yokoyama, K. Kimura, K. Ito, Y. Hakuta, K. Terashima, Appl. Phys. Lett. 112, 
101901 (2018).  

[2] T. Goto, M. Iida, H. Tan, C. Liu, K. Mayumi, R. Maeda, K. Kitahara, K. Hatakeyama, T. Ito, Y. 
Shimizu, H. Yokoyama, K. Kimura, K. Ito, Y. Hakuta, K. Terashima, J. Japan Inst. Met. Mater. 
82, 403-407 (2018). [in Japanese] 

 

 

Fig. 2 Schematic diagram of XES applied in this study. 
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The significant increase of data traffic causes the increase of energy consumption, so power 

saving of electronic devices is an urgent issue. Recently, two-dimensional tunnel field effect 

transistors (2D TFETs) have drawn attention as the low power switching FETs which can 

realize the low subthreshold swing compared to conventional MOSFETs. TFET devices need 

the p+/n heterojunction with large band-discontinuity. Here we have found that p+-WSe2 

doped chemically by WOx can be stabilized in air by transferring it on h-BN, then we 

succeeded in observing TFET characteristics in the p+-WSe2/MoS2(4 ML) heterostructure [1]. 

In a usual p/n heterojunction of semiconductors, a depletion 

layer is generated and continuous band bending of 

micro-meter order occurs at the interface. However, our 

photoluminescence spectroscopy measurements suggest that 

the charge transfer at the p+-WSe2/MoS2 heterojunction forms 

valence band offset of the MoS2 sheet and band-discontinuity 

at the interface. 

In this study, we have attempt to characterise the local 

charge transfer at interfaces in the p+-WSe2/MoS2 TFET 

device structure as shown in Fig. 1 by scanning 

photoelectron emission microscopic (SPEM) 

measurements using a three-dimensional 

nanoscale electron-spectroscopy chemical 

analysis (3D nano-ESCA) system installed at 

BL07LSU of SPring-8. 

2D materials used in the sample are 

fabricated by exfoliation of bulk crystals. WOx 

side of WSe2 film is transferred onto h-BN on 

a SiO2/n+-Si substrate after forming 

WSe2/WOx by O3 annealing. In this process, 

p+-WSe2 is stabilized. Then, MoS2 with 

suitable thickness (1-5 ML) is chosen by its 

optical contrast and the p+-WSe2/MoS2 heterostructures 

were fabricated via dry transfer method using PDMS under 

the alignment system. Ni/Au was deposited as source/drain 

electrodes by EB lithography. 

Fig. 2 shows a photoelectron intensity mapping of the 

p+-WSe2/MoS2 TFET sample. Comparing to the optical 

image, the device structure can be clary identified. Mo 3d 

and S 2s core level photoelectron spectra were measured 

locally at two different regions; MoS2 on h-BN and 

MoS2 on p+-WSe2. Peak shift which is caused by charge 

transfer between MoS2 and p+-WSe2 was not detected as 

shown in Fig. 3. 

 Background signal owing to the 0th order diffracted 

Fig. 1 Schematic image of a 

p+-WSe2/MoS2 TFET device 

structure 

Fig. 2 (a) O 1s core level photoelectron intensity 

mapping of the device structure. (b) Optical 

image of the device structure. 

Fig. 3 (a) Mo 3d and S 2s core 

level spectra of pin-point analysis. 

Measurement points are presented 

in Fig. 2(a) as circles. 



beam of the focusing optics, the Fresnel zone plate, prevent to detect such a small peak shift. 

So, we have induced a new focusing optical stage with a center beam stop and dual Fresnel 

zone plates for wide-energy-range experiments. The significant improvement in special 

resolution and signal-to-noise ratio will be expected in the measurement in 2019. 

We are also working on the feasible study of the 

practical use of machine learning technique for the 

data analysis of spectral imaging obtained by 3D 

nano-ESCA. To reduce computational cost for 

high-throughput analysis in multi-parameter 

measurements in 3D nano-ESCA, compared with 

previous studies using a Bayesian peak separation 

with the exchange Monte Carlo method [2], we 

used an expectation-maximization (EM) algorithm 

and confirmed drastic acceleration of peak fitting in 

comparison to the manual approach [3]. Now we 

aim for applying this method to on-site data 

analysis during experiments. 
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Fig. 4 Schematic image (left) and photo 

(right) of the new optical stage including 

Fresnel zone plates. 
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[Introduction] 

Silicene is a monolayer of Si atoms arranged in a honeycomb lattice that exhibits massless 

Dirac fermions, similar to its carbon based counterpart in graphene. The development of 

silicene based devices have seen significant interest recently because of the expected 

remarkable electronic properties, stronger spin-orbit coupling of Si, and the ease of adapting 

such technologies into the already Si-based manufacturing infrastructure. Until recently, 

silicene could only be synthesized on conductive substrates, resulting in electronic 

interactions with the substrate. It was recently demonstrated that silicene with minimal 

substrate interactions can be grown on a ZrB2/Si(111) substrate through the surface 

segregation of Si atoms[1]. This silicene layer was found to buckle easily, resulting in sp2/sp3 

hybridization that can tailored to tune its electronic properties [1,2]. Photoemission studies 

have shown that the Si atoms occupy at least 3 chemically different sites on the silicene layer 

(Fig. 1a) [1,3]. In this study, we investigate the different local structures around these Si 

atoms using photoelectron holography (PEH). Furthermore, dynamic investigations will be 

done using time-resolved PEH.  

 

[Experiment] 

To do this, the silicene samples were grown in-situ in the angle-resolved time-of-flight 

(ARTOF) end station of BL-07. A ZrB2/Si(111) substrate was prepared elsewhere and was 

degassed after introduction into the UHV chamber. This was followed by annealing at 800°C, 

where the silicene layer forms spontaneously through the segregation of the Si atoms from the 

substrate [1]. The silicene surface was evaluated using LEED and core level photoemission.  

For the photoemission experiments, the photon energy used was hν = 300 eV. The angular 

distribution and the energy of the photoelectrons were recorded using the ARTOF detector. In 

this experiment, the acceptance angle was ±13°. To obtain a larger section of the hologram 

pattern, the sample’s orientation with respect to the detector was varied.  

In the time-resolved experiments, a 1.5 eV, 208 kHz 

laser was used as the pump and 300 eV X-rays from the 

synchrotron was used as the probe.  

 

[Results] 

The LEED and Si 2p spectra confirmed the formation 

a well-defined silicene layer. The Si 2p spectra (Fig. 

1b), show two peak components resolved by peak 

fitting, similar to 2 of the 3 reported peak fitting 

components [1,3]. In our preliminary PEH experiments 

in a high resolution hemispherical analyser in KEK-PF, 

the same sample preparation was used and resulted in 

well resolved components in the Si 2p spectra, identical 

to those reported [1,3].  

 
Fig. 1 a) Structural model of epitaxial 

silicene, b) Si 2p peak fitting 

components, and simulated and 

experimental holograms from the c) SiA 

and d) SiB peak components. 



These peak components, α and β, correspond to the Si atoms in the A and B positions, as 

noted in Fig. 1a. Using the difference in the peak positions of these components, the hologram 

patterns for each component was extracted by pixel-by-pixel peak fitting of the 3D data I(kx, 

ky, E). Figure 1c and 1d shows the simulated and experimental holograms from the SiA and 

SiB atoms. The prominent features of these patterns are the diffraction rings (formed by 

scatterers located in-plane) and the forward focusing peaks (FFP) (formed by scaterrers 

located out-of-plane, which in this case is the SiC atom). In particular, the FFP from the SiB 

atom (θ ≈ 48°) is well reproduced. 

For the dynamic 

measurements, the 

time-resolved XPS spectra 

in Fig. 2a) show a small 

shifts (~10 meV) in the 

peak position after 

irradiation with the pump 

laser. The FFPs (Fig. 2b) 

from the time-resolved SiB 

hologram patterns (Fig. 2c 

- 2f) also show small shifts 

towards higher polar angle 

positions, this indicates 

that there is a small 

decrease in the height of 

the SiC atom from the 

SiA-SiB plane.  

The time-resolved Si 2p 

spectra indicate that there 

are no significant changes in the chemical environment of the Si atoms in the silicene layer, 

while the FFPs suggest small shifts in the height of the SiC atom. These structural changes 

could be due to localized heating from the laser, causing expansion of the layer. 

High-temperature STM work done in JAIST shows modulation of SiC atom height, which 

seems to agree with the changes in the FFPs.  

However, in the time-scales investigated here, the system was not observed to relax back to 

equilibrium, and further experiments with longer time scales are necessary (~ms scale). 

Furthermore, a detailed understanding of the structural changes occurring upon laser 

irradiation is still needed.  

 

[Results] 

In this study, site-selective photoelectron holography was performed on silicene. The FFPs 

from the simulation are well reproduced in the experiment. Time-resolved photoemission 

experiments show small shifts in the SiC position, possibly as a result of localized heating by 

the laser. Additional experiments with longer time-scales will be performed to fully 

understand what happens to the buckled Silicene layer upon heating. Such information will be 

vital for future silicene based devices. 
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Fig. 2 a) Time-resolved Si 2p spectra, b) polar line profiles along the FFP 

from the time-resolved PEH patterns, and the SiB time-resolved holograms 

at delay times of: c) 0.1 ns, d) 1.0 ns,  

e) 10 ns and f) 100ns. 
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With the rapid increase in its energy resolving power, RIXS has become one of the 

cutting-edge tools to investigate the electronic structure of materials. We have developed our 

RIXS station to accept various sample circumstances and seamless spectrometer rotation for 

momentum dependence experiments. The aim of this project is to provide abundant potential 

use of RIXS/XES and its combination with soft X-ray diffraction. Here we show three types 

of outcomes obtained in this project in 2018. 
 

1) Folding induced dehydration observed in PNIPAM 

We have probed the electronic structure of poly(N-isopropylacrylamide) solution (PNIPAM, 

inset in Fig. 1), a stimuli-sensitive polymer that undergoes clouding (around 33.7 ℃) upon 

heating and is regarded as a simple model of proteins, using soft X-ray absorption/emission 

spectroscopy. Figure 1(a) shows the temperature dependence of the O K-edge X-ray 

absorption spectra of PNIPAM 

aqueous solution. The peak around 

532 eV is assigned as C=O double 

bond but has at least two 

components, a 531.5 eV peak 

favoured at 30 ℃ and a 532.4 eV 

peak favoured at 36 ℃. Figs. 1 (b) 

and (c) show O K-edge RIXS 

spectra at the 531.5 eV and 532.4 eV 

resonances. In addition to two peaks 

from the C=O σ and π components, 

one more peak appears at the 532.4 

eV resonance. The new peak would 

be related to the formation of 

hydrogen bonds between water 

molecules and PNIPAMs, thus 

reflecting the dehydration process 

through the precise temperature 

dependent RIXS. 

 

2) Li-H2O interaction observed in hydrate melt electrolytes 

The structure of a lithium salt hydrate melt (LSHM) was investigated by O K-edge X-ray 

absorption and RIXS spectroscopy. Hydrate melt is a metal salt that forms liquid by addition 

of only a small amount of water. How exactly H2O bonds with other anions/cations to form a 

Figure 1. (a) Temperature dependence of soft X-ray 

absorption spectrum of PNIPAM aqueous solution. (b)(c) 

Temperature dependence of the resonant soft x-ray 

emission spectrum, respectively. The hydrogen bond 

between water and PNIPAM is shown above panel (c). 



liquid and how Li behaves in the hydrate melt are still open questions. Figure 2 shows O 

K-edge RIXS spectrum of liquid LSHM with the chemical formula Li(TFSI)0.7(BETI)0.3･

2H2O which has high performance as an aqueous electrolyte for Li-ion batteries. In order to 

extract actual local structural information of water in the LSHM from the experimental RIXS 

spectra, density-functional theory based molecular dynamics 

simulations were carried out and the RIXS spectra were 

calculated for the ensemble of clusters extracted from the 

molecular dynamics simulations coupled with non-resonant 

semiclassical Kramers-Heisenberg formalism.  Elementary 

structures were identified through the comparison between 

the experimental and theoretical spectra, which clearly 

distinguished interactions between Li-H2O, Li-anion, and 

H2O-anion present in the hydrate melt. It is found that Li is 

not necessarily moving jointly with other water molecules in 

the hydrate melt but is rather breaking old and forming new 

Li-O bonds as it is progressing through the hydrate melt. 

 

3) Resonant Inelastic Soft X-ray Diffraction of La1/3Sr2/3FeO3 

Scattered X-ray is separated into elastic and inelastic scattering according to the amount 

of energy loss. The momentum dependence of elastic scattering, which has no energy loss, 

gives information about structural order by X-ray diffraction, and that of inelastic scattering, 

which has energy loss, gives the energy-momentum dispersion of elementary excitations, 

such as orbiton, magnon, and phonon. Here, at a particular momentum q which satisfies the 

Bragg condition and where X-ray diffraction peak (enhanced intensity of elastic scattering) is 

observed, the intensity of the inelastic 

scattering is expected to be enhanced 

assisted by the X-ray diffraction: “Inelastic 

X-ray diffraction” is expected to be observed. 

Thus, in order to demonstrate “inelastic 

X-ray diffraction”, we have investigated the 

q dependence of the intensity of the inelastic 

scattering of La1/3Sr2/3FeO3 around its 

magnetic diffraction. 

Figure 3 shows the results of resonant 

inelastic soft X-ray diffraction of 

La1/3Sr2/3FeO3 measured at 100 K 

(magnetically ordered) and 210 K (no 

magnetic order). A peak at q≈0.472 Å−1 of 

elastic scattering at 100 K is ascribed to the 

magnetic diffraction. However, an extra peak was observed at q≈0.447 Å−1 for inelastic 

scattering. At 210 K, the peak at q≈0.447 Å−1 disappeared accompanied by the disappearance 

of magnetic diffraction peak. These results strongly suggest that the observed extra peak at 

q≈0.447 Å−1 is the enhancement of the inelastic scattering assisted by X-ray diffraction, and 

thus inelastic X-ray diffraction was successfully demonstrated. 

Figure 3. Resonant elastic X-ray scattering (red) 

and resonant inelastic X-ray diffraction (blue) 

scans measured at Fe L-edge RIXS. The 

integration range for the inelastic scattering is 

indicated by two green lines in the right figure. 

 

Figure 2. O K-edge RIXS spectra 

of pure H2O water and hydrate 

melt Li(TFSI)0.7(BETI)0.3·2H2O. 
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The scanning-type soft x-ray photoelectron spectromicroscopy, so-called, 3D nano-ESCA is 

the powerful tool in elucidating chemical and electronic natures of surfaces with the 

high-spatial resolution. To be noted, we have newly developed created operando observation 

system, i.e. the system that enables to observe surface electronic and chemical states of 

devices in operation. In 2018-2019, we have published the articles about device observation 

using 3D nano-ESCA, for Graphene FETs [1, 2] and GaN-HEMT [3] by using 3D 

nano-ESCA.  

These works have been high evaluated in terms of both basic research to elucidate materials 

functioning and applied device researches. As a consequence, in addition to paper 

publications, we have applied for more than 10 patents, as registered in SPring-8 research 

record, with companies (Sumitomo Electric Industreies, and ShinEtsu Chemicals) which has 

collaborated with us about device operation mechanistic study with the aid of 3D nano-ESCA, 

in the industry-government-academia collaboration projects in recent years, such as SCOPE 

of Ministry of internal affairs and communication, NEDO of Ministry of Economy, Trade and 

Industry, and Grant-in-Aid for Specially Promoted Research of MEXT. 

However, soft x-ray photoelectron nanospectroscopy has the limitation that it is hard to 

probe buried interfaces because of electron escape depth of several nanometers. We should 

surmount this limitation for devices or functionalized materials that has complicated 

structures to deliver maximal performances. 

In this study, we tackle to solve the above-mentioned issue by using the charge-neutrality 

condition, in combination with precise advanced device technologies. 

The charge-neutrality condition is the key in this study for solving the issue. By using this 

condition with the aid of the advanced device technologies, the soft x-ray photoelectron 

nanospectroscopy can probe electronic states of both buried interfaces and surfaces (Figure 1). 

The model for this is GaN-HEMT [3]. 

The operation of GaN-HEMT is 

degraded by the so-called current 

collapse phenomena. The main cause of 

the current collapse phenomena is 

electron trapping at surface traps. In the 

direction perpendicular to the surface, 

the charge neutrality condition holds, i.e. 

the sum of charges is zero at every point. 

Then, if there are negligible density of 

charges except surface trapped electron 

and carrier density in the channel, the 

carrier density in the channel, which is 

the key factor in device performances, is 

determined by measuring surface 

trapped electron density by using  
Figure 1 Schematics of this study 



operando photoelectron nano spectroscopy with 3D nano-ESCA [3]. 

However, in real devices, the charge trapping except at the surface and in the channel 

cannot be ignored. For instance, the buffer layer between GaN and SiC substrates  for 

GaN-HEMT contains trapped electrons. This causes so-called virtual back-gate effects which 

leads to long-term instabilities of GaN-HEMT. Coversely, controlling enough the buried 

interface electrically enables us to probe the electronic states of buried interface by using soft 

x-ray photoelectron spectroscopy. 

In the experiments in 2019 B, we have tried to establish the method to probe buried 

interfaces by using soft x-ray. For that purpose, we used GaN-HEMT with an additional side 

gate as a model sample, in collaboration with Sumitomo Electric Industries. A typical result is 

shown in Figure 2. 

The application of the side-gate bias 

withdraws mobile (trapped charges) in 

the buffer layer and leaves opposite 

charges of trapping sites. As shown in 

the previous report [3], the blue-shift of 

the spectral centroid of the surface GaN 

indicates the electron trapping at the 

surface. However, as shown in Fig. 1, 

we predicted that the surface trapped 

electron decrease by leaving negative 

charges (trapping sites) with 

withdrawing mobile holes due to the 

side-gate application. We speculates the 

cause to the temporal change of surface 

condition irrelevant to the side-gate bias 

application that overwhelms the shift 

due to the side-gate bias application. 

Unfortunately, however, we cannot have 

enough evidence to support our 

speculation. 
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Figure 2 A typical result of this study. 
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Introduction 
 
VO2 is a text book compound which shows the first-order metal-insulator transition (MIT) at 

340 K [1]. Since the transition temperature is controlled by applying the voltage, this material 
is a good candidate for the application of a resistive memory in the new field of the oxide 
electronics [2]. Since the crystal structure changes across the transition accompanied by 
forming the V dimer along the c-axis in the insulating phase, Peierls transition is one of the 
possibilities to explain the MIT. On the other hand, the Mott transition due to the strong electron 
correlation in the V 3d states has also been discussed. Moreover, the recent study using the 
photoemission and X-ray absorption spectroscopy pointed out the orbital-assisted MIT scenario, 
in which the electron correlation is enhanced by forming the one-dimensional chain due to the 
c-axis dimer [3,4]. Therefore, the mechanism of the MIT has been under debate. To reveal the 
mechanism of the MIT in VO2, we have performed the resonant inelastic soft-x-ray scattering 
at V 2p edge to probe the excitation from the occupied to the unoccupied 3d states (dd-
excitation) by changing the scattering angle parallel to the c axis.  

   
Experimental 
 
RIXS measurements were performed at the SPring-8 BL07LSU HORNET end-station, where 

a high-resolution soft x-ray spectrometer are installed [5]. Total energy resolution was set to 
about 150 meV at V 2p edge, and the experimental temperature was set to 300 K and 390 K to 
study the dd-exciation in the insulating and insulating phases, respectively. Moreover, the 
momentum resolved measurements were performed at 300 K. The single crystalline VO2 was 
fractured in situ to expose the clean (001) surface. For the momentum resolved measurements, 
the geometry of the spectrometer is set to keep the scattering vector parallel to the (001) 
direction.  

 
Results and discussions 
 
Figure 1 shows V 2p XAS spectra obtained 

by the horizontally and vertically polarized 
photons with electric field vector E parallel 
and perpendicular to the crystal c axis at 300 
K in the insulating phase. The spectra show 
the clear linear polarization dependence, 
which is consistent with previous report [3]. 
This dichroism suggests the anisotropic 
charge distribution of the V 3d states due to 
the dimer formation of the V ions along the 

 
Figure 1  
V 2p XAS spectra of VO2 recorded with E //c 
and E ⊥c configurations. 
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crystal c-axis. Especially the shoulder structure at 
incoming photon energy (hnin) of 515.4 eV (A) 
clearly shows the linear dichroism, suggesting that 
the dd-excitations in the RIXS spectra obtained at A 
reflect the electronic structure along the V dimer, 
since the intermediate states in the optical process of 
RIXS is same as XAS.  
 
Figure 2 shows V 2p RIXS at hnin = 515.4 eV 

obtained with a scattering angle 2q of 90° and 120°. 
The dd-excitations around 0.5 eV in the energy loss 
scale are observed in both 90° and 120° spectra. 
Interestingly, the additional low energy shoulder is 
shown up around 0.3 eV in the 90° spectra, 
suggesting the existence of the low-energy excitation 
dispersing along the c axis dimer. To reveal the origin 
of the MIT, the detailed momentum resolved 
measurements are required in both insulating and 
metallic phases. 
 
 
Summary 
 
We have performed the momentum resolved RIXS of VO2. By tuning the incoming photon 

energy at the low energy sholder of the V 2p XAS, we have successfully observed the dd-
excitation in the insulating phase. The RIXS spectra show the scattering angle depdence at the 
lower loss-energy side of the peak structure due to the dd-excitation due to the low energy 
excitations dispersing along the c-axis dimer.  
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Figure 2  
Scattering angle dependence of the V 2p 
RIXS spectra obtained at hvin = 515.4 
eV. 
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Li-ion-batteries (LIBs) play an important role as an energy storage of electric vehicles to 

establish a sustainable society. Understanding the charge-discharge mechanism of LIBs is 

essential to improve their properties, such as high energy density, long cycle life, safety 

operation, and thermal stability. Many operando researches have been done on the electronic 

properties of the constituent elements using, e.g. hard X-ray absorption spectroscopy, while 

the character of the most functional 3d electrons in LIBs have not yet been fully understood. 

Recently Asakura and Hosono et al. have successfully introduced operando soft X-ray 

absorption / emission spectroscopy as a novel method to understand the functional metal 3d 

states during Li-intercalation/deintercalation process in LIB cathode materials [1].  

However, the X-ray beam size is usually larger than the particle size of active materials in 

LIB electrodes. Most of the synchrotron X-ray spectroscopy techniques provide averaged 

information of electrodes within several-tens or several-hundreds m scale limited by the 

X-ray beam size. A spectromicroscopy with a high spatial resolution is of particular 

importance because that method can detect changes of various electronic structures of 

transition metals and oxygen, which are correlated closely with the 

Li-intercalation/deintercalation, in a single particle. The local information of the materials is 

important for further understanding the charge/discharge mechanisms. 

We propose the use of operando photoelectron spectromicroscopy to add spatially resolved 

information to the electronic structure of single-crystal LIB cathode materials. We developed 

an all-solid-state LIB cell that can operate under ultra-high vacuum condition and obtained 

operando photoelectron spectra of LiCoO2 cathode at charge/discharge states using 

3DnanoESCA station at BL07LSU of SPring-8 [2]. 

Figure 1 shows the Co 3p and Li 1s spectra of single crystalline LiCoO2 in the all-solid-state 

LIB cell for operando measurement. The peak position of each Co 3p spectrum from initial, 

charge, and discharge condition is not changed. It is considered that strong hybridization 

between Co 3d and O 2p orbitals causes the charge-polarization at the oxygen side. We should 

measure the narrow scan of O 2p for detail discussion. However, oxygen components in the 

dry polymer as solid-state electrolyte is overlapped with the oxygen atom in LiCoO2. We will 

create oxygen free measurement system.  
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For realizing a sustainable low-carbon society, development of high-performance lithium-ion 

battery (LIB) for electric vehicles is one of the most important research subjects. In the 

presence of trade-offs among the performances such as energy density, power performance, 

cycle performance, and safety property, it is difficult to fulfill all the requirements for those 

properties. Comprehensive researches and developments are highly important because the 

combination of the materials among the cathode, anode, and electrolyte is crucial for the 

improvement of total performances of LIB. Understanding of the redox reactions and 

structural/electronic properties for the materials in LIBs is necessary to design/create 

innovative materials for LIBs. Thus, cutting-edge analyses are inevitable in addition to the 

materials development. 
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Figure 1 (a)(b) optical microscope images and (c)(d) 
corresponding XPS images of working electrode 
 



Synchrotron radiation X-ray spectroscopy is a useful technique to understand the crystal 

structure and electronic structure of LIB materials. We have been studying the 

charge-discharge mechanisms in LIBs by the electronic-structure analysis based on soft X-ray 

spectroscopy. The operando soft X-ray emission spectroscopy under the charge-discharge 

operation is an important technique to investigate the redox reactions of electrode materials 

[1]. Furthermore, spatially resolved electronic-structure information is of particular 

importance because the redox reaction by charge-discharge reaction should depend on the 

position like a facet of an electrode material and the interfaces between the electrode materials 

and electrolytes. 

We report operando photoemission spectromicroscopy of single crystalline Li4Ti5O12 (an 

anode material) [2] by 3DnanoESCA [3] with all-solid-state LIB. The soft X-ray 

photoemission spectromicroscopy experiments has been conducted at BL07LSU of SPring-8.  

Figures 1 shows (a) optical microscope image of the surface of working electrode 

constructed by Cu mesh, Li4Ti5O12, carbon as conductive additive, and polymer solid-state 

electrolyte, along with (b) the enlarged images of the white squared area in (a), while Fig. 1 

(c) and (d) are the corresponding XPS images. The 3DnanoESCA obtains corresponding XPS 

images of working electrode to images of optical microscope. 
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Introduction 
The role of water molecules in biological systems have long been discussed. Tanaka et al. 

showed by differential scanning calorimetry (DSC) that water in biocompatible polymer, 
poly(2-methoxyethyl acrylate) (PMEA) could be classified into three types; non-freezing 
water, intermediate water, and free water, while water in less biocompatible analogues lacks 
the intermediate water. [1] This tendency has been verified for other biocompatible polymers 
such as poly(ethylene glycol) (PEG) and poly(2-methacryloyloxyethy phosphorylcholine) 
(PMPC). Lots of experiments verified that the intermediate water is a key to control the 
biocompatibility of polymers. However, the detailed structural feature of the intermediate 
water is not clear so far. 

In this work, we aimed to clarify the structural property of intermediate water by soft x-ray 
absorption spectroscopy (XAS) and soft x-ray emission spectroscopy (XES). XAS and XES 
experiments are powerful tools to determine the local hydrogen bond network of water. [2] 
 
Experimental 

XAS/XES measurement was performed at BL07LSU HORNET station in SPring-8. We 
prepared the PMEA spin-coated film on a SiC substrate. PMEA was synthesized by radical 
polymerization method. To enhance the stability of the film, small amount of PMEA with 
terminal thiol group was grafted on the SiC surface before the spin-coating. Similarly, the film 
of poly(n-butyl acrylate)(PBA) was prepared and used for comparison. The humid air with 
controlled humidity was flowed on the sample to change the water contents in the polymer 
films.  

 
Figure 1. Sample preparation and experimental setup 
 

Results and discussion 
Figure 2 shows the XES spectra of PMEA and PBA under the humidity control. As 

expected the emission intensity increased as the relative humidity increased. In the hydration 
process of PMEA, first non-freezing water which shows the strongest interaction with 
polymer chains appears. Intermediate water and free water should contribute in the order of 
interaction strength. [3] Thus we assigned the XES spectrum in the highest humidity 
(95%RH) to free water which shows a similar spectral profile with bulk water having two 
peaks originated from tetrahedrally-coordinated and distorted hydrogen bonds. [4] In 50%RH, 



non-freezing water appears as a broad profile peaked at the tetrahedrally-coordinated 
component, along with a sharp peak at 527 eV indicating adsorbed water. It is remarkable that 
the 75%RH spectrum showed still a broad profile with larger tetrahedrally-coordinated and 
lesser distorted components compared with bulk water. We speculate this unique spectrum is 
closely relevant to the presence of intermediate water in PMEA. In PBA, this type of water 
was not observed while highly distorted but tetrahedrally coordinated component [5] 
dominates at higher humidity, which would rather lead to a decreased biocompatibility. 

The XAS spectra in the same humidity conditions were shown in Fig. 3. We notice that 
water in PMEA showed increased post-edge profile peaked around 540 eV in 75%RH, which 
is relevant to the interpretation of the XES profile in 75%RH. In PBA, the profile peaked at 
537 eV is again characteristic for the distorted but tetrahedrally-coordinated component [5]. 

 

 
Fig. 2 XES spectra of PMEA and PBA under the humidity control. 

Fig. 3 XAS spectra of PMEA and PBA under the humidity control. 
    
Conclusion 

The biocompatible polymer PMEA has characteristic XAS/XES profile with larger 
tetrahedrally-coordinated and lesser distorted components, while the less biocompatible 
polymer PBA dominantly has highly distorted but tetrahedrally coordinated component. This 
study provides a clue to reveal the detailed mechanism of biocompatibility and design highly 
biocompatible polymers. 
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Introduction 
Poly(2-methoxyethyl acrylate) (PMEA) is an outstanding biocompatible polymer widely 

used in the medical field. We have revealed that the water molecules contained in PMEA can 
be classified into three types: non-freezing water, free water, and intermediate water. 
Non-freezing water does not crystallize below 0 oC due to a strong interaction with a polymer 
chain. Free water crystallizes at approximately 0 oC like bulk water. Intermediate water does 
not freeze at 0 oC but exhibits melting/crystallization at lower temperature due to the weak 
interaction with polymer chains. It has been well recognized that the intermediate water 
dominates the biocompatibility of polymers. [1] However, the structure and characteristics of 
intermediate water remains unclear so far. In this work, we aimed to shed light on the states of 
intermediate water using soft x-ray absorption/emission spectroscopy (XAS/XES), which is a 
powerful tool to determine the local hydrogen bond network of water.  
 
 
Experimental 

We prepared the PMEA brush on SiC substrate by 
grafting-to method. First we synthesized the PMEA with 
terminal thiol group (PMEA-SH, Fig. 1) by raft 
polymerization. The molecular weight of PMEA-SH was 
estimated to be 38,000 g/mol and molecular weight 
distribution was 1.1 from Gel Permeation Chromatography. 
The SiC substrate (Au coated) was dipped in 
PMEA-SH/MeOH solution (200 µmol/l) for 1 hour, and 
then rinsed with MeOH and dried. The graft density of 
obtained PMEA brush was c.a. 0.1 chains/nm2. 

XAS/XES measurement was performed at BL07LSU HORNET Station in SPring-8. The 
humid air with controlled humidity was flowed on the sample to change the water contents in 
the brush sample.  

 
Results and discussion 

In the XES spectrum of bulk liquid water, basically two significant peaks are observed. One 
is around 525.6 eV indicating the presence of ordered (tetrahedrally coordinated) hydrogen 
bonds, and the other is around 526.8 eV corresponding to distorted hydrogen bonds. [2] As 
shown in Fig. 2(a), in the low humidity range below 65%RH, a broad profile peaked at the 
tetrahedrally-coordinated component dominates, along with a sharp peak at 527.1 eV which 
we consider water adsorbed on PMEA, Above 75%RH, slight increase in the distorted 
hydrogen bonds was observed and finally in 90%RH the spectrum is very similar to that of 
bulk water.  

For more detailed consideration, the difference spectra between the neighboring XES 
spectra were calculated (Fig. 2(b)). We notice that the differential spectrum of 75%-65% 

Fig. 1 Chemical structure  
of PMEA-SH 



showed only a broad peak centered around the tetrahedrally coordinated hydrogen bond. We 
expect this is the feature of non-freezing water, which is strongly bounded to the adsorbed 
water on the polymer chain. In contrast, the difference spectrum of 90%-78% showed two 
peaks, which is very similar to the spectrum of bulk water. This is assigned to free water, 
which weakly interacts with the polymer chain. The spectrum of 78%-75% is particularly 
interesting. It showed a broad peak centered at the middle of ordered and distorted peaks. In 
XAS spectra (Fig. 3), we observed tetrahedrally coordinated behavior (increment of 
absorption intensity in post-edge region) of water at around 75%RH. These results indicate 
that the hydrogen bond network of water in PMEA, especially around 75%RH, is obviously 
different from that of free water and non-freezing water. We consider this is the unique 
characteristics of intermediate water. 

We successfully detected the intermediate water in PMEA, whereas the origin of 
intermediate water is still unclear. Further investigation will be performed in our future work 
in order to clarify the essential feature of intermediate water and the role on biocompatibility. 

 
  

 
 

Fig. 2 (a) XES spectra of PMEA under the humidity control. 
         (b) Difference between the spectrum in each humidity. 

    

 
Fig. 3 (a) XAS spectra of PMEA under the humidity control. 
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In order to investigate the correlation between the charge stripe state and high temperature 

superconductivity for La2-xSrxCuO4 (LSCO), the identification of the characteristics of the 

charge stripe state for layered-perovskite type Ni oxides La2-xSrxNiO4+δ (LSNO) is required 

since the charge stripe states for LSCO and LSNO are caused by the doped holes [1,2]. Since 

single spin-flip excitations are forbidden, charge excitations are mainly observed by not only 

Ni K-edge resonant inelastic X-ray scattering (RIXS)[3,4] but also the O K-edge RIXS. To 

directly observe the charge excitations due to the doped holes, in this study, we carried out O 

K-edge RIXS, which was already performed for LSCO and successfully revealed dispersive 

charge excitations [5], for LSNO. 

Momentum resolved O K-edge RIXS for LSNO was measured at HORNET station in 

SPring-8 BL07LSU. The number of doped holes nh (≡ x + 2δ) of LSNO was 0.1 (no charge 

stripe state) and 0.33 (with the charge stripe state), respectively. The figure shows the 

comparison among O K-edge RIXS spectra for nh = 0.1 and 0.33 at incident energy (hvin) of 

528.7 eV. Four constant loss energy peaks were successfully observed, indicated by labels a-d 

in that figure. Peaks b and c correspond to charge excitations observed in the optical 

conductivity spectra [6,7]. Momentum resolved RIXS spectra indicate that the clear energy 

dispersions of charge excitations were not observed, reflecting the localized charge 

excitations. This dispersionless of charge excitations in LSNO are different from that of 

LSCO where the charge excitations have clear energy 

dispersion. 

These localized charge excitations of doped holes 

are consistent with the insulating behavior in 

conductivity [6] and related to the size of polaron 

reported by the optical conductivity measurement [8]. 

The simple mean-field theory applied to a three-band 

Hubbard model predicts that the stabilization energy 

of the polaron originating from electron-phonon 

coupling is correlated with the charge transfer energy 

between nickel and oxygen ions [9] and it could be an 

origin of wider hole density of charge-stripe ordered 

phase in the nickelates than that in the cuprates [10]. 
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 Effect of carrier doping into insulating transition-metal oxides is a central issue in strongly 

correlated transition-metal systems and parent insulators are categorized into two types: Mott 

insulators and charge-transfer insulators. In the latter, the energy of charge transfer from the 

oxygen 2p to the transition-metal d levels is smaller than the on-site Coulomb repulsion of the 

d electrons. Among them, the layered manganate LaSr2Mn3O7 (LSMO327), La0.5Sr1.5MnO4 

(LSMO214) has the checkerboard-type charge ordering within the insulating due to the doped 

holes[1]. In particular, LSMO327 collapses/reorders charge ordering with decreasing 

temperature, not seen in LSMO214. In order to investigate the charge excitation originating 

from doped holes, being related to the charge ordering, we have performed the resonant inelastic 

X-ray scattering (RIXS) at oxygen K-edge for LSMO327 and LSMO214. 

 The O K-edge RIXS of single crystal LSMO327 and LSMO214 was carried out at HORNET 

station in SPring-8 BL07LSU. Figure 1 shows the O K-edge RIXS spectra for (a) LSMO214 

and (b) LSMO327 at incident energy (hvin) of 529.5 eV with σ-polarization parallel to the MnO2 

plane. Combining with the O K-edge X-ray absorption and hvin dependence of RIXS spectra, 

we judge that the excitations at 0 eV, 1.3 eV, and 2.5 eV are elastic including in phonons and 

magnons, fluorescence, and the charge excitation respectively. It is found that the charge 

excitation has energy dispersionless corresponding localized character. This can be considered 

that there is presence of short-range correlation such as the electron-lattice coupling due to the 

Jahn-Teller distortion. On the other hand, interestingly, the peak and intensity of fluorescence 

Fig.1 Temperature and momentum transfer (q) dependence of O K-edge RIXS spectra for (a) 

LSMO214 and (b) LSMO327. In LSMO327, the temperature is raised and lowered between 

30 K and 300 K. 



component depends on the temperature. The multi-gaussian fitting results indicates that this 

temperature behavior is associated with the electron resistivity, which reflects the electronic 

states at unoccupied conduction bands within LSMO214 and LSMO327, not being seen in La2-

xSrxNiO4 in our previous O K-edge RIXS study. 

 Moreover, in LSMO327, the peak and intensity of fluorescence component depends on the 

momentum transfer (q) at 125 K corresponding to the collapsing charge ordering. Since the 

superlattice reflection characteristic of orbital ordering has been observed around 125 K[2], we 

consider that the fluorescence component includes in the degree of freedom for eg orbital. At 

present, we are discussing about the origin of temperature and q change that appears in the 

fluorescence components and the correlation with the orbital order being observed 

simultaneously within LSMO214 and LSMO327. 
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Introduction: 

 Topological magnetic textures have attracted a great deal of attention and have been 

extensively studied in the recent years. In a chiral magnetic material with broken spatial 

inversion symmetry, a vortex-like stable magnetic structure called a magnetic skyrmion may 

emerge under certain temperatures and magnetic field conditions. A triangle crystal state of 

the magnetic skyrmion was first observed in the chiral magnet MnSi by using small-angle 

neutron scattering, and it was later observed in real space via Lorentz-type transmission 

electron microscopy. Since then, magnetic skyrmions have also been observed by using soft 

X-ray techniques, such as small-angle scattering, X-ray holography, and transmission soft 

X-ray microscope. Since a magnetic skyrmion behaves like an isolated particle in a magnetic 

material and can be controlled by an external field, it is a promising candidate for information 

media in next-generation spintronics devices. To understand its characteristics, such as its 

response to an applied external field, observing skyrmions in real space with high temporal 

and spatial resolution is important. 

 

In the present study, we have developed a 

diffractometer of small-angle resonant soft 

x-ray magnetic scattering for performing the 

coherent x-ray magnetic imaging of magnetic 

textures at the undulator beamline BL07LSU, 

SPring-8. The apparatus is equipped with a  

vacuum chamber having a background 

pressure of < 1×10-5 Pa, a CCD camera 

(2048x2048 pixel, Princeton Instrument), a 

direct beam catcher, and a sample holder [Fig. 

1]. In order to observe transmitted soft x-ray 

scattering, we prepared thin plate sample 

thinned by FIB method or magnetic thin films 

fabricated on Si3N4 substrates.  

 

 

Figure 1: Diffractometer for resonant 

soft x-ray small-angle scattering 

developed at BL07LSU, SPring-8. 



Results: 

First, we measured the diffraction pattern from the pinhole in order to evaluate the 

performance of the instrument and the coherence of the incident soft x-rays. Figure 2 shows 

diffraction pattern and its line profile from a double pin hole of 0.5 μm in diameter. The 

striped diffraction pattern is derived from coherent diffraction of a double pinhole separated 

by 8 μm distance. As a result, it is suggested that the coherent length was at least 8 μm. 

 

Figure 2: Coherent diffraction pattern (left) and its line profile (right) from a double 

pinhole, fabricated on Ta deposited Si3N4 membrane. The size of the pinholes are 0.5 μm 

in diameter, and their spacing is 8 μm. Red and blue lines indicate the observed and 

calculated curves, respectively. 

 

Subsequently, diffraction patterns from magnetic multilayer thin films FdGd/Co and 

from magnetic thin film Co/Pt were measured at Fe L-edge (~702 eV) and at Co L-edge 

(~776 eV), respectively. The samples were placed over the pinhole to cut out the coherent 

light. When the light energies were changed to make it non-resonant, the diffraction pattern 

were observed to change, which suggested that magnetic scatterings reflecting ferromagnetic 

domain structure were observed. 

 

 
 

Figure 3: Magnetic diffraction pattern from magnetic thin films FeGd/Co and CoPt. 

 

Conclusion: 
In this study, we developed the equipment for resonant soft x-ray small angle scattering and 

succeeded in observing the magnetic scattering from the magnetic thin film. In the future, we aim to 

observe temporal variations of the magnetic structure in real space by combining the coherent soft 

x-ray diffraction imaging technique with time-resolved pump-probe measurement. 
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Introduction 

Operando spectroscopy of catalytic reactions is essential for our understanding of reaction 
mechanisms as well as the rational development guidelines for novel catalysts. Ambient 
pressure X-ray photoelectron spectroscopy (AP-XPS) is one of the most powerful operando 
spectroscopies, which permits the investigation of the electronic and chemical states of 
adsorbates and catalysts under gas atmospheres at near-ambient pressure. However, the 
typical temporal resolution of AP-XPS has been limited to ms, and thus the dynamic 
processes faster than ms could not be studied. At SPring-8 BL07LSU, we developed 
time-resolved X-ray photoelectron spectroscopy (tr-XPS) in ultrahigh vacuum by combining 
ultrafast optical laser with X-ray in a pump-probe fashion. tr-XPS allows one to monitor the 
time-evolution of electronic structures of samples in real time. The temporal resolution of 
tr-XPS is ~50 ps, which is determined by the pulse width of probe X-ray. 

In this study, we aimed to develop a time-resolved ambient pressure X-ray photoelectron 
spectroscopy (tr-APXPS) by combining AP-XPS with tr-XPS. tr-APXPS will permit the 
monitoring of photocatalytic reactions in real time; all the players in photocatalytic reactions 
such as photo-excited carriers, adsorbates, substrates can be investigated by tr-APXPS. 

 
 
Experimental 

All the experiments were performed at the soft X-ray undulator beamline BL07LSU at 
SPring-8 [1]. AP-XPS experiments were carried out using an AP-XPS apparatus that 
combines a differentially pumped electron analyzer (SPECS, PHOIBOS 150 NAP) with an 
ambient-pressure gas cell [2]. A one-dimensional delay-line detector (DLD) is adopted as a 
detector of the electron analyzer. 

Femtosecond (fs) laser systems were installed at SPring-8 BL07LSU. The fs laser pulses 
were synchronized to synchrotron radiation X-ray pulses, and the delay time of fs laser pump 
pulse relative to X-ray probe pulse can be controlled. There were two different fs laser 
systems; high pulse energy and low repetition rate (mJ, 1 kHz) and low pulse energy and high 
repetition rate (J, 208 kHz). Optical parametric amplifier (OPA) was installed in both laser 
systems, which can change the wavelength of fs laser. In the present study, high pulse energy 
and low repetition rate (mJ, 1 kHz) laser system was used. 

 
 



Results and discussion 
In the development of tr-APXPS, a new soft X-ray chopper was installed at SPring-8 

BL07LSU. The repetition rate of probe X-ray was 208 kHz in the H-mode operation of 
SPring-8, which was much larger than that of pump laser (1 kHz). Soft X-ray chopper can 
reduce the repetition rate of probe X-ray to 1 kHz to match that of pump laser. Consequently, 
time-resolved XPS measurements became possible with the same experimental setup as in 
conventional static XPS measurements. Figure 1 shows a picture of a soft X-ray chopper 
installed at SPring-8 BL07LSU and its operation of pulse selection. Soft X-ray chopper 
blocks all the X-ray pulses that are not used in pump-probe time-resolved measurements. This 
decreases unnecessary burden on the sample and the detector. Thus, the photon flux can be 
increased by opening slits in X-ray beamline to improve measurement efficiency. 

Test tr-APXPS measurements were performed on the naturally oxidized p-type Si(111) 
(SiO2/p-Si(111)) surface in 1 mbar CO2. As a result of excitation by pump laser (800 nm, 1 
kHz), we could observe the energy shift of Si 2p core level due to surface photovoltage effect. 
In addition, we could detect the energy shift of CO2 gas phase peak in O 1s core level. The 
energy shift of gas phase peak in AP-XPS reflects the change of the sample work function. 
Notably, the energy shift was different between Si 2p and O 1s core levels. The present 
preliminary experimental results of tr-APXPS demonstrate that this experimental method can 
provide a wealth of information in photo-excited systems and will be very suited to study 
various light-induced reactions including photocatalysts and plasmonic chemical reactions. 
 

 
Figure 1. (a) Soft X-ray chopper installed at SPring-8 BL07LSU (b) Time structure of soft 
X-ray pulses with soft X-ray chopper OUT and IN. The repetition rate of soft X-ray pulses 
was decreased to 1 kHz. 
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Introduction 

Sabatier reaction, CO2 + 4H2 → CH4 + 2H2O, is the hydrogenation reaction of CO2 into 
CH4. This catalytic reaction now attracts great interest as a key step in the “Power-to-Gas” 
technology that converts renewable electricity into gas fuels. Although the development of 
methane synthesis catalysts with higher catalytic activity and selectivity is now highly 
demanded, the lack of direct experimental observation of working catalysts impedes our 
understanding of reaction mechanisms as well as the rational development guidelines for 
novel catalysts.  

In this study, we aimed to investigate Sabatier reaction on a silica-supported nickel 
(Ni/SiO2) catalyst under reaction conditions using ambient-pressure soft X-ray photoelectron 
and absorption spectroscopies (AP-XPS/XAS). In the operando observation of Ni/SiO2 
catalyst, the catalytic activity was simultaneously monitored using mass spectrometer, and the 
chemical states of the working catalyst were clarified by soft X-ray spectroscopies.  

 
Experimental 

The experiments were performed at the soft X-ray undulator beamline BL07LSU at 
SPring-8 [1]. AP-XPS experiments were carried out using an AP-XPS apparatus that 
combines a differentially pumped electron analyzer (SPECS, PHOIBOS 150 NAP) with an 
ambient-pressure gas cell. The details of the AP-XPS apparatus can be found in our previous 
publication [2]. AP-XAS experiments were carried out at X-ray emission spectroscopy 
endstation at BL07LSU. AP-XAS spectra were measured in total electron yield and in partial 
fluorescence yield. Home-developed five stage differential pumping system allows the 
windowless delivery of soft X-ray photons to a sample even in atmospheric pressures. 

 
 
 
 



Results and discussion 
The catalytic activity of Ni/SiO2 catalyst (64 wt% Ni) was studied as a function of 

temperature (Figure 1). The Ni/SiO2 catalyst was exposed to the mixed gas of 0.7 mbar CO2 
and 2.1 mbar H2, and the sample temperature was increased in a stepwise manner from 300 K 
to 373 K, 473 K, and 573 K. The change in gas composition with temperatures was monitored 
by mass spectrometer. When the sample temperature was increased from 373 K to 473 K and 
573 K, the signals for the reactant gases (CO2 and H2) decrease in intensity; the signals for the 
product species (CH4, CO, and H2O) increase in intensity. Therefore, both Sabatier reaction 
and reverse water gas shift reaction occur on the Ni/SiO2 catalyst in the reaction conditions 
studied here.  

Next the chemical state of Ni nanoparticles during catalytic reactions was evaluated by Ni 
2p XPS and Ni L-edge XAS spectra. The comparison with Ni reference spectra revealed that 
the chemical state of Ni particles was NiO before reactions and then converted into a mixed 
state of metallic Ni and NiO during reactions. The correlation between the chemical states of 
Ni and catalytic activities was thus experimentally established. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Catalytic activity measurements of Ni/SiO2 catalyst. Gas composition was 
monitored by mass spectrometer, while the Ni/SiO2 catalyst was heated in a stepwise manner 
from 300 K to 373 K, 473 K, and 573 K in the mixed gas of 0.7 mbar CO2 and 2.1 mbar H2. 
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Introduction 

 

 A Mott insulator Ca2RuO4 is known to show an insulator-to-metal transition (MIT), which is 

driven by chemical substitution, temperature, and applying hydrostatic pressure. Recently, 

Nakamura et al. reported that the MIT is also induced by applying a dry-battery level 

electric-field at room temperature [1]. Even more surprisingly, strong diamagnetism under 

electric current is discovered [2]. The diamagnetism is stronger than that in other 

nonsuperconducting materials. In strongly correlated electron systems, the domain structure is 

often observed in the vicinity of MIT. Indeed, the spatial growth of the current-induced 

metallic domain was observed by infrared nano-imaging and optical-microscopy 

measurements [3]. In this work, we have performed a soft x-ray photoemission microscopy in 

order to investigate the spatial dependence of the electronic structure for Ca2RuO4. 

 

Experiments 

 

Single crystals of Ca2RuO4 were grown by a floating zone method. The gold wires with a 

diameter of 100 ㎛ were attached to the terminals both ends of the sample using silver epoxy. 

The electric field was applied parallel to the ab-plane. The voltage-current characteristics 

were measured in situ during the measurements by a two-probe method using a DC V-I 

source/monitor (Keithley 2450). The photoemission microscopy was performed using a 

three-dimensional nanoscale electron-spectroscopy chemical analysis (3D nano-ESCA) 

system that was installed at BL07LSU of SPring-8. The present data were acquired with 

linearly polarized light at h = 1000 eV. The clean surfaces were obtained by in situ cleavage 

in vacuum with a base pressure better than 8.2 × 10-9 Pa. All data were collected at room 

temperature. 

 

Results and discussion 

 

Figure 1 (a) shows the IV curves at T = 300 K. The Ru 3d5/2 core-level photoemission spectra 

under the electric field are displayed in Figs. 1 (c) and (d). The spectra are integrated within 

the region (100 × 100 ㎛ 2) as shown in Fig. 1(b). Figure 1 (c) shows the current 

dependence of Ru 3 d5/2 core-level spectra. The width of Ru 3d5/2 spectrum with current (I = 

50 mA) becomes broad as compared with that without current (I = 0 mA), which indicates the 

appearance of the screened peak at lower binding energy than the main peak. This suggests 

that the screening electrons increase by applying electric-field. To investigate the spatial 

dependence of the electronic structure under current, we compared the spectra of the region A 

with that of the region B as shown in Fig.1 (d). The spectrum of the region A is slightly 

broader than that of the region B, suggesting that there is the inhomogeneous spatial 

distribution of the screening electrons. 

 

 



Summary 

 

In order to investigate the spatial dependence of the electronic structure, we have performed 

the soft x-ray photoemission microscopy for Ca2RuO4. We found the spatial dependence of 

the Ru 3d5/2 core-level spectra under electric current, suggesting the spatial growth of the 

current-induced metallic domain. 
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Fig. 1. (a) Current-voltage curve at T = 300 K. (b) Photo of Ca2RuO4 crystal. The square 

indicates the measured region. Arrow shows the direction of current. (c) Ru 3d5/2 core-level 

spectra with/without current in the region A of Fig. 1 (b). (d) Ru 3d5/2 core-level spectra of 

the region A and B with I = 50 mA. 



OBSERVATION OF ELECTRONIC STRUCTURE FOR Ca2RuO4 
UNDER ELECTRIC FIELD BY SOFT X-RAY ABSORPTION 

SPECTROSCOPY 
Teppei Yoshida1, Yukie Takasuka1, Daisuke Shibata1, Daiki Ootsuki1, Jun Miyawaki2, 

Yoshihisa Harada2, Chanchal Sow3, Shingo Yonezawa3, Yoshiteru Maeno3,  
Fumihiko Nakamura4 

1Graduate School of Human and Environmental Studies, Kyoto University 
2Synchrotron Radiation Laboratory, The Institute for Solid State Physics, The University of Tokyo 

3Graduate School of Science, Kyoto University 
4Department of Education and Creation Engineering, Kurume Institute of Technology 

Recently, the correlated electronic states under electric field are receiving growing interest. 
It has been reported that a Mott insulator Ca2RuO4 shows an intriguing electric-field induced 
insulator to metal transition with a nonlinear conductivity [1]. The threshold electric field Eth 
of ~ 40 V/cm for Ca2RuO4 is weakest among the Mott insulators. Particularly, a giant 
diamagnetism under electric current has been reported by Sow et al [2]. Thus, it would be 
desirable to understand how the applied low electric field changes the insulating state of 
Ca2RuO4 and causes the giant diamagnetism. 

The Mott insulator Ca2RuO4 undergoes the metal to insulator (MI) transition at TMI = 357 K 
accompanied by structural deformation such as a rotation, tilt, and/or compression of the 
RuO6 octahedra [3]. In the insulating phase of Ca2RuO4, two of the four Ru 4d electrons 
occupy the ground dxy orbital and the two remaining electrons are located in the dxz/yz orbitals 
owing to the framework of the crystal field [4]. According to studies by angle-resolved 
photoemission spectroscopy and dynamical mean-field theory (DMFT), the paramagnetic 
insulating state of Ca2RuO4 was interpreted as an orbital-dependent band-Mott insulator, 
which is characterized by the coexistence of the band insulating state of dxy orbital and the 
Mott insulating states of half-filled dxz/yz orbitals [5]. 

Here, we performed soft x-ray absorption spectroscopy (XAS) measurements on Ca2RuO4 
under electric field at SPring-8 BL07LSU to investigate the current-induced evolution in the 
electronic structure. High-quality single crystals of Ca2RuO4 were grown by using the 
floating-zone method. The gold wires were attached to the terminals both ends of the sample 
using silver epoxy. In order to monitor the sample temperature under an electric field, the 
sample was mounted directly on a Pt thermometer. The sample and the thermometer were 
glued to sapphire substrate with silver epoxy and an insulating adhesive. The electric field 
was applied parallel to the ab-plane and the voltage-current characteristics were measured in 
situ during the XAS measurements. The sample temperature is controlled by liquid helium 
and the sample heating is less than 3 K during all measurements. 

Figure 1 shows the in situ IV characteristics of the sample. The open squares denote the 
points at which the spectra were measured. Figures 1(a) and 1(b) are O 1s x-ray absorption 
spectra of Ca2RuO4 under current taken at 300 K and 200 K, respectively. The two peaks 
located at 528.5 and 529.1 eV are the t2g-derived spectra and are transitions to apical and 
in-plane oxygen sites [6]. On the other hand, the structures at ~531 and 534 eV are the 
eg-derived spectra and are assigned to be d3z2-r2 and dx2-y2 band, respectively [7]. With 
increasing current, the spectral intensity for the apical oxygen sites decreases while that for 
the in-plane oxygen sites increases. This trend is consistent with the previous XAS study 
under electric field and is suggestive of the increase in the number of dxy holes with increasing 
current [8]. As for the eg-derived region, the dx2-y2 band shifts to the lower energy while the 
d3z2-r2 band shifts to the higher energy with increasing current. The spectral change in the 
t2g-derived spectra is relevant to the elongation of the RuO6 octahedra [6]. Also the band shifts 
in the eg-derived region indicates the change in the crystal-field splitting. These results 



suggest that the current-induced change in the electronic structure is related to the structural 
change of the octahedra and may give a hint to understand the origin of the diamagnetism. 
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Figure 1. Current density J variations 
of the electric field E at T = 300 K and 
200 K. The open circles indicate the 
points at which the x-ray absorption 
spectra were taken. 

Figure 2. O 1s x-ray absorption spectra of Ca2RuO4 under current. The spectra are taken at 300 K (a) 
and at 200 K (b) at normal incidence. 
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1. Introduction 
In this research, we have prepared a single-atom alloy Pd-Cu(111) surface as a model catalyst 

for the hydrogenation of adsorbed formate species. Single-atom alloy catalyst (SAAC) has 
recently been attracting attention [1]. SAAC is an alloy catalyst in which a very small amount 
of foreign metal atoms are embedded in the surface of a substrate metal; the foreign atom gives 
an additional catalytic function keeping the main catalytic function of the substrate metal. In 
order to elucidate the chemical species and electronic states of the surface, we have observed 
the adsorption and reaction processes using ambient-pressure X-ray photoelectron spectroscopy 
(AP-XPS) and mass spectroscopy in operando conditions. High resolution XPS using 
synchrotron radiation can detect a very small amount (a few percent or less) of isolated metal 
atoms embedded in the surface of a host metal substrate. By operando observation using mass 
spectrometry and AP-XPS, the function of SAAC in the catalytic reaction would be elucidated.  

Copper is a typical catalyst for methanol synthesis from CO and CO2 [2]. However, copper 
is not very active for the dissociative adsorption of H2. Here, we prepared the SAAC sample in 
which Pd was deposited on a Cu single crystal surface. The host Cu substrate is suitable for 
methanol synthesis reaction and water gas shift reaction. When a small amount of Pd atoms are 
deposited on the Cu (111) surface, hydrogen molecules are easily dissociated at the Pd site. The 
produced hydrogen atoms spill over on the Cu surface; these hydrogen atoms may be highly 
reactive [1]. We examined the reaction processes between hydrogen atoms and formate species 
on the Pd-Cu(111) surface by AP-XPS and mass spectroscopy.  

 
2. Experiments 

The present SAAC sample was prepared on Cu(111) at 380 K by vacuum deposition of Pd in 
an ultra-high vacuum chamber connected to the AP-XPS system at BL07 LSU, SPring-8. 
Gaseous formic acid was introduced on the Pd-Cu(111) SAAC sample at low temperature 
(~100 K). This sample was heated at 300 K to produce formate species (HCOO) on the surface. 
The adsorbed species and electronic states of the sample were investigated by high resolution 
XPS. Under hydrogen introduction, AP-XPS spectra were continuously measured. 
 
3. Results and discussions 

A small amount of Pd atoms were 
deposited on the Cu(111) surface at 380 
K in order to prepare the present SAAC 
sample, and the surface was 
characterized by XPS. Figure 1 shows 
Pd 3d XPS spectra of the Pd-Cu(111) 
surface (hn = 680 eV). The single-
component Pd 3d3/2 and 3d5/2 peaks are 
observed at 340.7 and 335.4 eV, 
respectively. Thus, we confirmed that 
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Figure 1  XPS spectra of Pd 3d region of clean 
Cu(111) and Pd-Cu(111) surfaces. 



the Pd-Cu(111) SAAC was prepared. The Pd coverage was estimated to be about 0.04 ML. 
Next, this Pd-Cu(111) sample was cooled at about 100 K and exposed to gaseous formic acid 

in the UHV chamber. By heating this sample at 300 K, most formic acid molecules were 
desorbed and a small amount of formate species of about 0.1 monolayer was produced, which 
is similar to the case of formic acid on Cu(111) [3]. The C1s and O1s of formate species on Pd-
Cu(111) were observed at 287.6 eV and 531.2 eV. 

Then, the sample was moved to the AP cell for AP-XPS measurement in 2 mbar H2 at 
controlled temperature. During this process, simultaneous observation of AP-XPS and mass 
spectroscopy was conducted. From the AP-XPS measurement of C1s and O1s (Figure 2), it was 
found that the formate species hardly changed at 300 K to 350 K, but the formate species 
decreased in intensity above 370 K. On the other hand, our thermal desorption experiments 
have shown that decomposition and desorption of formate into CO2 and H2 occurs at 420 K on 
Pd-Cu(111). When hydrogen (2 mbar) was introduced to the formate on Pd-Cu (111), the 
decreased of formate species occurred at lower temperature. This might suggest the 
hydrogenation of formate occur and new chemical species desorb from the surface. However, 
we could not detect new intermediate adsorbed species or significant change in mass 
spectroscopy measurements. Thus, further experiments are necessary to determine if the 
formate is simply decomposed or reacted under ambient hydrogen. 
 

  
Figure 2  C 1s (left) and O 1s (right) XPS spectra of formate/Pd-Cu(111) under 2 mbar H2 

as a function of elevated temperature.  
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1   Introduction 
Entanglement of charge, spin, lattice and orbital degrees of freedom in transition metal 

oxide (TMO) systems have attracted much attention recently [1]. The electric and magnetic 
properties of TMOs, which are dominated by the partially filled d orbitals, could be strongly 
affected by the crystal field effect from the surrounding lattice and corresponding d-orbital 
occupation. With a strongly localized feature of d electrons in TMO systems (especially 3d 
TMO systems), variety of ordering phenomena like magnetic ordering, charge ordering and 
ferroelectricity can coexist and significantly couple with each other. Tantalizing physical 
phenomena with prospective applications, such as high-Tc superconductivity and colossal 
magnetoresistance, have emerged during the investigation of strongly correlated TMO 
systems. 

Among 3d TMO systems, except the famous maganites and cuprates, cobaltites have also 
drawn much research attention due to their specific spin-state transition of Co ions. In many 
cobaltite systems, for instance the most simple case, perovskite LaCoO3, the competition 
between crystal field splitting and Hund coupling can lead to various spin states of Co ions[2]. 
Take Co3+ as an example, with a strong octahedral crystal field, low-spin (LS, t2g

6eg
0, S=0) 

state is energetically preferable and high-spin (HS, t2g
4eg

2, S=2) state with occupied eg orbital 
is preferred when crystal field is weak. In spite of LS and HS states, there is also debate that 
intermediate-spin (IS, t2g

5eg
1, S=1) state can also be realized in various cobaltites. The spin 

state of Co ions is very sensitive to the external condition such as temperature, pressure, 
magnetic field and substrate strain, etc. It is intensely reported that the magnetic properties of 
cobatites are dominated by the spin state of Co ions and complicated magnetic structures 
could be observed in quite a few cobaltite systems. 

Recently, REBaCo2Ox(5<x<6, RE is rare earth element) systems have been intensely 
investigated [3-5] for their intriguing physical properties such as high oxygen conductivity, 
metal-insulator transiton, giant magneto-resistance and spin-state ordering, etc.. The oxygen 
concentration in these systems is always variable, which leads to the high oxygen mobility 
within the lattice. When x=6, the cystal structure is standard double perovskite with RE and 
Ba sitting at A site, while Co sitting at B site. The nominal valence state of Co is +3.5. Due to 
the different ionic size of RE and Ba ions, A site is often ordered into layers with alternating 
RE and Ba layers. When x=5, a structure with ordered oxygen vacancy layers can be formed. 
When x=5.5, the oxygen vacancies order into columns along a axis, resulting in 4 
non-equivalent Co sites coordinated by either normal oxygen octahedra or oxygen pyramids. 
With this oxygen concentration, the nominal valence state of Co is +3. In this case spin-state 
ordering is frequently observed. For example it is reported that in PrBaCo2O5.5+x samples HS, 
IS and LS coexist and contribute to a complicated magnetic structure and magnetic phase 
transition [4]. 

On the other hand, phase transition with large resistivity change entangled with 
antiferromagnetic(AFM)-ferromagnetic (FM) transition and spin-state transition were also 



explored in GdBaCo2O5.5-x system[5]. Magnetic ordering with an index of (0 0 1/2) was 
clearly observed by resonant x-ray magnetic diffraction (RXMD). However, there is no report 
about GdBaCo2O5.5-x thin films. In this work, we prepared high-quality epitaxial GdBaCo2O5.5  
(GBCO) thin film sample on SrTiO3(001) (STO) substrate and conducted the soft x-ray 
RXMD measurement to investigate the AFM-FM phase transition behavior.  
 
2   Experiment 

We conducted soft x-ray RXMD experiments for GBCO thin film at BL07LSU of SPring-8. 
Horizontal (π) and vertical (σ) linearly polarized soft x-ray at Co L edge was employed. The 
measurement temperature was changed in range of 150 K to 260 K, where the AFM-FM 
transition occurs. 
 
3   Results and Discussion 

Fig. 1 shows the energy scan of the (0 0 0.5) RXMD peak at Co L edge. Polarization 
dependence of the diffraction clearly confirms the magnetic origin of this diffraction peak 
since π polarization has more intensity than σ polarization at Co L3 edge, and the peak 
intensity strongly decreases when the temperature went across the phase transition 
temperature (~230 K). In this energy region we can also observe the resonant scattering of Ba 
M edge, as shown by the two sharp peaks in the figure. This peak shows much larger intensity 
forσ polarization thanπ polarization, which indicates a charge contribution to the scattering 
instead of magnetism. Note that the intensity of the peak at Ba M edge also decreases across 
the phase transition temperature. This indicates that there is some concomitant structural peak 
with the same Q. The peaks in energy scans does not go to 0 since there is small contribution 
from the reflectivity of the sample. 

Fig. 2 shows temperature dependent L scan of the RXMD peak. It is clear that the peak 
vanishes while temperature increase beyond the phase transition temperature. 

Our experimental results confirmed the AFM-FM phase transition behavior in our GBCO 
thin film samples. These results are important for discussion about the electronic structure and 
magnetic ordering in GBCO thin films.   
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Fig.1. Energy scans of the (0 0 0.5) RMXD peak. Fig. 2. L scans of the (0 0 0.5) RMXD peak. 
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