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Activation and hydrogenation of carbon dioxide (CO2) are important topics for the use of 
abundant CO2 as a chemical feedstock [1]. One of the promising ways for CO2 utilization is 
methanol synthesis on Cu/ZnO catalysts. Metallic copper in the catalysts is considered to be 
an active site for the methanol synthesis [2]. However, zinc oxide in the catalyst is not just a 
support for metallic copper particles, but acts as a promotor for methanol synthesis [3]. In 
order to understand the synergetic effect between Cu and ZnO, it is necessary to reveal the 
chemical states of both adsorbates and substrates under the reaction conditions. 

In the methanol synthesis (CO2 + 3H2 à CH3OH + H2O) and simultaneous reverse 
water-gas shift reaction (CO2 + H2 à CO + H2O), water is formed in addition to methanol 
and CO molecules. Hence, the effect of water should be taken into account for elucidation of 
reaction mechanism of the methanol synthesis. Recent studies under well-defined 
experimental conditions revealed the importance of water on the methanol synthesis; the 
reactivity is significantly enhanced when a small amount of water exists in the feed gas [4-7]. 

In this study, reaction of CO2 with hydrogen and water on the Zn-deposited Cu(997) 
surface was studied by operando ambient-pressure X-ray photoelectron spectroscopy 
(AP-XPS). The aim of this study is to reveal the roles of Zn and water in the CO2 reaction 
under well-defined conditions. We used a Zn-deposited Cu single crystal as a model catalytic 
system. In addition, gas composition was precisely controlled using high purity gases. The 
oxidation state of Zn-deposited Cu surfaces and the stability of reaction products depend 
strongly on gas composition and sample temperature. 

The experiments were performed using an AP-XPS apparatus at SPring-8 BL07LSU. The 
details of the AP-XPS system were described elsewhere [8]. Briefly, AP-XPS was carried out 
using a differentially pumped electron analyzer (SPECS, PHOIBOS150 NAP) with an 
ambient-pressure gas cell. The gas cell is equipped in an analysis chamber (base pressure = 3 
´ 10-10 mbar). XPS measurements can be done both under UHV and in near-ambient pressure 
up to 20 mbar. For ambient-pressure experiments, it is quite important to reduce the amount 
of impurity in the gas cell and the feed gases. In addition to bake-out of the gas cell in UHV, a 
sample stage in the gas cell was outgassed by heating to 800 K. The CO2 gas (original purity 
= 99.995%) was purified by freeze-pump-thaw cycles, and the H2 gas (original purity = 
99.99999%) was also further purified using a cold trap at liquid nitrogen temperature. The 
D2O (original purity = 99.99%) was purified by freeze-pump-thaw cycles. 

AP-XPS measurements were done in the presence of 0.8 mbar CO2, 0.4 mbar H2, and 0.05 
mbar D2O gases. The C 1s and Zn 2p3/2 spectra on the Zn(0.25 ML)/Cu(997) surface as a 
function of sample temperature are shown in Figures 1(a) and (b). The peaks of carbonate 
(CO3) and neutral-carbon contamination (C0) species adsorbed on the surface were observed 
at 299 K under the ambient-pressure condition, whereas a peak at 293.5-294 eV was 
attributed to gas-phase CO2 molecules. In addition to these peaks, a peak at ~285.5 eV is 
found at 340-393 K, which has slightly higher binding energy than the C0 species. From the 
peak energy, this peak can be attributed to carbon singly bonded to oxygen (C-O). The C-O 
species might be assigned to contamination or produced methoxy which was also observed on 
the Zn-deposited Cu film under CO2 and H2O gases [9]. 

When the Zn/Cu(997) sample was heated to 393 K in the moist condition, the CO3 peaks 



decreased in intensity, and a peak at 289.0 eV was observed above 393 K. This peak is 
assigned to formate (HCOO) species produced via CO2 hydrogenation. Note that formate was 
observed only when water was added to the CO2 + H2 feed gas in the present experimental 
conditions. Hence, we conclude that water plays a key role in the hydrogenation of CO2 into 
adsorbed formate. The deposited Zn was partly oxidized under the reaction condition by 
adsorbed species such as atomic oxygen, hydroxyl and formate (Fig. 1(b)). In contrast, the 
deposited Zn was completely reduced at 473 K under 0.8 mbar CO2 and 0.4 mbar H2 dry gas 
mixture without water. Thus, the surface oxidation state is significantly affected by gas-phase 
water. On the other hand, oxidation of copper was not detected in the Cu 2p spectra, 
indicating that the copper substrate is metallic even under the ambient reaction conditions. 

At hydrogen partial pressure of 0.4 mbar, equilibrium coverage of atomic hydrogen should 
be negligible because of very low sticking probability of H2 on Cu surfaces [10]. On the other 
hand, dissociation of water into hydroxyl can occur on Cu surfaces even under the UHV 
condition when atomic oxygen exists on the surface [11]. The difference in reactivity between 
H2 and water indicates that a reactant in the CO2 hydrogenation, i.e., a source of hydrogen, is 
not atomic hydrogen but probably hydroxyl species. Hence, one possible role of added water 
is to provide hydroxyl species on the surface. 
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Figure 1. AP-XPS spectra of Zn(0.25 ML)/Cu(997) surface in the presence of 0.8 mbar 
CO2, 0.4 mbar H2, and 0.05 mbar D2O: (a) C 1s (hn = 630 eV) and (b) Zn 2p3/2 (hn = 1100 
eV). AP-XPS measurements were first performed at 299 K, then the sample was heated up 
to 473 K step by step under the ambient-pressure condition. 

(a) C 1s (b) Zn 2p3/2 
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We have developed soft X-ray scanning photoelectron emission microscopy (SPEM) with 
an angle-resolved electron analyzer (3D-nano-EASCA) with the spatial resolution of 70 nm 
[1] to investigate pin-point electronic structure in green nano-devices such as energy efficient 
devices like GaN HEMT, graphene FET and SiC MOSFET, power generation devices like 
fuel cells and photocatalysts for hydrogen generation, and energy storage devices like Li ion 
batteries (LIB). Furthermore, we modified 3D-nano-ESCA so that different voltages can be 
independently applied to five electrodes for gate, source, drain and ground in a sample holder 
connected to a semiconductor parameter analyzer.  

The first example for energy efficient devices is GaN HEMT (High electron mobility 
transistor) which is expected as the next generation high-power high-frequency devices. This 
work has been done by Sumitomo Electric Co. and Tohoku University (Prof. Suemitsu and 
Prof. Fukidome) in collaboration with the University of Tokyo as the NEDO project. The 
operando nono-spectroscopy successfully revealed the mechanism of current collapse 
phenomena by analyzing Ga 2p photoelectron spectra in the channel region where the applied 
voltage is extended from the electrode. It is found that the current collapse may take place at 
the point where the local electric field is concentrated and surface states may trap electron 
carriers.  

Furthermore, the nano-spectroscopy was applied to the SiC trench-MOSFET where one of 
the most important problems lies in the gate oxide/channel interface at the trench sidewall 
which is fabricated by reactive ion etching (RIE). This work was done in collaboration with 
Fuji Electric Co. and Tokyo City University (Prof. Nohira). The trench sidewall which was 
exposed by cleaving the trench structures with 0.6 m width and 2 m depth was analyzed by 
3D-nano-ESCA to investigate chemical bondings and electronic structures (band bending), as 
shown in Fig. 1. [2] Based on these results, the RIE trench formation mechanism was 
discussed. 

As for power generation devices, we have analyzed electronic structure of water splitting 
photocatalysts La2Ti5CuS5O7 (LTC) and La2Ti5AgS5O7 (LTA) as a p-type semiconductor 
photocathode generating H2 gas in the Z-scheme photocatalysis. This work was done in 
collaboration with The University of Tokyo (Prof. Domen). It is revealed from Fig. 2 that 
shift of valence band spectra and core levels towards lower binding energy suggests 
successful hole doping probably into Cu 3d band by substituting Ti sites by Ga ions. [3]  

Furthermore, ruthenen nano-sheet was analyzed by angle-resolved 3D-nano-ESCA in 
collaboration with Kyoto University (Prof. Matsubara). It is found that 3 ML ruthenen formed 
by reducing RuO2 nano-sheet showed metallic behaviour, white 1 ML/2 ML ruthenen 
exhibited semiconducting behaviour with covalency. DFT calculation confirmed these 
findings by showing that AA stacking with coordination number 7 is more stable than AB 
stacking with coordination number 9. [4] 

As for energy storage devices, we have also attempted to analyze local electronic structure 
of LiCoO2 cathode materials for LIB after charging and discharging. This work has been done 
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Introduction 
Permittivity is one of the most important quantities that characterize the material responses 

to external fields, such as electromagnetic waves. The determination of the permittivity of 
materials has been one of the highest priority tasks in science and technology. Its diagonal and 
off-diagonal components carry the non-magnetic and magnetic information regarding the 
response of the material, respectively, and it is the latter that has been significant in 
understanding spin polarization or magnetization. Their determination has been widely made 
using a probe light with a polarization modulation and the measurement of the magneto-optical 
effects. Such an experiment has been easily performed for visible light and hard X-rays [1, 2], 
but not for extreme extended-ultraviolet (EUV) ∼ soft X-rays (SX) region because of the 
absorbance of light in matter. In this study, we developed a novel SX source for a segmented 
cross undulator enabling the polarization modulation of light to be performed continuously and 
magneto-optical measurements of a buried Fe nanofilm to be carried out at the Fe L-edge in the 
SX region. We succeeded in directly determining the complex components of the permittivity 
tensor. 

 
Experimental 
Continuous polarization modulation in the SX region was achieved from the segmented cross 

undulator, developed at SPring-8 BL07LSU [3]. The phase shifters control the phase retardation 
of the light from the undulators resulting in various polarized SX, furthermore, a continuous 
phase shift with a frequency p is obtained magnetically using an electromagnetic coil applied a 
sinusoidal alternating current (AC) [4]. The light polarization can be varied continuously from 
linear to right- or left-handed circular. When using this modulated beam in magneto-optical 
Kerr effect (MOKE) experiments, the ellipticity (ηK) appears in signals as the p component, 
whereas the 2p component depends on the Kerr rotation angle (θK). That is, by extracting the p 
and 2p components, ηK and θK are measurable simultaneously with high-sensitivity. A Ta (2 
nm thick)/Cu (2 nm thick)/Fe (30 nm thick)/MgO heterostructure sample was used in the 
longitudinal MOKE (L-MOKE) experiment at room temperature. The Ta and Cu layers are 
capping layers to prevent the Fe layer from oxidizing. The incident angle of light onto the 
sample was about 80◦ with respect to the surface normal. Using a split-coil magnet, a magnetic 
field of strength ±0.3 T, under which the magnetization of the Fe nanofilm is saturated, was 
applied along the in-plane direction. Figure 1 shows the experimental set-up. 

 
Results and discussion 
We performed the simultaneous measurement of θK and ηK for the Fe nanofilm for the s-wave. 

The phase of the light polarization was modulated with settings the frequency p = 12.987 Hz.  



Fine spectral features can be observed in the θK and ηK signals. Moreover, their spectra appear 
as derivatives of each other, which is consistent with the relationship expressed by the Kramers–
Kronig relations [5]. 

The off-diagonal component of the permittivity tensor, which carries magneto-optical 
information, was determined using the experimental results of θK and ηK. For the first time, this 
result indicates that the present method is reliable in determining the off-diagonal component 
in the SX region. 

Conclusion 
We have described the development of a SX magneto-optical spectroscope that uses a new 

SX source from the segmented cross undulator at SPring-8 BL07LSU. This method offers 
various advantages for material science and technology. A complete dataset of real and 
imaginary parts of the complex permittivity tensor can be determined simultaneously with high-
sensitivity. Thus, faint magnetic signals are able to be detected, moreover, the datasets are self-
consistent with the Kramers–Kronig relations. This provides benefits when investigating new 
magnetic materials. By tuning the probe photon energy at the absorption edge, the data have 
element-selectivity, which is suitable for studying multi-element samples. 
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Fig. 1: Overview of the beamline at SPring-8 BL07LSU. A segmented cross-undulator (BL07 ID) consists of eight 
undulators and seven phase shifters. FES represents a front-end slit. The intensity of incident light and reflected 
light by a sample are monitored by two Au mesh. Inset shows a detail of the measurement chamber and the RAE 
unit. 
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Perovskite LaCoO3 with Co3+ (3d6) ion is considered to take high-spin (HS) state with 
t2g

4eg
2, intermediate-spin (IS) state with t2g

5eg
1, and low-spin (LS) state with t2g

6. Since the 
energy difference between the HS and the LS state is the order of kBT, the spin states of 
LaCoO3 may change by external stimuli such as temperature or strain. In bulk single crystals, 
LaCoO3 is a nonmagnetic semiconductor at the lowest temperatures, indicating the LS state 
and the population of the HS state gradually increases as the temperature increases [1]. On the 
other hand, LaCoO3 epitaxial thin films are not nonmagnetic even at the lowest temperature. 
For example, LaCoO3 thin films grown 
on (LaAlO3)0.3 (SrAl0.5Ta0.5O3)0.7 : 
LSAT(110) substrates exhibits 
spontaneous magnetization (Tc = 94 K), 
meaning that the spin state changes from 
LS state to IS and/or HS by epitaxial 
strain [2-3]. In LaCoO3 thin films grown 
on LSAT(111), another type of spin 
ordering was reported [4]. Therefore, it is 
considered that the spin states of LaCoO3 
thin films can be controlled by the 
orientation of substrates. Then, we 
investigated the electronic structures 
directry by high energy resolution 
resonant soft x-ray inelastic scattering 
(RIXS).

The LaCoO3 epitaxial thin films with 
30 nm thickness on LSAT(110) and 
LSAT(111) were fabricated by pulsed 
laser deposition technique. The tensile 
strain of the thin films grown on 
LSAT(110) and LSAT(111) is ~ 1% and 
~ 0.5%, respectively. The RIXS 
measurements of LaCoO3 thin films and 
bulk single crystal were performed at 
BL07LSU HORNET, SPring-8. We used 
near Co L3 edge (around 780 eV) as the 
excitation energy and performed the 
measurements at 300 K and 40 K. The 
energy resolution is approximately 300 
meV. The incident angle of x-ray is 45° 

FIG. 1. (a) Co 2p TEY XAS spectra. (b) Co L3 edge
RIXS spectra of LaCoO3 thin films. 



relative to the sample surface, while the 
charge coupled device detector was 
positioned at 90° relative to the incident 
x-ray. 

Figure 1(a) shows the Co 2p XAS spectra 
obtained by total electron yield (TEY). The 
peak ~ 779 eV corresponds to Co L3 edge, 
while the peak ~ 794 eV corresponds to Co 
L2 edge. Although the tensile strain is 
different between LSAT(110) and 
LSAT(111), the spectra is quite similar. 
Then, we selected the energy A, B, and C 
as the excitation energy of RIXS and 
investigated the electronic structures more 
precisely by RIXS. The Co L3 edge RIXS 
spectra are shown in Fig. 1(b). In this figure, 
the black arrow shows the elastic scattering. 
The colored zone from 0 to 4 eV 
corresponds to the dd excitations. And the 
peak ~ 5 eV is charge-transfer (CT) 
excitations. From the spectra of A and B, 
the peaks of dd excitations are different 
between LSAT(110) and (111), indicating 
that the spin states change according to the 
magnitude of the tensile strain. On the other 
hand, in the spectra of C, the peaks of the 
dd excitations are not clear because of the larger fluorescence. So, we selected the excitation 
energy of A and compare with the impurity Anderson model calculations. Figure 2 shows the 
Co L3 RIXS spectra at 300 K and 40 K excited the energy of A: 776.5 eV. In the bulk and the 
thin film on LSAT(111), the peak of LS state is observed at 40 K. By increasing the 
temperature to 300 K, the peak of HS state becomes stronger. On the other hand, a new peak 
at 0.9 eV is observed in the thin film on LSAT(110). Since the peak dose not correspond to 
the LS nor HS state, the peak means a new spin state. By comparing the theoretical 
calculations, the peak is considered to be the HS state in D2h symmetry. We clarified the 
epitaxial strain induced new spin state realized by 1% tensile strain. 
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Graphene is proming for electronics 

and optoelectronics owing to such as 

giant carrier mobility and the opacity 

(2.3%) determined solely by the fine 

structure constant that describes 

coupling between light and relativistic 

electrons and that is traditionally 

associated with quantum 

electrodynamics rather than materials 

science. Unfortunately, however, 

graphene-based optoelectronic device 

properties, such as THz light emission 

driven the current injection of 

field-effect transistor device structure which uses the epitaxial graphene on a SiC substrate as 

the active layer, does not exhibit the ideal value estimated from the intrinsic properties.  

To raise up the optoelectronic device 

properties, it is necessary to the 

mechanism of carrier dynamics of 

graphene. In the previous device works, 

it was pointed out that the transport 

properties, such as the giant carrier 

mobility, of the epitaxial graphene on 

the C-terminted SiC(000-1) are 

superior to those on the Si-terminated 

SiC(0001). Someya et al. showed by 

using fs time-resolved angle-resolved 

photoelectron spectroscopy that 

population inversion, which was 

previously suggested not to occur, 

occurs for our high-quailitygraphene 

on the C-terminated SiC(000-1), while 

it does not occur for graphene on the 

Si-terminated SiC(0001) [1,2]. 

However, the mechanism of the carrier 

dynamics still remains unclear because 

the interfacial dynamics between 

graphene and SiC has not been 

clarified yet. 

To explore the mechanism, we have 

studied relaxation carrier dynamics of 

the graphene/SiC system excited by 

femtosecond laser (h=3.1 eV), which 

was probed by soft x-ray time-resolved 

photoelectron spectroscopy of C 1s 

 
Fig. 1 Experimental system. 

 
Fig. 2 Time-resolved C 1s and Si 2p spectra of graphene on 

(a) SiC(000-1) and (b) SiC(0001). 



and Si 2p (Fig. 2). 

We first studied the SiC surbstrate orientation dependence of carrier dynamics during 

surface photovoltage purmbed by the fs laser, as shown in Fig. 2. The relaxation time scale of 

the graphene on the C-terminated SiC(000-1) is longer than that on the Si-terminated 

SiC(0001).  

On the reason for this difference in the relaxation time scale is the existence of the buffer 

layer situtated in graphene and Si-terminated SiC(0001). 1/3 of carbon atoms of buffer layer 

are bonded with surface Si atoms of the Si-terminated SiC(0001). On the rest of the 

Si-terminated SiC(0001) , there exists dangling bonds. It can be speculated that the dangling 

bonds induces carrier scattering, resulting in the degradation of transport properties. 

In addition to the dangling bonds, the detailed analysis of our data indicates that there is 

another cause related with a peculiar band dispersion. The closeup view of the initial stage of 

the relaxation of graphene on the C-terminated SiC(000-1) (top right of Fig. 2) tells us that the 

Fermi level position of graphene does not coincide with that of the C-terminated SiC(000-1), 

while that of graphene coincides with that of the Si-terminated SiC(0001). 

The cause of this is explained by the peculiar density of states of graphene. Thanks to the 

linear band dispersion of graphene, the density of states of conduction and valence bands 

linearly changes with energy, 

and becomes 0 at the Dirac point 

where the bottom of the 

conduction band touches with 

the top of the valence band. The 

Fermi level of graphene on the 

C-terminated SiC(000-1) is 

close to the Dirac point, i.e. 

negligible carrier doping. 

Therefore, even a small carrier 

doping drastically changes. On 

the other hand, graphene on the 

Si-terminated SiC(0001) is 

n-doped before the laser pump, 

so that the Fermi level position 

of graphene is not remarkable. 

In conclusion, we have found 

the peculiar dynamics of 

graphene arising from the linear 

band dispersion. We believe that 

our finding surely affect the 

performances of the 

graphene-based optoelectronic 

devices. 
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dynamics of graphene on the C-terminated SiC(000-1). 
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INTRODUCTION 

Organic solar cells based on heterojunctions of p- and n-type organic molecular domains 

have recently been improved significantly in the light-to-electricity conversion efficiency [1]. 

Although the size of the molecular domains ranges from several ten nanometers to a few 

micrometers, a photoactive region is limited to a thin layer around the heterojunction with the 

width of several ten nanometers [2]. In this region, photoexcited excitons can reach the 

junction and undergo electron-hole separation owing to the energy level discontinuity. 

Electricity is generated when the electrons and holes are transported to a cathode and an 

anode, respectively, before they are quenched through charge recombination. Thus, it is 

important to understand details of charge separation and recombination dynamics especially 

at the organic/organic heterojunctions as well as the organic/electrode heterojunctions for 

pursuing solar cells with higher conversion efficiency.   

In the present study, time-resolved soft X-ray photoelectron spectroscopy (TRXPS) has 

been used to examine carrier dynamics of a C60/TiO2(110) system utilizing a ultraviolet (UV) 

laser pump and synchrotron radiation (SR) probe method. C60 and TiO2 are used in an organic 

solar cell as an electron-transport p-type organic molecule and a cathode material, 

respectively. It is found that UV laser irradiation induces a spontaneous shift of the C 1s core 

level of C60, whereas no such shift is observed in the Ti 2p core level of TiO2. The excited 

state is swiftly quenched to the ground state within 1 ns, indicating a very fast decay of the 

UV-excited state.   

 

EXPERIMENTAL 

The TRXPS measurements were carried out at BL07LSU of SPring-8 (Proposal No. 

2016A7503). The pulsed UV laser of the second harmonic generation of the Ti:sapphire laser 

was used to generate the photoexcited state. The photon energy, the pulse duration, the 

repetition rate and the power density were 3.06 eV, 35 fs, 208 kHz and 43 J/cm2/pulse, 

respectively. The photon energies of the SR light were 385 eV and 600 eV. The pulse 

duration of the SR light was 50 ps, which determines the time resolution of the system.  

A commercially available rutile TiO2 crystal with (110) orientation was used as a substrate. 

The surface was cleaned by cycles of Ar+ sputtering and annealing in O2 atmosphere. C60 

(Kanto Kagaku, > 99%) was deposited on the clean TiO2 surface by an evaporator (KOD-Cell, 

Kitano Seiki). The evaporation temperature was 435oC, and the deposition amount of C60 was 

evaluated from the attenuation magnitude of the Ti 2p peak intensity. The C60 coverage was 

adjusted to 1 monolayer by annealing of the surface after deposition.  

 

RESULTS AND DISCUSSION 

The energy of the pump UV laser used in the present study is 3.06 eV, which is larger than 

a band gap energy of rutile TiO2 (3.0 eV) and an energy level difference between the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of 

C60 (2.3 eV [3]). Thus, valence electrons can be excited to unoccupied states in both C60 and 

TiO2. However, our preliminary study has suggested that enough carriers are not excited to 

induce appreciably large surface photovoltages (SPVs) that are detectable by the present 



measurement system if the laser power less 

than 0.1 mJ/cm2/pulse is irradiated on the clean 

TiO2(110) surface (Fig. 1). This is also true for 

the C60-covered surface. Fig. 2 shows Ti 2p3/2 

spectra of the C60-covered TiO2(110) surface 

obtained before and 0.1-ns after irradiation of 

the UV pulse at 43 J/cm2/pulse. The peak 

positions are the same for both spectra, 

indicating that the SPV is not induced at this 

low power density.  

On the other hand, the C 1s core level of C60 

shows a slight but definite shift by UV 

irradiation. Fig. 3 shows C 1s spectra measured 

at various times after the UV pulse irradiation 

(delay times). When the C 1s spectrum is 

measured at 0.1 ns after UV irradiation, the 

peak moves towards the lower binding energy 

side by 15 meV. The magnitude of the shift is, 

however, diminished as the delay time is 

prolonged, and the shift is no more detected at 1 

ns. This observation suggests that the 

photoexcited state is induced in the C60 layer by 

absorption of the UV laser but is swiftly 

deexcited within 1 ns. 

The behaviour of the Ti 2p and C 1s spectra 

upon UV irradiation is different from that 

reported in the preceding study [4], in which the 

C60/TiO2(110) system was examined with a 

similar experimental condition employed in the 

present study. If the UV excited electron in the 

LUMO or higher state is transferred to the TiO2 

substrate, C60 is cationized so that the peak 

should have moved to the higher binding energy 

side [4]. Thus, the C60-to-TiO2 charge transfer 

seems to be absent. The spontaneous shift of the 

C 1s peak towards the lower binding energy 

side implies that the C 1s core holes created in 

the photoemission process are more efficiently 

screened by valence charge of C60 in the UV 

photoexcited state than in the ground state. A 

further study is needed to satisfactorily explain 

the origin of efficient core-hole screening as 

well as the discrepancy between the present and 

previous studies. 
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Fig. 2 Ti 2p3/2 spectra of C60-covered TiO2(110) 

acquired before and 0.1-ns after the irradiation of 

the UV laser pulse (3.06 eV, 43 J/cm2/pulse and 

208 kHz).  
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Control of electron, magnetic, and lattice states by optical excitations in electronically and 

magnetically ordered materials has attracted considerable attention due to their potential 

applications in electronic and magnetic recording media functioning on an ultrafast time scale. 

To capture their non-equilibrium dynamics with element selectivity, ultrafast time-resolved 

x-ray experiments have been carried out using a bunched synchrotron light source, recently. 

We developed a time-resolved (Tr-) x-ray absorption spectroscopy (XAS) and resonant soft 

x-ray scattering (RSXS) measurement system [1], and measured Tr- x-ray magnetic circular 

dichroism (XMCD) at Fe L2,3 edges of a magnetic material: FePt thin film in the partial 

electron yield (PEY) and total fluorescence yield (TFY) modes. FePt thin films have drawn 

intense research interest owing to their potential for high density recording applications by 

using their magnetism [2]. The static soft XMCD in the total electron yield (TEY) mode is the 

most functional and simple method. In the pump-probe experiments, however, the 

photo-current induced by the pump laser exceeds that by the probe x ray. On the other hand, 

the PEY mode, in which the emitted photoelectrons are measured, is rather surface sensitive 

but these spectra are known to usually be similar to those obtained in the TEY. The TFY 

mode, in which the fluorescence of an x-ray is measured, is rather bulk sensitive compared to 

PEY. Despite its bulk-sensitivity, the relationship between FY and the absorption coefficient 

is non-trivial and saturation effects become important in the TFY. 

Figure 1 shows an overview of the experimental setup for Tr-XAS, Tr-XMCD, and 

Tr-RSXS measurements at BL07LSU of SPring-8. Tr-RSXS is performed at the < 90○ side 

of the experimental chamber. The scattering is detected by the micro-channel plate (MCP) on 

the 2 motion. On the other hand, XAS and XMCD in the PEY or TFY modes are measured 

at the  > 90○ side of the chamber. Emitted photoelectrons or x-ray fluorescence are caught by 

another MCP topped on the linear motion. The femtosecond Ti:sapphire laser with a 

wavelength of ~800 nm housed at the laser station of BL07LSU is introduced into the 

chamber. The laser irradiates samples 7○ below the x-ray and photo-induced dynamics of the 

electronic and structural evolutions are examined by means of a pump-probed technique. The 

laser pulses with ~1 kHz repetition rate are synchronized with selected bunches of the 

synchrotron and delayed electronically. The signals of the MCP are amplified and gated on 

the oscilloscope which is triggered by the laser pulses. 

Figure 2 shows the static XMCD spectra at the Fe L2,3 edges for the FePt thin film in the 

TEY, PEY, and TFY 

modes. Intense XMCD 

was observed both at 

the L2,3 edges, ~40% at 

707 eV and ~6% at 

720.2eV for the 

original - XAS in 

TEY and PEY. A 

spectral difference 

between the TEY and 

PEY mode is barely 

observable. On the 

other hand, XMCD at Fig.1 Tr-XMCD and Tr-RSXS measurements at BL07LSU of SPring-8.



the L2 edge in the TFY mode is scarcely 

observed owing to the distortion caused by 

the saturation effect, although TFY has a 

bulk-sensitivity. Using the sum rules, the 

magnetic moments at the Fe site are 

estimated to be mspin=2.63 and 

morbital=0.10 for TEY, and mspin=2.74 

and morbital=0.15 for PEY, respectively. 

Here, the number of the 3d electrons was 

assumed to be n3d=6.6. These values are 

basically consistent with previous studies 

[2]. On the other hand, the magnetic 

moments are estimated to be mspin=1.53 

and morbital=0.08 for the TFY spectra, 

which exhibited a large discrepancy 

arising from their strong distortion. 

The photo-induced dynamics of the 

FePt thin film were examined in the 

less-distorted PEY mode. The 

time-evolutions of the FePt thin film 

with 16 mJ/cm2 laser irradiation are 

given in Fig. 3 (a) at h=707.0 eV (L3 

edge) and (b) at 720.2 eV (L2 edge), 

respectively. Almost similar 

time-evolutions are observed for the Fe 

L2,3 edges. XMCD exhibits a reduction in its intensity by ~90% 

of the original value at both the L2,3 edges ~30 ps after the pump 

pulse. Then the XMCD exhibits a slow recovery of the 

magnetization. The magnetization is not recovered to the 

original value even at t=1500 ps, which is completed before the 

next bunch arrives after ~342 ns. 

We have also performed RSXS measurements of IrTe2. IrTe2 

exhibits an exotic structural phase transition at T~260 K near its 

super conducting phase [4]. Fig. 4 shows a non-resonant 

superlattice reflection around Q=(1/5,0,4/5) at T=200 K. We 

plan to measure Tr-RSXS of IrTe2 in future. 

In conclusion, we have studied the photo-induced magnetic 

dynamics of the FePt thin films at the Fe site using the Tr-XMCD. The ultrafast 

photo-induced demagnetization within 50 ps and its slow relaxation taking a few hundred ps 

are clarified. MCP has been used for Tr-XMCD both in the electron and fluorescence yield 

modes at the L2,3 edges of the 3d transition-metals. The spectrum in the PEY mode is less 

distorted and basically similar to that obtained in the TEY mode. No difference of the change 

ratio is observed between the Fe L2 and L3 edges in the time-resolved measurement, taking 

advantage of the PEY method. 
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Fig.2 Static XMCD spectra of the FePt thin film 

Fig.3 Time-evolutions of XMCD for the FePt thin film  

Fig.4 Superlattice reflection 

around Q=(0.2,0,0.8) of IrTe2  
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Introduction 
One of the ideal systems to study how to improve the superconducting critical temperature 
(Tc) is the Bismuth-based cuprates whose Tc becomes higher by varying the number of the 
superconducting CuO2 layer n from 1 to 3 [1]. Among these layered materials, our research 
interests focus on a hole-doped Bi2Sr2Ca2Cu3O10+δ (Bi2223) superconductor which has the 
highest Tc = 110 K and more notable three superconducting layers. Especially, the inner layer 
is different from the outer layers spatially; the carrier density is different between the inner 
and outer layers [2], which is consistent with the decrease of Tc with superconducting layers 
over 3. From the phase diagram of cuprates, superconductivity phase often appears in the vi-
cinity of the charge density wave (CDW) phase, and CDW and superconductivity are sup-
posed to interplay or compete with each other. Thus, Bi2223 provides us a unique opportunity 
to discuss the relationship between CDW and superconductivity. In addition, O K-edge reso-
nant inelastic X-ray scattering (RIXS) has an advantage over the Cu L-edge in the hole-doped 
case, because the carriers (holes) are mainly on the oxygen sites, thereby making O K-edge 
RIXS more accessible to CDW. 

Experimental 
O K-edge RIXS on Bi2223 was carried out at the HORNET end-station of BL07LSU in 
SPring-8. The total energy resolution was set to be ~130 meV, and the scattering angle was 
fixed at 135°. In order to probe the quasi-elastic peak, σ polarization was used, where the 
electronic field of the linearly-polarized incident X-ray was perpendicular to the scattering 
plane. The incident angle was varied to measure the dispersion of the CDW. Measurement 
temperatures were from 30 K, which was well below the superconducting transition tempera-
ture Tc, to 250 K. The optimally hole-doped Bi2223 high-quality single crystal was grown 
with the floating-zone method. The Bi2223 crystal was cleaved in air before being loaded into 
the vacuum chamber. 

Results and discussion 
Figure 1 shows the momentum-transfer and temperature dependence of the intensity of the 
quasi-elastic peak along the nodal direction. The CDW signal in the quasi-elastic peak is ex-
pected at q~0.3 reciprocal lattice unit (r.l.u.), but due to the congenital defect of O K-edge 
wave length, the maximum momentum transfer obtained in our experimental setup was 
0.265 r.l.u. However, at 150 K, which was above the Tc = 110 K, the clear jump of the inten-
sity of the quasi-elastic peak were observed at q = 0.265 r.l.u. Since q = 0.265 r.l.u is smaller 
than the expected CDW period, the jump is ascribed to the tail of the CDW signal. Below Tc, 
no distinct increased intensity of the quasi-elastic peak was observed even at higher momen-
tum transfer. 



On the other hand, a dispersive excitation was unexpectedly observed at the energy 
range of 500–900 meV (Figure 2). Since a spin-flip excitation is forbidden at O K-edge, low 
energy paramagnons are highly unlikely to be found. At the same time, bimagnons are also 
unlikely to be assigned to the observed excitation, because the dispersion of the paramagnon 
does not generally reach up to 900 meV. Thus, we believe that the observed dispersion mainly 
comes from the contribution of charge excitations. 

 
Conclusion 
We observed CDW signals in O K-edge RIXS. The temperature dependence of CDW signals 
is the concrete evidence that superconductivity competes and kills CDW. Considering other 
antecedent challenges [3,4], what we found here confirms the idea that CDW is a universal 
phenomenon in cuprates. It is the distinctly important aims in the future to clarify the mecha-
nism of CDW and whether it is related to the pseudogap and the high-energy charge excita-
tion which we found in Bi2223. 
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FIG. 1 Momentum- and temperature-dependence 
of the intensity of the quasi-elastic peak at 
O K-edge RIXS of Bi2223 along the nodal direc-
tion. 

FIG. 2 Momentum-dependence of O K-edge 
RIXS spectra of Bi2223 along the nodal direction 
measured at 50 K. 



INVESTIGATING THE ELECTRONIC STRUCTURE OF THE 
NITROGENASE ENZYME BY 2P3D RIXS 

Benjamin E. Van Kuiken1, Anselm W. Hahn1, Serena DeBeer1, Yi-Tao Cui2, Jun Miyawaki2, 
Yoshihisa Harada2,  

1Max Planck Institute for Chemical Energy Conversion 
2Synchrotron Radiation Laboratory, The Institute for Solid State Physics, The University of Tokyo 

Introduction 
 

The goal of this experiment is to measure the low-lying excited states of iron-sulfur (FeS) 
compounds relevant to biological systems that perform nitrogen reduction using 2p3d 
resonant inelastic x-ray scattering (RIXS) spectroscopy. FeS clusters are a common 
component of proteins where Fe may be found as a monomer ligated to four cysteine residues 
or as a cluster of Fe atoms bridged by disulfide (S2-) linkages. One of the most fascinating FeS 
clusters that has been discovered in nature is the iron-molybdenum cofactor of the nitrogenase, 
which possesses an active site comprised of a Fe7MoS9C (FeMoCo) cluster. While the 
structures of many FeS proteins including FeMoCo are well characterized, the electronic 
structure of these systems is notoriously complex. High metal-ligand covalency and exchange 
interactions between metal centers in multi–metal cluster lead to a dense manifold of 
low-energy ligand field (d-d) excited states that cannot be measured by traditional UV/Vis 
absorption spectroscopy. Consequently, 2p3d RIXS spectroscopy is an ideal candidate for 
investigating the low-lying excited states in these systems. 
 
Experimental Methods 
 

In this experiment, the soft X-ray RIXS is measured on a collection of FeS monomers 
[Fe(SR)4]- and [Fe(SR)4]2-, dimers LFeIIIS2FeIIIL and LFeIIS2FeIIIL, and a cubane complex 
Fe3MoS4L4. These spectra are compared with the spectra of ferric and ferrous iron chloride 
complexes [Fe(II)Cl4]2-, [Fe(III)Cl4]1-, [Fe(II)Cl6]4-, and [Fe(III)Cl6]3-. All data were measured 
at the HORNET spectrometer of BL07SLU at SPring8. Complexes were measured as 

 
Figure 1. Experimental (a) and simulated (b) 2p3d RIXS spectra of iron chloride 
complexes where [Fe(III)Cl4]-, [Fe(II)Cl4]2-, [Fe(III)Cl6]3-, and [Fe(II)Cl6]4- are shown in 
green, red, purple, and beige, respectively. 



powders spread on sticky carbon tape that 
was fixed to a copper sample holder. 
Samples were kept at 30 K using a liquid 
He cryostat, and the samples were 
continuously moved during 
measurements to avoid beam damage.1 
All samples were excited at the maximum 
of the L3-edge (~708 eV). 
 
Results and Discussion 
 

Figure 1 shows the 2p3d RIXS spectra 
of tetrahedral and octahedral iron chloride 
complexes.2 Each spectrum exhibits 
multiple features between 0 and 4 eV on 
the energy transfer scale. These are d-d 
excitations. In the Fe(II) complexes 
[Fe(II)Cl4]2- and [Fe(II)Cl6]4- the lowest 
energy excitation corresponds to the 
spin-allowed 5Γ to 5Γ excitation. The rest 
of the features arise from spin-forbidden transitions that are enabled by the strong spin-orbit 
coupling of the 2p core hole. Each experimental spectrum is simulated using a ligand field 
multiplet model shown in Figure 1b. The ligand field simulations allow one to extract the 
ligand field splitting 10Dq and the Racah parameters from the spectra, and the magnitude of 
10Dq was found to be 0.7, 1.47, and 0.32 eV for [Fe(III)Cl4]-, [Fe(III)Cl6]3-, and [Fe(II)Cl4]2-, 
respectively. [Fe(II)Cl6]4- was found to be structurally distorted by an axial compression, and 
a single 10Dq cannot be assigned.2 The spectra of the Fe chlorides are in good agreement 
available optical measurements and highlight the ability of RIXS to probe the electronic 
structure of transition metal complexes.  

Figure 2 shows the 2p3d RIXS spectra of FeS complexes. The most notable difference 
between the FeS complexes and chlorides is that the FeS spectra are broader. For example, if 
the spectra of the ferric tetrachloride (Figure 1a, green) is compared with the ferric 
tetrathiolate (Figure 2, green), it can be seen that the chloride complex contains three sharp 
features between 1.5 and 3 eV while there only a broad band in the FeS complex with the 
sharpest absorption centered at ~1.5 eV. This difference in the FeS and chloride spectra is 
attributed to the increase in metal-ligand covalency in going from chloride to thiolate ligands. 
The result is that the density of low-lying excited states is much higher in the case of the FeS 
complexes. The sharpest features in the FeS spectra are the intense transitions below 1 eV in 
[Fe(II)(SR)4]2- and the mixed-valence dimer. This feature is quintet to quintet transition that is 
indicative of the presence of localized Fe(II). This feature is absent in the cubane complex 
Fe3MoS4L4, which contains two Fe(III) and one Fe(II) atoms. This indicates that the Fe(II) in 
the cubane forms a delocalized mixed-valent pair. The qualitatively distinct FeS spectra show 
the power of 2p3d RIXS for mapping out dense manifolds of states in multi-atom transition 
metal clusters. 
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Figure 2. RIXS spectra of FeS complexes 
including spectra of monomers dimers and the 
cubane complex. 
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Introduction 

 Water molecules in the vicinity of material surface play an important role on specific 
material functions1. For example, poly(2-methoxyethyl acrylate) (PMEA) is a bio-compatible 
polymer2 widely used in the medical field where a great deal of researches have been focused 
on controlling the chemical structure of polymer to develop novel blood-compatible 
polymeric materials. Previous studies suggest the compatibility largely depends on the 
interaction between the polymer and water molecules1,2. Recently, Tsuruta et. al. has 
suggested that it is of particular importance to understand the hydrogen-bonding structure of 
water in polymer coating or polymer/water interfaces in order to develop functional polymer 
interfaces which show a resistance against nonspecific protein adsorption1. However, the 
water structure at the interface between those polymers and water is still under debate. 
 In this study, we used soft X-ray emission spectroscopy (XES). XES is an excellent tool for 
investigating the strength as well as symmetry of hydrogen-bonding of water molecules in 
polymer coating. Recently we successfully demonstrated that XES can be used to probe a 
slightly distorted but ordered hydrogen-bonding configuration of water confined in 
polyelectrolytes brush3. 
 
Experiment 

PMEA was synthesized by free radical polymerization. Polymer thin films for XES 
experiment were prepared by twice spin-coating polymer solutions (0.2 wt/vol % methanol 
solution for PMEA) on a silicon carbide (SiC) substrates. 

O 1s XES experiment of water in the polymer coating was performed at SPring-8 
synchrotron radiation facility using the BL07LSU4 HORNET station5. The SiC membrane 
with polymer coating was used to separate the flow of liquid or water vapour from high 
vacuum and to transmit incident and emitted soft X-rays. Water vapour was supplied by 
steam-generation equipment (HUM-1, Rigaku), and nitrogen was used as the carrier gas. 

 
Results and Discussion 

 



 The XES spectra of water in PMEA coating (RH 80 %) and bulk liquid water are very 
similar as shown in Figure 1. This data suggests that the hydrogen-bonding structure of water 
in the PMEA is very similar to bulk liquid water. This interpretation is consistent with the 
study of Myalitsin et al. in which the peak position and the band structure of OH stretch 
vibration at the PMEA/water interface bear a striking resemblance to bulk liquid water6. We 
conclude that an unperturbed hydrogen-bonding structure of water at the PMEA/water 
interface plays an important role for bio-compatibility. 
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Figure 1. O 1s soft X-ray emission spectra of 
water in PMEA (RH 80 %) and liquid H2O. 
The excitation energy is 550 eV, which is well 
above the ionization threshold. The XES 
spectra were normalized to have the same 
intensity of the 1b1’ peak. 
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Prussian blue analogues, which make face-centered structure by cyano(CN)-bridged bimetal 
assemblies, have a variety of features and their developments are intensively promoted for 
various applications such as cathode material of rechargeable batteries. Their functional 
diversity derives from the combination of metals inserted in the CN-bridged framework. 
Among them, (CoxMn1-x)[Cr(CN)6]2/3·zH2O is known to show humidity-induced 
magnetization [1]. Its unique property is explained by different number of ligand coordination 
to the metal site neighboring a defect site by desorption/adsorption of H2O molecules. 
However, microscopic origin of the magnetic property is not yet experimentally elucidated. In 
this study, in order to obtain the detailed 3d electronic states of metals which are responsible 
for its magnetic property, Co 2p X-ray absorption spectroscopy (XAS) was applied to the x=1 
mother compound Co[Cr(CN)6]2/3·zH2O to monitor changes in the Co 3d electronic states 
upon water and ethanol adsorption. In the XAS process, incident soft X-rays can resonantly 
excite the Co 2p core to the dipole allowed Co 3d empty states, which provides information 
about local coordination geometry and ligand hybridization of the Co 3d states. 

 XAS measurements of Co[Cr(CN)6]2/3·zH2O powder and hexacyano complex 
CsCo[Cr(CN)6]·H2O powder, which has no defect in the CN-bridged framework, were carried 
out at SPring-8 BL07LSU, the University of Tokyo outstation. For the humidity dependence, 
an originally developed flow through cell for aqueous solutions was applied and the humidity 
was precisely controlled by flowing dry or humid N2 gas through Teflon tubes using humidity 
controller HUM-1 from RIGAKU Co. Ltd. 

Figure 1 (left: experiment, right: calculation) Co 2p XAS spectra. Blue line: Co[Cr(CN)6]2/3·zH2O humid 
condition, Red line : Co[Cr(CN)6]2/3·zH2O dry condition, Orange line : CsCo[Cr(CN)6]·H2O dry condition.
 



 
Figure 1 shows Co 2p XAS spectra of humid Co[Cr(CN)6]2/3·zH2O (blue), dried 
Co[Cr(CN)6]2/3·zH2O (red), and defect-free CsCo[Cr(CN)6]·H2O (orange). Left panel shows 
the experimental results, while the right panel shows simulated XAS spectra by mixing 
calculated XAS spectra of CoO (Co2+ 

Oh), Co3O4 (Co2+ 
Td), SrCoO2.5 (Co3+ Oh) which have 

typical valence and coordination symmetry, using a cluster model calculation code 
CTM4XAS developed by F. M. F. de Groot [ref]. The overall profiles are well reproduced by 
the simulation, except for the experimentally observed peak around 786 eV, which may be 
ascribed to metal-to-ligand charge transfer (MLCT) excitation not included in the simulation. 
From this comparison the spectral change from dry to humid conditions can be quantitatively 
explained by a 25% increase of the component with Co2+ Oh symmetry (which is 
characterized by the peak around 777.5eV) and a 25% decrease of the one with Co2+ Td 
symmetry, which is simply imagined by addition of two water molecules to the Td symmetric 
(four coordinated) site to make the Oh symmetric site. We also found that certain amounts of 
Co3+ component are present in all the samples which was not expected in the previous study 
[2]. This may be partly due to radiation induced damage although the presence of the Co3+ 
states could explain the decrease of magnetization estimated from assuming only Co2+ states 
[1]. As demonstrated above, XAS is quite sensitive to the local coordination number and 
symmetry. 

In summary, humidity dependence of the electronic structure of Co[Cr(CN)6]2/3·zH2O and 
Co[Cr(CN)6]·zH2O was studied by Co 2p XAS. This technique can be extended to study 
adsorption-molecule dependence and detailed difference in hybridization with ligands, which 
will be a novel approach to discuss the relationship between the electronic structure and 
magnetization controlled by molecular adsorption. 
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High-Tc superconducting cuprates are categorized into doped Mott insulators and interplay 
between charge and spin of electron governs their physical properties. Therefore both charge 
and spin excitations must be investigated on equal footing in order to understand the electron 
dynamics characterizing the cuprates. Resonant inelastic x-ray scattering (RIXS) is a suitable 
technique for the study of electron dynamics in the energy-momentum space. High-resolution 
RIXS at the Cu L3-edge has been established as a tool to measure momentum-resolved spin 
excitations up to several hundreds meV [1]. In addition to the spin excitations, RIXS is 
sensitive to charge excitations and it is a unique and important advantage of RIXS. In the 
experiment in 2015, we found that RIXS at the O K-edge is useful for observing the charge 
excitations in the hole-doped cuprates and succeeded to observe momentum-dependent charge 
excitations in La2-xSrxCuO4 (x = 0.075 and 0.18) [2]. 

Recently, charge order in the cuprates attracts great interest as a competing phenomenon to 
the superconductivity and it is universally observed in the underdoped region of the 
hole-doped cuprates [3]. However, its energy scale has not been clarified yet and the origin is 
still under debate. Here we report a trial to search charge excitations related to the charge 
order in the hole-doped cuprates using O K-edge RIXS. Thanks to the extension of the 
scattering angle (2θ) up to 135° in the HORNET spectrometer, we are now able to access the 
reciprocal lattice point of the propagation vector of the charge order. 

The experiment was performed at BL07LSU of SPring-8. Total energy resolution was 170 
meV. We measured La1.875Ba0.125CuO4 (LBCO x = 0.125) and La1.75Sr0.25CuO4 (LSCO x = 
0.25). Charge order below Tco = 50 K is established in the former while it is absent in the 
latter. The crystals were cleaved before the measurement and σ-polarized x-rays were 
irradiated on the ab-plane of the crystal. The c-axis was kept parallel to the horizontal 
scattering plane and momentum transfer in the CuO2 plane (q) was scanned by rotating the 
crystal along the vertical axis. In the x-ray absorption spectrum (XAS) of La2-xSrxCuO4, two 
peaks are observed near the O K-edge [4]. The peak at lower energy is the O 2p state of doped 
holes (hole peak) and we tuned the incident photon energy to top of the peak of respective 
samples. 

Figures (a) and (b) shows RIXS intensity maps at 30 K for LBCO x = 0.125 and LSCO x = 
0.25, respectively. We could scan wider momentum space than the previous experiment by 
changing 2θ from 90° to 135°. The spectral weight at the sub-eV region shifts to higher 
energy with increasing q, showing positive dispersion. The magnitude of the dispersion 
becomes larger with increasing hole concentration. For example, the peak position at q = (0. 
23, 0) is 0.66 eV for x = 0. 125 while it is 0.77 eV for x = 0. 25. Broad width of the spectral 
lineshpae indicates that the charge excitations in this energy range are damped by the strong 
Coulomb interaction between the charge. Theoretical calculation of the dynamical charge 
structure factor on oxygen orbitals in a three-band Hubbard model is consistent with the 
experimental observation of the momentum and doping dependence, and hence we confirm 
that the momentum-dependent spectral weight is ascribed to charge excitations. Comparing 



the spectral weights at the same |q| of x = 0. 125, the peak of the (h,h) direction is located at 
higher energy than that of the (h,0) direction. 

Figure (c) shows the spectra of charge-ordered LBCO x = 0.125 below (30 K) and above 
(100 K) Tco. Though charge order at q ~ (0.22,0) is confirmed by the enhanced elastic 
scattering at 30 K, we could not find any change in the inelastic part across Tco. It may 
indicates that effect of the charge order in hole-doped cuprates appears at lower energy than 
the experimental resolution. Judging from an optical study on the same material [5], effect of 
the charge order on the electronic excitations would appear below 0.1 eV. 

Even thought the search of charge excitations related to charge order was unsuccessful, we 
could demonstrate the capability of O K-edge RIXS for the study of momentum-dependent 
charge excitations in the hole-doped cuprates. Combining the present work with the Cu 
L3-edge RIXS of electron-doped Nd2-xCexCuO4 [6], we proved that momentum-dependent 
charge in the sub-eV region exists commonly in doped cupratess and the broad spectral 
lineshape originating from the strong Coulomb interaction is a characteristic of the charge 
excitations in the doped Mott insulators. 

(a,b) Oxygen K-edge RIXS intensity maps of La1.875Ba0.125CuO4. and La1.75Sr0.25CuO4. (c) 
RIXS spectra of La1.875Ba0.125CuO4 measured below (30 K) and above (100 K) the transition 
temperature of charge order (Tco = 50 K). 
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LiNi0.5Mn1.5O4 (LNMO) is a cathode material for Li-ion batteries (LIBs). The 

charge-discharge reaction mainly takes place at 4.7 V vs. Li/Li
+
 which is higher than the

redox potentials of typical cathode materials such as LiCoO2, LiMn2O4 and LiFePO4. The 

redox reaction in LNMO has been believed to take place at the Ni site as Ni
2+

 ⇔ Ni
4+

,

although such a high oxidation state in Ni should be hardly observed. For Ni K-edge hard 

X-ray absorption spectroscopy, gradual edge shift accompanied with charging has been 

confirmed
1
, suggesting oxidation reaction of Ni. However, the value of the oxidation state

estimated from K-edge absorption spectra should have a large error bar. On the other hand, 

there are several reports for the Ni L2,3-edge soft X-ray absorption spectroscopy (XAS)
2
.

Similarly to the K-edge studies, oxidation reaction of the Ni has been observed, but the Ni
2+

state remained at the charged state in most of the reports. Most likely, the observation of the 

Ni
2+

 state would come from ex situ sample preparation for the soft X-ray experiments. Thus,

to accurately clarify the redox reaction, we conducted Ni L2,3-edge operando XAS.  

We have developed operando soft x-ray emission spectroscopy (XES) system for LiMn2O4
3

by using ultrahigh-resolution XES spectrometer, HORNET
4
 at BL07LSU of SPring-8. The

operando cell included the LiMn2O4 thin-film cathode, a Li-metal counter electrode and an 

organic electrolyte solution. In this study, we fabricated LNMO thin-film cathode and applied 

the same operando cell for the Ni L2,3-edge operando XAS. The thin-film structure is Si3N4 

(150 nm)/Al2O3 (5 nm)/Ti (20 

nm)/Au (15 nm)/LNMO from the 

vacuum to the electrolyte side. The 

Al2O3 layer and Ti/Au multilayer 

were fabricated by RF sputtering 

and electron-beam deposition, 

respectively. The LNMO layer was 

fabricated by sol-gel method. In 

order to reduce beam damage on 

the LNMO thin film, the operando 

cell was slightly shifted to a 

defocused position from the focal 

point of the XES experiment. The 

charge-discharge experiment was 

carried out by a cyclic voltammetry 

with a scan speed of 0.5 mV/s. 

Figure 1 shows the Ni L2,3-edge 

operando XAS at the open-circuit 

voltage (OCV) before charging, 
Fig. 1. Ni L2,3-edge operando XAS for LNMO. 



charged state at 4.9 V,  and discharged state at 3.0 V. Although the S/N ratio is quite low, the 

spectrum at the OCV has a main peak at 851.9 eV and a satellite structure centred at 853. 9 

eV in the Ni L3 region, which is attributed to the Ni
2+

 state. For the charged state, the intensity 

around the satellite is enhanced. In general, an Ni L3-edge XAS spectrum for higher oxidation 

state (i.e. 3+ and 4+) than 2+ has a main peak around 2 eV above the main peak
5
. Thus, the Ni 

should be oxidized at the charged state. However, the peak at 851.9 eV is still high, indicating 

that a large amount of Ni
2+

 remains. We speculate that the oxidation reaction would be 

insufficient in this experiment. For the discharged state, the intensity around 853.9 eV became 

small similarly to the OCV spectrum. Thus at least the redox reaction of Ni should be 

reversible.  

The insufficient oxidation reaction at the charged state might be dependent on the quality of 

the sample fabricated by a sol-gel method. In the near future, we will prepare an LNMO thin 

film made with a sputtering method and retry the operando XAS. The S/N ratio for XAS 

should be improved for the new sample, because the adhesion with the multilayer window 

and the density of LNMO on the window are enhanced by the sputtering method. 
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Introduction 
Some of Mn- and Co-based Heusler-type alloys have been predicted to be half-metallic 

ferro- or ferri-magnets with the spin polarization of ∼100 % around the Fermi energy (EF) 
[1-3]. When the electrons are completely polarized around EF, it is very efficient as a 
ferromagnetic electrode in various spin dependent devices. For fundamental investigation of 
the half-metallic materials, researchers have deeply thought how to show a real evidence of 
the characteristic electronic structure. In this work, we have first studied the detailed 
electronic structure and magnetic properties of the single crystals of Mn2VAl and Co2MnSi by 
1) x-ray absorption spectroscopy (XAS) and 2) magnetic circular dichroism in XAS (XMCD).
In addition, further information is obtained by resonant inelastic x-ray scattering (RIXS) 
measurements of Mn and V 2p core excitation for Mn2VAl. 

Experiments 
a) Sample preparation

Mother ingots of Co2MnSi and Mn2VAl were prepared by induction melting in argon gas 
atmosphere, and single crystals were prepared by Bridgeman method. The obtained ingots 
were properly annealed for homogenization and control of the order degree. Crystal 
orientation was checked by the Laue method and the specimens were cut out in the stripe 
form with the length of 6 mm along the <100> with 1 × 1 mm2 cross section.  

b) XAS-MCD
Single crystalline samples were fractured in situ in ultrahigh vacuum in order to obtain the 

clean surface. XAS and XMCD measurements were performed at BL23SU in SPring-8. The 
spectra were recorded in total-electron-yield mode with an energy resolution better than 0.1 
eV. Magnetic fields up to 2 T were applied along the incident photon beam direction by using 
a superconducting magnet. The measurement was performed at 20 K. 

c) SX-RIXS
RIXS experiments were performed at the high-resolution soft x-ray emission station 

“HORNET” at BL07LSU in SPring-8. The specimen was fractured in advance in a separate 
globe box in Ar gas, and then transferred into the chamber without exposing the sample to the 
air atmosphere. The RIXS spectra were measured with circularly polarized light at 300 K. A 
permanent magnet with the field of 0.25 T was installed for MCD measurement [4]. 

Results 
The experimental results of Mn and V L2,3 XAS and XMCD spectra of Mn2VAl are shown 

in Figs. 1(a) and 1(b), respectively [5]. Here, μ+ (μ−) denotes the XAS absorption intensity for 
parallel (antiparallel) alignment of the photon helicity and sample magnetization direction. 
There are fine structures in the XMCD (μ− − μ+) spectra for both Mn and V L2,3 edges. The 



spin and orbital magnetic 
moments were estimated by 
applying the magneto- 
optical sum-rule. Those for 
Mn were 0.27 and 0.005 
μB/Mn/hole, and for V were 
-0.15 and 0.005 μB/V/hole, 
respectively. The values are 
consistent with that 
obtained by the theoretical 
calculation based on the 
density functional theory 
(DFT). In addition, if we 
assume nh = 5.20 for Mn 
and nh = 7.39 for V 
estimated from the DFT, 
the magnetic moments of 
Mn and V will be 2.86 and 
-1.04 μB /f.u., respectively. As shown in the figures, the sign of the XMCD signals is opposite 
between Mn and V, reflecting ferrimagnetic coupling between them. 

Figure 2 show the intensity mapping of the RIXS spectra on the V L-edge excitation by 
right circularly polarized light as a function of the incident photon energy (hν). The 
fluorescence components, that depend linearly on the incident photon energy, are observed as 
indicated by the reference dashed arrows. One can also recognize noticeable intensity around 
2 eV of the energy loss corresponding to the d-d excitation. Since V atoms have Oh atomic 
configuration, the V 3d states are split into the t2g and eg states by the crystal field. From the 
first principles band calculation, splitting energy between the unoccupied eg state and the 
occupied t2g state of the 3d electrons on V atom is estimated to be about 3 eV, being in 
qualitative agreement with the experimental results. 
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Figure 2. Intensity mapping of the RIXS spectra 
on the V L-edge excitations by right circularly 
polarized light as a function of the incident 
photon energy. The spectra were collected at 300 
K and under applied magnetic field of 0.25 T. 

Figures 1. L2,3 XAS and XMCD spectra of Mn2VAl for Mn (a) and
V (b) observed at 20 K under the applied magnetic field of 2 T [5].
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Graphene possesses excellent transport properties, such as the highest carrier mobility and 

saturation velocity. Therefore, a transistor utilizing graphene a channel (GFET) can realize a 

THz operation at a conventional gate length of 100 nm. We have succeeded in fabricating  

single-gate GFET whose carrier mobility is 100,000 cm2/Vs. Furthermore, we obtained the 

excellent high-frequency charateristics of GFET (cutoff-frequency ×gate-length = 0.04 

THzm) [1]. However, this 

value does not the ideal value 

estimated from the intrinsic 

transport properties of graphene. 

Immaturity in fabrication and a 

contribution from parasitics 

regions, such as access regions, 

are the possible reasons for the 

degradation in the 

high-frequency characteristics.  

In addition to these, the 

problem is that the pinch-off 

(drain current) is hardly obtained 

without fabricating nanoribbon 

or applying a perpendicular 

electric field which degrades the carrier mobility and the saturation mobility (Fig. 1). 

To achieve the pinch-off without degrading the carrier mobility and the saturation velocity, 

we have fabricated the dual-gate 

GFET (DG-GFET) and studied 

the operation mechanism of 

DG-GFET by using 3D 

nano-ESCA [2-4]. 

We have proposed DG-GFET, 

as schematically shown in Fig. 2 

(Y. Tateno, H. Fukidome, M. 

Suemitsu, Japanese patent 

2016-058449, US patent 

14/844996). The main role of G2 

is to suppress the hole production 

 
Fig. 1 Determining factors for high-freqnency characteristics. 

 
Fig. 2 Schematics of DG-GFET. 



(Fig. 2, right), resulting the inhibition of 

the so-called ambipolar behaviour, 

which is frequently observed in the 

single-gate GFET. The simulation 

results (Fig. 3) demonstrates that 

DG-GFET exhibits the pinck-off 

(bottom of Fig. 3), while the pinch-off 

cannot be obtained for the single-gate 

GFET (top of Fig. 3) 

In fact, DG-GFET fabricated by us 

exhibited the pinch-off, as shown in Fig. 

4. Unfortunately, however, all the 

devices did not show the pinch-off. One 

of the possible reasons for this can be 

an unintentional doping into graphene.  

To verify this, we have done the 

photoelectron nanospectrosopy using 

3D nano-ESCA, as shown in Fig. 5. For 

this verification, we have used the 

DG-GFET which did not show good 

electrical characteristics. As a result, 

graphene in this sample is shown to be 

unintentionally n-doped. We did a further 

simulation, and we found that the 

unintentional doping degrades the 

DG-GFET device characterisitcs, such as 

pinch-off and gate-modulation. 

 

 

 

 

 

 
Fig. 3 The device simulation results of the single-gate 

GFET and DG-GFET. 

 
Fig. 4 The drain current (ID) – Drain voltage (VD) 

charcteristics of the DG-GFET fabricated by us. 

 
Fig. 5 3D nano-ESCA observation of DG-GFET (line profile of C1s core level). 



In conclusion, we have successfully developed DG-GFET that overcome the weak point of 

GFET, and clarified the degradation mechanism of the DG-GFET device characteristics. 

From these results, the way to raise up the DG-GFET device characterstics is to suppress the 

unintentional doping during device processing. 
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Perovskite LaCoO3 with Co3+ (3d6) ion is considered to take high-spin (HS) state with 
t2g

4eg
2, intermediate-spin (IS) state with t2g

5eg
1, and low-spin (LS) state with t2g

6. Since the 
energy difference between the HS and the LS state is the order of kBT, the spin states of 
LaCoO3 may change by external stimuli such as temperature or strain. In bulk single crystals, 
LaCoO3 is a nonmagnetic semiconductor at the lowest temperatures, indicating the LS state 
and the population of the HS state gradually increases as the temperature increases [1]. On the 
other hand, LaCoO3 epitaxial thin films are not nonmagnetic even at the lowest temperature. 
For example, LaCoO3 thin films grown 
on (LaAlO3)0.3 (SrAl0.5Ta0.5O3)0.7 : 
LSAT(110) substrates exhibits 
spontaneous magnetization (Tc = 94 K), 
meaning that the spin state changes from 
LS state to IS and/or HS by epitaxial 
strain [2-3]. In LaCoO3 thin films grown 
on LSAT(111), another type of spin 
ordering was reported [4]. Therefore, it is 
considered that the spin states of LaCoO3 
thin films can be controlled by the 
orientation of substrates. Then, we 
investigated the electronic structures 
directry by high energy resolution 
resonant soft x-ray inelastic scattering 
(RIXS).

The LaCoO3 epitaxial thin films with 
30 nm thickness on LSAT(110) and 
LSAT(111) were fabricated by pulsed 
laser deposition technique. The tensile 
strain of the thin films grown on 
LSAT(110) and LSAT(111) is ~ 1% and 
~ 0.5%, respectively. The RIXS 
measurements of LaCoO3 thin films and 
bulk single crystal were performed at 
BL07LSU HORNET, SPring-8. We used 
near Co L3 edge (around 780 eV) as the 
excitation energy and performed the 
measurements at 300 K and 40 K. The 
energy resolution is approximately 300 
meV. The incident angle of x-ray is 45° 

FIG. 1. (a) Co 2p TEY XAS spectra. (b) Co L3 edge
RIXS spectra of LaCoO3 thin films. 



relative to the sample surface, while the 
charge coupled device detector was 
positioned at 90° relative to the incident 
x-ray. 

Figure 1(a) shows the Co 2p XAS spectra 
obtained by total electron yield (TEY). The 
peak ~ 779 eV corresponds to Co L3 edge, 
while the peak ~ 794 eV corresponds to Co 
L2 edge. Although the tensile strain is 
different between LSAT(110) and 
LSAT(111), the spectra is quite similar. 
Then, we selected the energy A, B, and C 
as the excitation energy of RIXS and 
investigated the electronic structures more 
precisely by RIXS. The Co L3 edge RIXS 
spectra are shown in Fig. 1(b). In this figure, 
the black arrow shows the elastic scattering. 
The colored zone from 0 to 4 eV 
corresponds to the dd excitations. And the 
peak ~ 5 eV is charge-transfer (CT) 
excitations. From the spectra of A and B, 
the peaks of dd excitations are different 
between LSAT(110) and (111), indicating 
that the spin states change according to the 
magnitude of the tensile strain. On the other 
hand, in the spectra of C, the peaks of the 
dd excitations are not clear because of the larger fluorescence. So, we selected the excitation 
energy of A and compare with the impurity Anderson model calculations. Figure 2 shows the 
Co L3 RIXS spectra at 300 K and 40 K excited the energy of A: 776.5 eV. In the bulk and the 
thin film on LSAT(111), the peak of LS state is observed at 40 K. By increasing the 
temperature to 300 K, the peak of HS state becomes stronger. On the other hand, a new peak 
at 0.9 eV is observed in the thin film on LSAT(110). Since the peak dose not correspond to 
the LS nor HS state, the peak means a new spin state. By comparing the theoretical 
calculations, the peak is considered to be the HS state in D2h symmetry. We clarified the 
epitaxial strain induced new spin state realized by 1% tensile strain. 
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FIG. 2. Co L3 RIXS spectra excited by 776.5 eV and 
their comparison with the impurity Anderson model 
calculations. 
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Olivine-type LiFePO4 (LFP) is a typical cathode material for Li-ion batteries (LIBs). The 

robust poly-anion framework contributes to the stable charge-discharge reaction, resulting in a 

high cycle performance. The Li-ion diffusion in LFP is one-dimensional along the b-axis of 

the unit cell
1
. In the case of single-crystalline LFP, the Li-ion conduction should be highly

oriented. On the other hand, the redox reaction in LFP is ascribed to Fe
2+

/Fe
3+

 where the Fe t2g

orbital for the minority spin plays a major role on the redox reaction
2
. In order to fully

understand the redox reaction and Li-ion diffusion in LFP, it is important to investigate 

whether the anisotropy of the t2g orbital in the slightly deformed FeO6 octahedron is related 

with the one-dimensional Li-ion diffusion.  

Highly-oriented LFP thin films were successfully fabricated on Nb-doped SrTiO3 (Nb:STO) 

(110) substrates by a sputtering method. Although further crystal-structure analyses for the 

thin films are needed, studying the angular dependence in X-ray absorption/emission spectra 

(XAS/XES) is helpful to discuss the anisotropy of the electronic structure. Moreover, 

operando soft X-ray XAS/XES measurements should be powerful to accurately detect the 

anisotropy for the t2g orbital. We are now constructing an operando soft X-ray XAS/XES 

system for thin-film electrode with solid-state electrolyte. At this stage, we report the 

angular-dependent XAS results for the as-fabricated thin films.  

The XAS experiments were carried out at BL07LSU of SPring-8 varying the polarization 

(horizontal/vertical) and the incidence angle of the X-rays to the sample (Fig. 1). The Fe 

L2,3-edge XAS spectra were normalized at the pre-edge and post-edge regions.

Figure 2 shows the Fe L2,3-edge 

total-electron-yield XAS spectra for LFP obtained 

for various geometries. Basically, all the spectra 

are attributed to the Fe
2+

 high-spin state as

previously reported for LFP
3
. For the normal

incidence (90º) (Fig. 2(a)), the line shape is 

almost similar between the horizontal and vertical 

polarizations while the area intensities of the L3 

and L2 regions in the case of horizontal 

polarization are smaller than that in the case of 

vertical one. Comparing the result for 30º with 

that for 90º in the case of horizontal polarization 

(Fig. 2(b)), a clear difference is found at the L3 

main peak (708 eV) while the other parts are 

almost the same. The decrease of the main peak 

for the 30º geometry indicates that cross section 

Fig. 1. A schematic picture of the 

Experimental geometry. The vertical 

and horizontal polarizations are along 

the z- and x-axes in the left figure, 

respectively. 



of the t2g orbitals along out-of-plane direction is smaller than that of the in-plane orbitals.  

In the near future, we will perform further X-ray diffraction analyses to more-accurately 

ascribe the orientation of the thin film and measure the Fe L-edge resonant XES. The 

development of operando XAS/XES experiments with solid-state electrolyte will be 

continued.  

 

 
 

Fig. 2. (a) Polarization dependence for the normal incidence geometry and (b) incident X-ray 

angular dependence for the horizontal polarization of the Fe L2,3-edge XAS results for 

LiFePO4/Nb:STO(110) thin film.  
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Ultrafast optical control of charge and spin states in materials is one of the hottest topics of 
spintronics and information processing technologies. A number of studies on such control 
with a high intensity femtosecond visible-infrared laser have been reported. One example is 
all-optical helicity-dependent switching in Gd-Fe-Co intermetallics, where the magnetization 
is selectively reversed by the irradiation of circularly polarized laser.[1] Another is 
light-induced superconductivity (SC) in a stripe-ordered cuprate, La1.675Eu0.2Sr0.125CuO4 [2].  
Here we focus on yet another type of phase transition: the valence transition in rare-earth 

intermetallics. The mixed valence transition in EuNi2(Si1-xGex)2 has been extensively studied, 
and a lot of interesting phenomena have been reported such as temperature-, magnetic field- 
and pressure- induced valence transitions [3-5]. For example, the mean valence of the Eu ion 
in EuNi2(Si0.21Ge0.79)2 changes from nearly trivalent (~2.85) in the low temperature phase to 
nearly divalent (~2.25) in the high temperature phase, across the critical temperature (Tv) of ~ 
84 K. Laser illumination can increase electron temperature up to ~ 1000K, which is expected 
to create novel electronic structures.  
In order to unravel the valence dynamics of EuNi2(Si1-xGex)2, time-resolved x-ray absorption 

spectroscopy (TR-XAS) is the most powerful method because it can give us the information 
of valence states of constituent elements by using absorption edges. Figure 1 shows the 
preliminary results of static Eu 3d-4f XAS measurements with the total electron yield (TEY) 
method and the total fluorescence yield (TFY) method obtained in BL07LSU. From the 
comparison with atomic mutiplet calculations for the Eu2+ and Eu3+ free ions, we can identify 
the structure at1128-1129 eV is from Eu2+ and 1130-1131 eV is from Eu3+. The TFY spectra 
were distorted due to the well-known saturation effects because this material does not have 
enough absorber, that is, elements with higher atomic number than Eu.  

 

Figure 1. Static XAS spectrum of EuNi2(Si0.21Ge0.79)2. with the total 
fluorescence yield (TFY) method and the total electron yield (TEY) method 



We have performed TR-XAS measurement on EuNi2(Si1-xGex)2 with the partial electron 
yield (PEY) mode using the TR- resonant soft x-ray scattering system connected to the 
free-port station of BL07LSU.[6] A bulk polycrystalline EuNi2(Si0.21Ge0.79)2 was fractured in 
vacuum and mounted on the sample manipulator. The femto-second Ti:Sapphire laser with 
the wavelength of 800 nm and the repetition rate of 1 kHz was irradiated on the sample as a 
pumping light. The photo-electrons produced on the sample by the probing soft x-ray with the 
energy of 1129 eV or 1131 eV were collected by a micro channel plate (MCP) detector. The 
measurement was done at the temperature T = 30 K.  

Figure 2 shows the delay-time dependence of the normalized deviation of XAS intensity of 
Eu 3d-4f edge under the laser fluence of 10 mJ/cm2. While XAS is suppressed by pumping 
laser with the probing x-ray energy of 1131 eV (a characteristic energy of Eu3+ ions), with the 
probing x-ray energy of 1129 eV (a characteristic energy of Eu2+ ions) XAS is enhanced by 
pumping laser. Both consistently suggest the photo-induced valence transition of Eu ion from 
2.85+ to a lower valence. The rising time of the delay-scan coincides with the time resolution 
(50 ps), which indicates the time-scale of the valence transition is shorter than 50 ps.  

In conclusion, we have carried out TR-XAS measurement on mixed-valent EuNi2(Si1-xGex)2  
with PEY mode, and successfully observed the photo-induced valence transition. In the near 
future we will examine the laser fluence dependence of the transient response, the XAS 
energy spectrum at each delay-time, and the bulk-sensitive measurement with TFY mode to 
clarify the nature of the photo-induced valence transition. In order to reveal the rising 
behavior of the transition with the time-scale shorter than 50 ps, we also plan experiments 
using x-ray free electron lasers. 
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Figure 2. The delay-time dependence of the normalized deviation of the XAS intensity. 
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The main purpose of our study at BL07LSU is to develop and establish the experimental 
methods for structural and electronic states studies by using two-dimensional microscopic 
photoelectron diffraction spectroscopy, so-called DELMA [1-3]. We have so far developed a 
two-dimensional display-type ellipsoidal mesh analyzer (DELMA), which is composed of a 
wide acceptance angle electrostatic lens (WAAEL) unit, a transfer lens system and a high 
energy electron analyser (VG SCIENTA R4000) at SPring-8 BL07LSU [1]. In this year, we 
introduced a cryogenic two-stage 4K cryo-cooler and a new manipulator for a cooling system, 
making low temperature measurement of a photoelectron diffraction possible. Furthermore, 
we changed a trestle of DELMA to make it more stable. As a result, DELMA, which has been 
under development since 2009, is nearly complete and we have started a full-fledged 
electronic state measurements and the photoelectron holography measurements in low 
temperature regions (down to about 60 K).  

In 2016B beam-time, the photoelectron diffraction measurements of magnetite Fe3O4 and a 
resonant photoemission spectroscopy measurement of Bi-based copper oxide high 
temperature superconductor Bi2Sr2CaCu2Ox (Bi-2212) were carried out. 

For Fe3O4, a site resolved core-level x-ray photoelectron spectroscopy (XPS) measurement 
was attempted by using the photoelectron diffraction technique. The formula of magnetite is 
written as FeA

3+[FeB
3+FeB

2+]O4 to reflect the fact that the A-sites are occupied by Fe3+ and the 
B-sites are occupied by equal number of Fe2+ and Fe3+, thus resulting in an inverse spinel 
structure. The A-sites are tetrahedrally coordinated to oxygen and the B-sites are octahedrally 
coordinated to oxygen. Although a usual XPS measurement cannot separate these two sites, 
we attempted the site separation of XPS spectra with special attention to the forward focusing 
peaks (FFPs) present in the photoelectron diffraction pattern (see Figure 1). By selecting the 
characteristic FFPs directions and measuring the photon energy dependence of the FFPs 
intensity, we succeed in separating the each Fe contributions (A-site and B-site) from the 
x-ray photoelectron spectra of magnetite. 

For Bi2212, the valence band measurement at the oxygen K absorption edge and its 
polarization dependence measurements were carried out. Usually, resonant photoelectron 
spectroscopy of a transition metal compound increases the spectral intensity in the vicinity of 
the Fermi level by resonating at the L or M absorption edge of the transition metal. However, 
since a lower Hubbard d-band exists at a high binding energy position considerably deeper 
than the Fermi level in the charge-transfer type insulator such as cuprates, it is impossible to 
increase the spectral intensity near the Fermi level. In order to overcome this problem, we 
tried to measure the electronic state near the Fermi level by resonating at the oxygen K 
absorption edge. Experiments were performed using x-rays of linearly polarized light at the 
incidence direction parallel (P-polarized) and perpendicular (S- polarized) to the CuO2 plane. 
Surprisingly, we observed a large polarization dependence and obtained an unexpected result. 
When the P-polarized light (the electric vector is perpendicular to the CuO2 plane) was 
incident, the intensity near the Fermi level increased (see Fig. 2). This fact indicates the 
existence of oxygen 2pz orbital near Fermi level with significant weights.  



 
Figure 1.  Schematic view of the site resolved XPS for Fe3O4 

 
 

 
Figure 2. Resonant photoelectron spectra at O K-edge and Cu L-edge for Bi2212 
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Resonant inelastic X-ray scattering spectra of carbonate ions in various environments were 
measured. It has earlier been demonstrated that RIXS spectra of carbonate ions (CO3

2-) in 
aqueous solution can be measured at the oxygen K edge by means of selective excitation [1]. 
Here we use the high-energy resolution at the HORNET end station of BL07LSU [2] to 
investigate vibrational excitations. The carbonate ion is planar with D3h symmetry, seemingly 
in conflict with the Lewis structure, which requires one short double and two longer single 
bonds. This conflict is solved by the concept of resonance between the three possible double 
bond sites. The symmetry may (dynamically) break in various chemical surroundings, and by 
electronic-vibronic coupling during the scattering process. The prospect that double bond 
dynamics during the fast scattering process were reflected in vibrationally resolved RIXS was 
one of the major motivations for the investigations. 

In Fig. 1 we show vibrational progressions in the 
RIXS spectra of the CO3

2- ion compared to the 
bicarbonate ion, HCO3

-. It is immediately obvious that 
additional vibrational intensity is observed in the 
bicarbonate spectrum, as compared to the carbonate 
spectrum. Note that here the –C=O bond is selectively 
excited, and although O-H vibrations are found at 
larger energy losses, the hump at 533 eV in the 
bicarbonate spectrum is dominated by –C=O vibrations. 
We tentatively attribute the spectral difference to the 
difference in symmetry, and that the vibrations in the 
carbonate ion may be due to a symmetric stretch 
vibration. 

A comprehensive data set was recorded showing, and 
we also compared the spectra to carbonate ions in 
Upsalite, a new mesoporous MgCO3 material with 
properties that are investigated by several methods [3]. 

It is found that carbonate RIXS spectra show a 
drastic dependence on the chemical environment, both regarding the electronic and 
vibrational excitation. Variation of excitation energy and polarization of the incident radiation 
leads to a rich phenomenology, which is now being analyzed in collaboration with our theory 
partners. 
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Fig. 1. RIXS spectra excited at the 
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H2O edge 
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Introduction: 
Splitting of water by utilization of sunlight is a clean and sustainable solution to reduce the 
environmental issues caused by the emission of fossil fuels. However, to realize an efficient 
solar induced water oxidation cycle, a highly active water oxidation catalyst is required. Within 
this context, in recent years, manganese-oxide-based systems have been widely investigated 
for photochemical reactions [1-4]. 
However, in order to meet the required specifications, there is an increased need to understand 
the catalytic background and improve the activity and stability of the catalysts. By increasing 
our knowledge about the morphology, dispersion, and electronic structure of elements involved 
in the catalytic active phase, we will be able to design and make better catalyst materials for 
the water oxidation reaction.  
We planned to study the role of Ni during the operando electrochemical oxidation of water by 
the graphene supported Ni6MnO8 system by measuring the Ni 2p3d RIXS. This powerful 
technique in combination with 2p XAS can determine the accurate strength of the 3d spin−orbit 
coupling, distortions in symmetries, and superexchange interactions, leading to predictions of 
the strengths of these effects interactions.  

Samples, experiment method, equipment used, experiment/measurement conditions 

In the first stage of the beamtime Ni 2p3d TEY XAS of both NiO reference and the fresh (Dry) 
Ni6MnO8/ Graphene sample were measured. The NiO reference sample was placed on carbon-
tape while the Ni6MnO8 catalyst sample was first dispersed in ethanol solution and after 
sonication step drop-casted on a Au-coated Si3N4 membrane. Measuring the aforementioned 
samples was necessary as it give us the opportunity to understand the moiety of the nickel oxide 
species in the active phase.  

Figure 1: Overview of the applied Si3N4-membrane (A) and the assembled sample-holder used for the in-
situ water oxidation experiments (B and C). 



For the in-situ reaction the loaded Si3N4 membrane was loaded in a specially designed holder 
for liquid phase reactions as shown in Figure 1. The holder of this electrochemical cell is leak-
tight and allows for both continuous flow of water while and application of current for 
electrochemical reaction.  
During the subsequent steps the reactor was filled with the liquid cell is filled with 0.1 M KOH 
solution and the changes in the Ni-oxide compounds was measured by Ni 2p3d RIXS. During 
this in-situ reaction the fresh sample was firstly wetted without applying a potential (0 V), 
while during the subsequent steps the sample was gradually treated at higher potentials: 0.52 
V, 1.25 V, and 1.65 V.  
 
Results: 
The obtained Ni L3 spectra for the NiO and the fresh Ni6MnO8/Graphene are shown in Figure 2. 

 

Figure 2: A) Ni L3 edge XAS (TEY) of the NiO reference sample (in black) and Ni6MnO8/Graphene (in red). B) Ni 
2p3d energy loss RIXS of the NiO reference sample with a summary of the assigned origins of the observed Energy loss 
features. 

 
Figure 3: Multiplet simulation of Ni 2p3d RIXS for the 852.8 eV (-4.24 eV) emission slice. The first three spectra are 
the calculated counterparts of the three experimental spectra at the bottom of the figure legend. 

Conclusions: 
Nickel in the fresh(dry) Ni6MnO8/Graphene sample has a Ni(II) character in Oh symmetry 
resembling that of Ni in NiO compound. After the electrochemical oxidation, the Ni(II) 
component is partially transformed into Ni2+ species with larger CF (10Dq) parameter. Also, 
part of Ni(II) sites are oxidized to Ni(III). We suggest that the catalytic active species is a 
Ni(III) OOH species that is formed by application of potentials at basic pH conditions.  
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 Recently, two-dimensional devices based on transition metal dichalcogenides 
(TMDs) have attracted attentions and interests of the condensed matter community. 
WSe2 is a member of a vast family of TMDs and it has a crystal structure of a periodic 
stack of the Se-W-Se trilayers in a 2H motif [1]. The material has been known to be 
suitable for the solar cell devices due to its high optical absorption coefficient in IR and 
visible light regions. Electron-hole carriers, generated by photon excitation, and its 
dynamics, such as the carrier density, surface photovoltage (SPV), carrier relaxation 
time …etc., are important references for designing the TMDs based solar cells and 
heterojunction transistor devices. However, the SPV effect in WSe2 has not been 
examined in detail to find the critical factors in the opto-electronic performance. 
Moreover, the surface has left the possible optimization by atom/molecule adsorptions. 
Thus, it has been highly called for to extensively study surface/interface electronic 
states, carrier dynamics and their relationships. By measurements of time-resolved x-ray 
photoemission spectroscopy (TRXPS), we investigated the carrier dynamics at a surface 
of WSe2 during the SPV change.  

The TRXPS experiment was carried out at the synchrotron radiation (SR) beamline 
BL07LSU at SPring-8. The laser-pump and SR-probe method was performed with the 
pulse durations of ~ 35 fs and 50 ps for the laser and SR light pulse, respectively [2]. 
Pump light (hν=1.55 eV) was generated by an amplified Ti:sapphire laser pulse with 
the repetition rate of 208 kHz. Photon energy of the pump just exceeds the indirect band 
gap (1.3 eV) and it was close to the optical absorption peak of the exciton (1.59 eV). 



The SR light pulses (hν=253 eV) were 
delivered by the several bunch mode 
(F-mode) with the time interval of 342 ns. In 
the present research, we made the TRXPS 
experiments on a surface of WSe2 and also on 
surfaces after depositions of potassium (K) 
atoms and fullerene (C60) molecules.  

   Figure 1 shows an example of the TRXPS 
data of the W 4f7/2 core-level on the K/WSe2 
surface. After the optical pumping, the energy 
position shifts to the lower binding energy 
and recovers to the original one after the 
delay time of ~ 10 ns. The temporal changes 
were also measured on the pristine and the 
C60-covered WSe2 surfaces. It was found, 
from the comparisons, that the SPV relaxation 
time becomes short by formation of the 
heterojunctions, K/WSe2 and C60/WSe2. The 
electronic states of the overlayers likely 
become the new recombination centers of 
photo-excited carriers.  
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Fig. 1 A collection of the TRXPS 
spectra on the K/WSe2 surface taken 

at different delay time  
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