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Hole Dynamics in Photoexcited Hematite Studied with Femtosecond Oxygen K-edge X-ray Absorption Spectroscopy
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Hematite (-Fe2O3) is a photoelectrode for the water splitting process because of its relatively narrow bandgap and abundance in the earth crust. In this study, the photoexcited state of a hematite thin film was investigated with femtosecond oxygen K edge x-ray absorption spectroscopy at the PAL-XFEL in order to follow the dynamics of its photoexcited states. The 200 fs decay time of the hole state in the valence band was observed via its corresponding XAS feature.

Introduction

Photochemical water splitting reaction is a key process to generate hydrogen from water without any harmful products and hematite (-Fe2O3) is one of the promising photoelectrode materials for the solar-assisted water splitting process and has been studied intensively for decades. This is because iron is abundant in the earth crust [START_REF] Yaroshevsky | Abundances of chemical elements in the Earth's crust[END_REF] and its optical band gap is in the optimal range of absorption of sunlight. [START_REF] Sivula | Solar Water Splitting: Progress Using Hematite (ɑ-Fe2O3) Photoelectrodes[END_REF][START_REF] Tamirat | Using hematite for photoelectrochemical water splitting: a review of current progress and challenges[END_REF] -Fe2O3 is also an important photocatalytically active material associated with atmospheric mineral dusts impacting the oxidation capacity of the atmosphere [START_REF] George | Heterogeneous Photochemistry in the Atmosphere[END_REF] . However, it is known that the intrinsic electronic properties of -Fe2O3 can hinder its catalytic efficiency, in particular for the water splitting reaction. For example, its short hole diffusion length (< 4 nm) suppresses the charge separation via electron-hole recombination. [START_REF] Barroso | Charge carrier trapping, recombination and transfer in hematite (ɑ-Fe2O3) water splitting photoanodes[END_REF][START_REF] Kay | New Benchmark for Water Photooxidation by Nanostructured α-Fe2O3 Films[END_REF] An in-gap state [START_REF] Klahr | Water Oxidation at Hematite Photoelectrodes: The Role of Surface States[END_REF] or a shift of band edge [START_REF] Shavorskiy | Direct Mapping of Band Positions in Doped and Undoped Hematite during Photoelectrochemical Water Splitting[END_REF] seems to be crutial for such low hole diffusion length. In order to understand its electronic properties under photoirradiation, theoretical calculations and ultrafast spectroscopic methods have been employed. [START_REF] Tamirat | Using hematite for photoelectrochemical water splitting: a review of current progress and challenges[END_REF][START_REF] Husek | Surface electron dynamics in hematite (ɑ-Fe2O3): correlation between ultrafast surface electron trapping and small polaron formation[END_REF][START_REF] Hayes | Electronic and nuclear contributions to time-resolved optical and X-ray absorption spectra of hematite and insights into photoelectrochemical performance[END_REF][START_REF] Sorenson | Ultrafast Carrier Dynamics in Hematite Films: The Role of Photoexcited Electrons in the Transient Optical Response[END_REF][START_REF] Pendlebury | Ultrafast Charge Carrier Recombination and Trapping in Hematite Photoanodes under Applied Bias[END_REF] It is well known how the XAS technique can address the element specific electronic structure of materials under investigation and the recent advances of time-resolved XAS made possible the observation of excited states by photoabsorption in different systems. [START_REF] Hayes | Electronic and nuclear contributions to time-resolved optical and X-ray absorption spectra of hematite and insights into photoelectrochemical performance[END_REF][START_REF] Penfold | Revealing hole trapping in zinc oxide nanoparticles by time-resolved X-ray spectroscopy[END_REF][START_REF] Uemura | Capturing local structure modulations of photoexcited BiVO4 by ultrafast transient XAFS[END_REF][START_REF] Obara | Femtosecond time-resolved X-ray absorption spectroscopy of anatase TiO2 nanoparticles using XFEL[END_REF][START_REF] Uemura | Dynamics of Photoelectrons and Structural Changes of Tungsten Trioxide Observed by Femtosecond Transient XAFS[END_REF][START_REF] Wen | Capturing ultrafast photoinduced local structural distortions of BiFeO3[END_REF][START_REF] Santomauro | Femtosecond X-ray absorption study of electron localization in photoexcited anatase TiO2[END_REF][START_REF] Uemura | In situ picosecond XAFS study of an excited state of tungsten oxide[END_REF][START_REF] Rittmann-Frank | Mapping of the Photoinduced Electron Traps in TiO2 by Picosecond X-ray Absorption Spectroscopy[END_REF] In addition, XAS can be obtained under in-situ/operando conditions. [START_REF] Iwasawa | XAFS Techniques for Catalysts, Nanomaterials, and Surfaces[END_REF][START_REF] Van Bokhoven | X -Ray Absorption and X -Ray Emission Spectroscopy: Theory and Applications[END_REF] By combining theoretical calculations with XAS experimental data a detailed picture of the local symmetry structure and the electronic states can be obtained. [START_REF] Penfold | Revealing hole trapping in zinc oxide nanoparticles by time-resolved X-ray spectroscopy[END_REF][START_REF] Frati | Oxygen K-edge X-ray Absorption Spectra[END_REF][START_REF] Penfold | Solvent-Induced Luminescence Quenching: Static and Time-Resolved X-Ray Absorption Spectroscopy of a Copper(I) Phenanthroline Complex[END_REF] There have been pioneering works on investigating excited states of metal oxides by optical photoabsorption with the pumpprobe XAS methodology. [START_REF] Hayes | Electronic and nuclear contributions to time-resolved optical and X-ray absorption spectra of hematite and insights into photoelectrochemical performance[END_REF][START_REF] Penfold | Revealing hole trapping in zinc oxide nanoparticles by time-resolved X-ray spectroscopy[END_REF][START_REF] Uemura | Capturing local structure modulations of photoexcited BiVO4 by ultrafast transient XAFS[END_REF][START_REF] Obara | Femtosecond time-resolved X-ray absorption spectroscopy of anatase TiO2 nanoparticles using XFEL[END_REF][START_REF] Uemura | Dynamics of Photoelectrons and Structural Changes of Tungsten Trioxide Observed by Femtosecond Transient XAFS[END_REF][START_REF] Wen | Capturing ultrafast photoinduced local structural distortions of BiFeO3[END_REF][START_REF] Santomauro | Femtosecond X-ray absorption study of electron localization in photoexcited anatase TiO2[END_REF][START_REF] Uemura | In situ picosecond XAFS study of an excited state of tungsten oxide[END_REF][START_REF] Rittmann-Frank | Mapping of the Photoinduced Electron Traps in TiO2 by Picosecond X-ray Absorption Spectroscopy[END_REF] Furthermore, the birth of X-ray Free Electron Lasers (XFEL) and the developments of x-ray sources by high-harmonic generation (HHG) have extended the scope the pump-probe XAS studies down to femtoseconds. [START_REF] Uemura | Capturing local structure modulations of photoexcited BiVO4 by ultrafast transient XAFS[END_REF][START_REF] Uemura | Dynamics of Photoelectrons and Structural Changes of Tungsten Trioxide Observed by Femtosecond Transient XAFS[END_REF][START_REF] Koide | Photoinduced anisotropic distortion as the electron trapping site of tungsten trioxide by ultrafast W L1-edge X-ray absorption spectroscopy with full potential multiple scattering calculations[END_REF][START_REF] Ismail | Direct observation of the electronic states of photoexcited hematite with ultrafast 2p3d X-ray absorption spectroscopy and resonant inelastic X-ray scattering[END_REF][START_REF] Vaz Da Cruz | Probing hydrogen bond strength in liquid water by resonant inelastic X-ray scattering[END_REF][START_REF] Norell | Fingerprints of electronic, spin and structural dynamics from resonant inelastic soft X-ray scattering in transient photo-chemical species[END_REF][START_REF] Jay | Disentangling Transient Charge Density and Metal-Ligand Covalency in Photoexcited Ferricyanide with Femtosecond Resonant Inelastic Soft X-ray Scattering[END_REF][START_REF] Jay | The nature of frontier orbitals under systematic ligand exchange in (pseudo-)octahedral Fe(ii) complexes[END_REF][START_REF] Miller | Polarized XANES Monitors Femtosecond Structural Evolution of Photoexcited Vitamin B12[END_REF][START_REF] Lemke | Coherent structural trapping through wave packet dispersion during photoinduced spin state switching[END_REF][START_REF] Chergui | Photoinduced Structural Dynamics of Molecular Systems Mapped by Time-Resolved X-ray Methods[END_REF][START_REF] Shelby | Ultrafast Excited State Relaxation of a Metalloporphyrin Revealed by Femtosecond X-ray Absorption Spectroscopy[END_REF][START_REF] Kunnus | Identification of the dominant photochemical pathways and mechanistic insights to the ultrafast ligand exchange of Fe(CO)5 to Fe(CO)4EtOH[END_REF][START_REF] Wernet | Orbital-specific mapping of the ligand exchange dynamics of Fe(CO)5 in solution[END_REF][START_REF] Canton | Visualizing the non-equilibrium dynamics of photoinduced intramolecular electron transfer with femtosecond X-ray pulses[END_REF][START_REF] Kern | Taking snapshots of photosynthetic water oxidation using femtosecond Xray diffraction and spectroscopy[END_REF][START_REF] Lemke | Femtosecond X-ray Absorption Spectroscopy at a Hard X-ray Free Electron Laser: Application to Spin Crossover Dynamics[END_REF][START_REF] Beye | The liquid-liquid phase transition in silicon revealed by snapshots of valence electrons[END_REF] . Regarding the photoexcitation of -Fe2O3, the first femtosecond extreme-ultraviolet (XUV) spectroscopic studies on -Fe2O3 thin films were conducted by Vura-Weiss et al. [START_REF] Vura-Weis | Femtosecond M2,3-Edge Spectroscopy of Transition-Metal Oxides: Photoinduced Oxidation State Change in ɑ-Fe2O3[END_REF] Furthermore, it was suggested by theoretical and experimental XUV studies that the formation of localised carriers (small polarons) behave as recombination centres which can contribute to limiting the diffusion length of holes. [START_REF] Husek | Surface electron dynamics in hematite (ɑ-Fe2O3): correlation between ultrafast surface electron trapping and small polaron formation[END_REF][START_REF] Biswas | Controlling polaron formation at hematite surfaces by molecular functionalization probed by XUV reflection-absorption spectroscopy[END_REF][START_REF] Biswas | Highly Localized Charge Transfer Excitons in Metal Oxide Semiconductors[END_REF][START_REF] Carneiro | Excitation-wavelength-dependent small polaron trapping of photoexcited carriers in α-Fe2O3[END_REF][START_REF] Rettie | Unravelling Small-Polaron Transport in Metal Oxide Photoelectrodes[END_REF] We recently demonstrated that different processes occur in the early stage photoexcitation of -Fe2O3 by measuring Fe L3 XAS and 2p3d resonant inelastic scattering (RIXS) in the Pohang Accelerator Laboratory XFEL (PAL-XFEL). [START_REF] Ismail | Direct observation of the electronic states of photoexcited hematite with ultrafast 2p3d X-ray absorption spectroscopy and resonant inelastic X-ray scattering[END_REF] Since the conduction band of -Fe2O3 consists of Fe 3d orbitals mainly while the valence band does of O 2p orbitals, Fe L3 XAS and 2p3d RIXS can probe the conduction band after photoexcitation directly. The carrier relaxation and the charge recombination processes were observed from the viewpoint of the electronic state of the Fe 3d orbitals. The changes observed by Fe L3 XAS and 2p3d RIXS originate from the behaviour of excited electrons in the conduction band.

Although previous transient XAS studies on the dynamics of -Fe2O3 used x-ray absorption at Fe, in principle, it should be possible to observe transient features of Oxygen XAS in the same time domains (< 10 ps) because of its element selectivity. Since the valence band of -Fe2O3 is mainly composed of oxygen 2p orbitals, Oxygen K edge XAS probes the holes in the valence band providing an effective avenue to investigate the dynamics of -Fe2O3 after photoexcitation.

Although there has been few reports on femtosecond XAS studies for lighter elements, [START_REF] Smith | Femtosecond Soft-X-ray Absorption Spectroscopy of Liquids with a Water-Window High-Harmonic Source[END_REF][START_REF] Wolf | Probing ultrafast ππ*/nπ* internal conversion in organic chromophores via K-edge resonant absorption[END_REF][START_REF] Pertot | Time-resolved x-ray absorption spectroscopy with a water window highharmonic source[END_REF][START_REF] Attar | Femtosecond x-ray spectroscopy of an electrocyclic ring-opening reaction[END_REF] to the best of our knowledge, Oxygen K edge XAS in condenced phases have not been yet investigated in femtoseconds due to the limitation of available x-ray sources and their properties such as x-ray energy, photon flux and temporal resolution. Herein, we report the ultrafast dynamics of -Fe2O3 as observed by Oxygen K edge XAS for the first time using the state-of-the-art PAL-XFEL.

Experimental details

The sample preparation, basic characterisation of the sample and the details of the pump probe experiments at PAL-XFEL are described in the Supporting information.

Results

Transient O K-edge XAS of α-Fe2O3 above the absorption edge

Oxygen K edge transient XAS (XAS) spectra of α-Fe2O3 are shown in Fig. 1 (A). An illustration of the experimental setup at the Soft x-ray Scattering and Spectroscopy (SSS) beamline at PAL-XFEL is displayed in Fig. 1 (D); A more detailed description of the setup is given in the experimental details section of the SI. In order to observe the photoexcited states of -Fe2O3, the 50 nm thin film was excited by a femtosecond laser (wavelength: 400 nm, pulse duration: ~70 fs). We note that hereafter, "photoexcited" state(s), electrons and holes indicate the excited state, excited electrons and excited holes, respectively to avoid confusion. The repatition rate of XFEL was 30 Hz and the laser was operated at 30 Hz and precisely synchronised with the XFEL. In order to observe the progress of the photoexcited state, the timing between the x-ray pulse and the laser pulse was changed using an optical delay stage. Each X-ray pulse from the XFEL hit the sample before (i.e. negative delay time) or after (i.e. positive delay time) the sample was excited by a laser pulse. XAS at each delay time (t) was calculated as XAS = XAS(t) -XAS(-5ps). Since it required more than one hour to obtain a XAS with a good signal-to-noise ratio, the long-term intensity fluctuations can affect the measurements slightly. In order to minimise this effect, XAS for a desired delay time and the reference XAS (t = -5 ps) were measured in sequence, which successfully eliminates artefacts in the transient XAS. [START_REF] Ismail | Direct observation of the electronic states of photoexcited hematite with ultrafast 2p3d X-ray absorption spectroscopy and resonant inelastic X-ray scattering[END_REF] After photoexcitation, there were some distinctive changes observed (XAS for 0.3 ps and 2 ps), in particular between 528 eV and 533 eV. Comared to the spectral features of the first derivative of the XAS of the ground state, the spectral feasures of the differential XAS are close to those the first derivative (Figure S4), the main difference features are attributed to the spectral shift of the O Kedge XAS. Besides the spectral shift, there are several significant physical properties involved in the area. The sharp features of the XAS of the ground state (shown as shaded area in the top panel of Figure 1 (A)) originate from electronic transitions from oxygen 1s to 2p orbitals that are hybridised with Fe 3d orbitals. The x-ray absorption features observed between 535 eV and 545 eV originate from oxygen 2p orbitals which are hybridised with Fe 4s/4p orbitals [START_REF] Frati | Oxygen K-edge X-ray Absorption Spectra[END_REF] . In other words, the x-ray absorption between 528 eV and 533 eV reflect the oxygen p character of the iron 3d band of -Fe2O3 and the absorption intensity between 528 eV and 533 eV is proportional to the oxygen p-projected density of the unoccupied states. [START_REF] De Groot | Oxygen 1s x-ray-absorption edges of transition-metal oxides[END_REF] In order to determine the dynamics of the photoexcited -Fe2O3, the kinetic traces of XAS at the energies of 529.4 eV (denoted as X) and 530.4 eV (denoted as Y) were measured (see Figure 1 

Transient O K-edge XAS of α-Fe2O3 below the absorption edge

In order to observe the behaviour of electron holes after photoexcitation, we focused on the preedge area below 528.5 eV, i.e. below the threshold energy of oxygen K-edge. [START_REF] Gilbert | Band-gap measurements of bulk and nanoscale hematite by soft x-ray spectroscopy[END_REF] ps with the transient XAS at other delay times, a small increase of XAS was observed around the VBE area, which is a red-shaded area in Figure 2 (A). Since the XAS intensity is proportional to the density of unoccupied orbitals, the appearance of this peak implies that oxygen 1s electrons will be excited to the unoccupied O 2p orbitals below the energy threshold i.e. the direct electron transition to electron holes in the valence band was observed.

The kinetic trace of XAS at 527.6 eV was also observed (Figure 2 (B)). After the photoexcitation, the XAS intensity rose up immediately and it decreased within 1 ps. The decay process was fitted as a single exponential function and the time constant was estimated as 0.20 ± 0.01 ps, which is a similar value estimated from the kinetic trace at 530.4 eV (Figure 1 (C)). This result implies that the observed holes in the valence band disappeared within 1 ps by recombination or relaxation processes (we discuss this in the later section "Transient signals below the absorption edge (at 572.6 eV)").

Discussions

Transient XAS features above the absorption edge

The transient XAS feature shown in Fig. 1 (A) is supposed to originate from the formation of Fe(II), which causes the spectral shift in the direction of lower energy. We note that while the L3 edge XAS of a metal ion shifts to higher energy by approximately 1.5 eV when its valence state changes from 2+ to 3+ [START_REF] De Groot | Core Level Spectroscopy of Solids[END_REF] , the oxigen K-edge XAS of transition metal oxides does not have a general trend. For instance, the oxidation of Fe oxides hardly shifts the oxygen K edge position in bulk oxides while the oxygen K edge XAS of Cu and Ni oxides shifts to lower energy upon oxidation. [START_REF] De Groot | Oxygen 1s x-ray-absorption edges of transition-metal oxides[END_REF][START_REF] Wu | Characterization of iron oxides by x-ray absorption at the oxygen K edgeusing a full multiplescattering approach[END_REF][START_REF] Colliex | Electron-energy-loss-spectroscopy near-edge fine structures in the iron-oxygen system[END_REF] After the optical excitation, we identify the following two events (1) A change in the charge density of Fe atoms that shifts the iron 3d-band energy to lower energies and (2) A decrease of the unoccupied states of Fe 3d orbitals.

(1) A change of the charge density: an initial photoexcited state is created by the optical laser excitation, creating enhanced charge density in the (spin-down) iron 3d-band. The enhanced charge density shifts the iron 3d-band to lower energy and the oxygen contribution to the iron 3dband will also shift to lower energy. This effect results in the spectral shift mentioned above.

(2) A decrease of the unoccupied state of Fe 3d orbitals: The x-ray absorption between 528 eV and 533 eV reflects the density of unoccupied Fe 3d orbitals i.e. the x-ray absorption is proportional to (the oxygen character of) the unoccupied Fe 3d orbitals. Since an Fe atom in -Fe2O3 is surrounded by 6 oxygen atoms (nearly octahedral symmetry), its 3d orbitals are split into two different orbitals groups. The orbitals at the lower energy are t2g orbitals whereas those at the higher energy are eg orbitals. The x-ray absorption spectra between 528 eV and 533 eV shows two peak features, which are assigned to t2g and eg orbitals, respectively. [START_REF] De Groot | Oxygen 1s x-ray-absorption edges of transition-metal oxides[END_REF] The energy difference between the t2g and eg peak corresponds to the crystal field splitting of the 3d orbitals of Fe in -Fe2O3. The splitting in Figure 1 (A) was 1.4 eV which is in agreement with previous reports. [START_REF] De Groot | Oxygen 1s x-ray-absorption edges of transition-metal oxides[END_REF][START_REF] Gilbert | Band-gap measurements of bulk and nanoscale hematite by soft x-ray spectroscopy[END_REF][START_REF] Wu | Characterization of iron oxides by x-ray absorption at the oxygen K edgeusing a full multiplescattering approach[END_REF] Upon photoexcitation, electrons are excited to the conduction band of -Fe2O3, which is mainly composed by Fe 3d orbitals. In other words, the Fe 3d orbitals are filled by photoexcited electrons so that the x-ray absorption intensity between 528 eV and 533 eV after photoexcitation deacrease.

The photoexcited state undergoes a decay process (~0.2 ps as seen in Fig. 1 C) and forms a longer lived metastable state. Also, the metastable state has increased charge density with respect to the static Fe 3+ state. This metastable state could involve reorganisation of atoms related to a polaronic state. [START_REF] Carneiro | Excitation-wavelength-dependent small polaron trapping of photoexcited carriers in α-Fe2O3[END_REF] 

Transient signals below the absorption edge (at 572.6 eV)

Gilbert et al determined the band edge position of -Fe2O3 from its oxygen K edge XAS. In order to determine the edge position of the conduction band, they used the first derivative of the oxygen K edge XAS. They defined the conduction band edge (CBE) as the maximum of the first derivative. On the other hand, VBE position was defined by the first derivative of x-ray emission spectra (XES) of -Fe2O3. According to this definition, they estimated the band gap energy as 2.2 eV, which is in good agreement with a standard value of the band gap of -Fe2O3. We position the VBE by ~2.2 eV below the conduction band edge. In the top panel of Figure 1 (B), a static oxygen K edge XAS and its first derivative are displayed. If we calculate the CBE as the maximum of the first derivative, we position it around 529.8eV. The energy difference between the maximum of the first derivative, i.e. the CBE position and the transient peak position shown in Figure 2 (A). is ~2.2 eV, which is in agreement with the band gap value of -Fe2O3. We conclude that the transient peak shown in Figure 2 (A) can be asscribed to the transition of O 1s electrons to O 2p hole states. A similar peak was observed in oxygen K edge XAS of a hematite thin film.

Braun et al measured the oxygen K edge XAS of a photoelectrode consisting of a hematite thin film under photoelectrochemical water splitting reaction and a small peak appeared 2.2 eV far from the energy threshold. [START_REF] Braun | Direct Observation of Two Electron Holes in a Hematite Photoanode during Photoelectrochemical Water Splitting[END_REF] They assigned the peak to an O 2p-type hole.

A fast process with a kinetic constant of 0.2-0.3 ps was reported in literature [START_REF] Pendlebury | Ultrafast Charge Carrier Recombination and Trapping in Hematite Photoanodes under Applied Bias[END_REF][START_REF] Ismail | Direct observation of the electronic states of photoexcited hematite with ultrafast 2p3d X-ray absorption spectroscopy and resonant inelastic X-ray scattering[END_REF][START_REF] Vura-Weis | Femtosecond M2,3-Edge Spectroscopy of Transition-Metal Oxides: Photoinduced Oxidation State Change in ɑ-Fe2O3[END_REF][START_REF] Biswas | Controlling polaron formation at hematite surfaces by molecular functionalization probed by XUV reflection-absorption spectroscopy[END_REF][START_REF] Joly | Carrier dynamics in α-Fe2O3 (0001) thin films and single crystals probed by femtosecond transient absorption and reflectivity[END_REF] . This process was supposed to be a carrier relaxation, band filling or band schlinking process. From our results, a fast charge recombination process can be involved in this early stage of photoexciation.

Since XAS of the hole state at 527.6 eV disappeaered and the linewidth of the difference signals between 528 eV and 533 eV did not change. However, since the XAS shifts in lower energy at later delays (> 1 ps), there are certain amounts of electrons and holes in the conduction band and the valence band, respectively. We assume that remaining holes distributes broadly in energy and shifts in higher energy. Since the absorption of 1s-> 2p excitation can be small and the distribution of the hole states becomes broad, an obvious peak of the hole state was not observed at the longer delays. The absorption of the hole states may be overlaped with the peaks at higher energy, which is another reason why the hole state was not observed at longer delays. The recombination below 1 ps may be affected by the excess carrier density.

The fast kinetic process observed at 529.8 eV

A fast kinetic process with a similar time constant was observed in our previous study of the transient Fe L3 XAS of the photoexcited -Fe2O3. [START_REF] Ismail | Direct observation of the electronic states of photoexcited hematite with ultrafast 2p3d X-ray absorption spectroscopy and resonant inelastic X-ray scattering[END_REF] This fast process was supposed to be a relaxation process of 'hot' electrons and holes created by the initial photoexcitation. [START_REF] Sorenson | Ultrafast Carrier Dynamics in Hematite Films: The Role of Photoexcited Electrons in the Transient Optical Response[END_REF][START_REF] Vura-Weis | Femtosecond M2,3-Edge Spectroscopy of Transition-Metal Oxides: Photoinduced Oxidation State Change in ɑ-Fe2O3[END_REF][START_REF] Joly | Carrier dynamics in α-Fe2O3 (0001) thin films and single crystals probed by femtosecond transient absorption and reflectivity[END_REF][START_REF] Cherepy | Ultrafast Studies of Photoexcited Electron Dynamics in γ-and α-Fe2O3 Semiconductor Nanoparticles[END_REF] Since the wavelength of the excitation laser was 400 nm (3.1 eV), which is greater than the bandgap of -Fe2O3, the electrons and holes have excess energy and they relax to the lower energy level releasing their excess energy. The increase of peak Y after 1ps can be ascribed to a change in hybridisation between Fe3d orbitals and O 2p orbitals driven by the occupation change occurring in the conduction band.

Considering the increase of the peak intensity at 530.4 eV at a delay of 1 ps, the change of the peak intensity can be explained by the decrease of the excited electrons in the t2g orbitals. Since the holes in α-Fe2O3 have a limited mobility, a certain number of the holes in the valence band can encounter the electrons and recombine with each other, resulting in a decrease in the population of electrons in the conduction band. Both interpretations seem to be possible for the decay process at 530.4 eV. (It should be noted that a certain amount of electrons and holes exist in the conduction band and the valence band, respectively (as mentioned in the previous section)(. In summary, the dynamics of the electronic state of the photoexcited -Fe2O3 is illustrated in Figure 3. In the optical ground state, the oxygen K edge XAS reflects the density of unoccupied Fe 3d orbitals. After the photoexcitation, electrons in the valence band are excited to the conduction band and holes are created in the valence band. The oxygen K edge spectrum of the photoexcited -Fe2O3 is shifted to lower energy because of the creation of Fe species with excess charge density and change of the hybridisation between O 2p orbitals and Fe 3d orbitals. Hot carrier relaxation occurs and the kinetic constant for this process was estimated as ~ 0.2 ps from the disappearance of the hole states in the valence band and the increase of the XAS intensity for t2g orbitals. In this stage, the hole state disappear as electron-hole recombination, hole's trapping into another energy level and so on occur. It is supposed that trapped holes/electrons are more likely to be recombined with electrons/holes. The O 2p hole state observed by the transient oxygen K edge XAS could be trapped hole states i.e. they are distributed in a narrow band in energy and localised in space. In the later delay times (> 1 ps), free electrons and holes still exist. Carnerio et al observed small polaron formation by a delay time of 1 ps by femtosecond extremeultraviolet spectroscopy [START_REF] Carneiro | Excitation-wavelength-dependent small polaron trapping of photoexcited carriers in α-Fe2O3[END_REF] and we observed a relatively slow dynamics (t ~ 6 ps) [START_REF] Ismail | Direct observation of the electronic states of photoexcited hematite with ultrafast 2p3d X-ray absorption spectroscopy and resonant inelastic X-ray scattering[END_REF] , where the local structure of Fe should change. However, we did not find any signature for these dynamics. This implies that the transient oxygen K edge XAS reflects the electronics state of Fe 3d orbitals more and the local structural change around the photoexcited Fe atoms does not have much influence on the Oxygen K edge XAS.

We successfully observed transient O K-edge XAS of photoexcited hematite and found several distinctive changes. The main differential spectral feature originates from the formation of Fe(II) species after photoexcitation and observed dynamics were consistent with our previous study. At 527.6 eV, we found another feature which are associated with the XAS of 1s -> 2p hole states and observed a fast decay process. The decay at 527.6 eV suggests the electron-hole recombination can happen below 1 ps. We suppose that the hole states we observed at 527.6 eV is localized in space and energy. At the early state of the photoexcitation, some of the holes can be recombined with electrons within 1 ps.

An advantageous point of pump-probe XAS is to determine the energy level of carriers against the band edge positions (or absorption edge positions). Using pump-probe XAS can make it possible to figure out the dynamics of photocarriers according to their energy levels. In order to study more details of the dynamics of -Fe2O3, resonant inelastic x-ray scattering (RIXS) will be helpful. [START_REF] Ismail | Direct observation of the electronic states of photoexcited hematite with ultrafast 2p3d X-ray absorption spectroscopy and resonant inelastic X-ray scattering[END_REF][START_REF] Wernet | Orbital-specific mapping of the ligand exchange dynamics of Fe(CO)5 in solution[END_REF] Transient RIXS will protentially distinguish energy levels of the conduction band, mid-gap state and valence band with an energy resolution of 100 meV (or less). Employing transient soft x-ray absorption spectroscopy can determine the electronic states of elements in metal oxides and reveal the dynamics of photoexcited materials. 

  photoexcitation to cause the spectral shift. At longer delay time (> 0.2 ps), the XAS intensity at

  Figure 2 (A) displays the shaded area of the bottom panel of Figure 1 (B) (526.0 -528.8 eV), where the valence band edge (VBE) is expected to be observed. Comparing the transient XAS at a delay time of 0.3

Figure 1 (

 1 Figure 1 (A) a static oxygen K edge XAS spectrum of -Fe2O3 measured in SPring-8 (top) and oxygen K edge XAS of -Fe2O3. Each XAS is the difference between XAS at a delay time of t ps (t = -3 ps, 0.3 ps or 2 ps) and that at a delay time of -5 ps. (B) O K-edge XAS of -Fe2O3 in the pre-edge region (526 -534 eV). (C) kinetic traces of difference XAS at 529.4 eV (X) and 530.2 eV (Y) shown in (A) The conduction band edge (CBE) is at 529.8 eV while the valence band edge (VBE) is at 527.6 eV (D) An illustration of the pump-probe XAS experimental setup in the SSSL beamline, PAL-XFEL.

Figure 2 (

 2 Figure 2 (A) a zoom of the pre-edge region shown as a dashed rectangle in Fig. 1(B). (B) The kinetic trace of XAS at 527.6 eV shown in (D). The dashed line is a single exponential function used for fitting.

Figure 3

 3 Figure 3 An illustration for the electronic state of the photoexcited -Fe2O3 from the viewpoint of
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