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Comparison between soft X-ray and hard X-ray spectroscopy and importance of operando 

soft X-ray spectroscopy

X-ray absorption near edge structure (XANES) at the TM K-edges (1s → np absorption is 

dominant; n ≧ 4) can reveal the oxidation state of the TMs, and extended X-ray absorption fine 

structure (EXAFS) at the TM K-edges gives us information of the local structure around the TM. 

TM K-edges are included in the hard X-ray (HX) region higher than ~5 keV. HX experiments do 

not need a vacuum condition around the sample, which is favorable for in situ/operando analyses 

of LIB electrodes with liquid electrolytes.[S1] Moreover, the deep probing depth of HX 

spectroscopies except for hard X-ray photoemission spectroscopy is also suitable for obtaining the 

information of bulk electronic structures in electrode materials. 

However, HX absorption spectroscopies at the TM K edges are not so suitable to derive 

detailed information of the d orbitals of TMs due to the dipole selection rule in which 1s → np 

absorption is allowed.[S2] For 3d TMs, soft X-ray absorption spectroscopy (XAS) is a very 

powerful method to clarify the 3d orbitals. Indeed, many XAS studies at the 3d TMs’ L2,3 edges 

(2p1/2,3/2 → 3d absorption) have clarified not only the oxidation states of 3d TMs, but also the 

detailed electronic structures such as the crystal-field splitting, Coulomb interactions among the d 

electrons, charge-transfer (CT) effects with the ligands, and so on.[S2,S3] Soft X-ray (SX) 

spectroscopies are also beneficial to directly obtain the information of 2p orbitals of ligands, e.g. 

oxygen, because SXs cover the light-elements K edges (1s → 2p absorption). On the other hand, 

in general, SX spectroscopies need a vacuum condition, which is disadvantageous for in 

situ/operando electronic-structure analyses of LIB electrodes. Although the redox reactions and 

electronic-structure changes during the charge-discharge various electrode materials can be 
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revealed in detail by ex situ SX spectroscopy depending on the electrode material,[S4-S6] 

operando SX spectroscopy with applying a voltage to the electrodes as with HX experiments is 

highly demanded particularly for anode materials, because the redox potentials of them in low 

voltages like < 1 V vs. Li/Li+ cannot be maintained even for in situ conditions without dissembling 

a battery cell. In order to accurately observe the electronic-structure change during charge-

discharge, operando SX spectroscopy under a potentiostatic operation is inevitable. 

We have developed operando soft X-ray emission spectroscopy (XES) by modifying in 

situ techniques for SX spectroscopy of liquid samples,[S7] and we demonstrated the Mn 3d 

electronic-structure analysis on LiMn2O4 thin-film cathode.[S8] XES is the secondary optical 

process of XAS: a spectroscopy of the emitted photons when valence electrons fall into the core 

holes created by the XAS process.[S2,S9,S10] For example, the 3d orbitals of TMs can be 

investigated in detail by the 2p-3d-2p resonant XES. XES has a potential of state-selectivity by 

tuning the incident photon energy (excitation energy, Ein) while XAS spectrum shows overlapping 

information in case that some states (oxidation states, spin states, etc.) coexist for a specific 

element in a sample.[S11] For the electrode materials of LIBs, the possible state selectivity of XES 

is promising to separately clarify the mixed oxidation states during the charge-discharge.
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Synchrotron XRD for the Fe2O3 thin film

Fig. S1. Synchrotron XRD pattern of the Fe2O3 thin film fabricated on the electrode chip 
(corresponding to the initial state). The wavelength of X-ray  was set to 1.03 Å. Diffraction 
patterns of -Fe2O3, Au, and TiO2 (rutile phase) are also displayed [S12,S13].
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Comparison of the CV curves 

Fig. S2. Comparison of the CV curves between the first and second cycles.

Fe L2,3-edge XAS for the as-fabricated Fe2O3 thin film

We measured the Fe L2,3-edge XAS for the as-fabricated Fe2O3 thin film with the partial-

fluorescence yield (PFY) mode to determine the excitation energy for XES. As Fig. S3 shows, the 

Fe L3-edge has characteristic two peaks labeled as EI and EII, and the L2-edge has a doublet 

structure and a shoulder structure around 724.7 eV. CIFM calculation for Fe3+ reproduced these 

peaks. The electronic-structure parameters for the Fe3+ state listed in Table S1 are commonly used 

for the calculation for the XES spectrum in Fig. S4. 
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Fig. S3. Fe L2,3-edge PFY XAS for the as-fabricated Fe2O3 thin film and CIFM calculation for 
Fe3+ state.

Fe 2p XES for the as-fabricated thin film with Ein = 709.8 eV

For the as fabricated thin film, we also performed Fe 2p XES with Ein = 709.8 eV 

corresponding to the Fe L3 main peak in the XAS spectrum. As Fig. S4 shows, the XES spectrum 

is similar to the that for single-crystalline Fe2O3 by Miyawaki et al. [S14] as with the XES result 

with Ein = 708.2 eV. Figure S4 also displays the CIFM calculation for Fe3+ state. The electronic-

structure parameters are summarized in Table S1. Although the peaks in the calculation are slightly 

shift, the features of dd excitation (0.8 eV < Eloss < ~4.0 eV for spectrum for as-fabricated thin 

film) and CT excitation (Eloss > ~4.0 eV for spectrum for as-fabricated thin film) are reproduced. 

Thus, the as-fabricated thin film has almost the same Fe 3d state as that for single-crystalline Fe2O3, 

which are attributed to the Fe3+ state.
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Fig. S4. Ex situ Fe 2p XES spectra for the as-fabricated thin film and single-crystalline Fe2O3 by 
Miyawaki et al. [S14] measured with excitation energy EII. CIFM calculation for Fe3+ state is also 
displayed.

CIFM calculation for the Fe3+, Fe2+ and Fe0 states

For the CIFM calculation of the Fe L2,3-edge XAS and Fe 2p-3d-2p RXES in Fe2O3, we 

employed the octahedral [FeO6]y− (y = 9, 10) cluster with the Hamiltonian as,

𝐻 = 𝐻𝐹𝑒 + ∑
𝑗,𝛾,𝜎

𝜀𝑃(𝑗𝛾)𝑛𝑃,𝑗𝛾𝜎 + ∑
𝑗,𝛾,𝜎

𝑉𝑝𝑑(𝑗𝛾)(𝑑 †
𝛾𝜎𝑃𝑗𝛾𝜎 + ℎ.𝑐.),  (𝑆1)

where  and nP,jγσ represent the electron creation and number operators for O 2p, respectively. 𝑃 †
𝑗𝛾𝜎

While the symmetry γ is eg or t2g irreducible representation, spin σ is ↑ or ↓. The second and third 

terms in eq. (S1) are the O 2p states and Fe 3d-O 2p hybridization, respectively. These terms are 

not effective in an atomic calculation (Fe0). The  is given by𝐻𝐹𝑒
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𝐻𝐹𝑒

= ∑
𝛾,𝜎

[𝜀𝑑(𝛾) ‒ 𝑄∑
𝑚,𝜎'

(1 ‒ 𝑛
𝑝,𝑚𝜎')]𝑛𝑑,𝛾𝜎 + ∑

𝑚,𝜎

𝜀𝑝,𝑚𝜎𝑛𝑝,𝑚𝜎 + 𝑈∑
𝛾

𝑛𝑑,𝛾↑𝑛𝑑,𝛾↓ + ∑
𝛾 > 𝛾',𝜎,𝜎'

(𝑈' ‒ 𝐽𝛿
𝜎,𝜎')𝑛𝑑,𝛾𝜎𝑛

𝑑,𝛾'𝜎'

+ 𝐻𝑚𝑢𝑙𝑡𝑖 (𝑆2)

where , nd,γσ, and np,mσ represent the Fe 3d electron creation operator and the number operators 𝑑 †
𝛾𝜎

for Fe 3d and Fe 2p, respectively. m represents the magnetic quantum number. The first term in 

eq. (S2) is the Fe 3d states with εd(γ) being the one-electron energy level and Q being the averaged 

Coulomb attraction caused by Fe 2p core hole. The second term represents the Fe 2p states. The 

third and fourth terms describe the Coulomb and exchange interactions between Fe 3d electrons. 

The last term includes the multipole part of the Fe 3d- Fe 3d and Fe 3d- Fe 2p Coulomb interactions 

that are not described in the third and fourth terms and the spin-orbit interactions for the Fe 3d and 

Fe 2p orbitals. The Slater integrals were evaluated using Cowan’s code [S15]. In this study, the 

values were reduced to 85%. For Fe0 calculation, a term to describe Fe 4s electrons,  was 
∑

𝜎

𝜀𝑠𝑛𝑠,𝜎

considered in the atomic calculation, where ns,σ represents the number operator for Fe 4s.

In the numerical calculation, the wave function was obtained by the Lanczos method [S16]. 

The XAS spectrum was calculated using the Fermi’s golden rule expressed as, 

𝐼𝑋𝐴𝑆(𝜔𝑖𝑛) = ∑
𝑚

|⟨𝑚│𝑇𝜇│𝑔⟩|2𝛿(𝜔𝑖𝑛 ‒ 𝐸𝑚 + 𝐸𝑔),  (𝑆3)

where |g> and |m> represent the ground (initial) and final state of XAS, respectively, and the 

corresponding energies are Eg and Em. The XAS finale state corresponds with the XES 

intermediate one. When ωin and ωout are the incident and emitted photon energy, the XES spectrum 

[S17] was expressed as:
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𝐼𝑋𝐸𝑆(𝜔𝑖𝑛,𝜔𝑜𝑢𝑡) =  ∑
𝑓

|∑
𝑚

〈𝑓|𝑇𝜈|𝑚〉〈𝑚|𝑇𝜇|𝑔〉
𝐸𝑔 + 𝜔𝑖𝑛 ‒ 𝐸𝑚 ‒ 𝑖Γ|2𝛿(𝜔𝑜𝑢𝑡 + 𝐸𝑓 ‒ 𝜔𝑖𝑛 ‒ 𝐸𝑔).  (𝑆4)

The final state was denoted as |f> with the energy Ef. T represents the electric dipole operator. The 

core-hole lifetime broadening effect in the intermediate state (= XAS final state) is taken into 

account with a constant parameter Γ for Fe 2p core-hole level. The theoretical line spectra thus 

obtained were convoluted, using Lorentzian and Gaussian functions (with each width of 0.6 eV).

The diagonal elements and CT energies used in this study are defined. In the octahedral 

[FeO6]9− cluster, the CT energy from high-spin d5 (t2g
3eg

2) to d6L(t2g) is given as

𝐸[𝑑6𝐿] ‒ 𝐸[𝑑5] = Δ(𝐹𝑒3 + ) ‒ 4𝐷𝑞 ‒ 𝜀𝑃(𝑡2𝑔),  (𝑆5)

where εP(t2g) is the O 2p state hybridized with 3d(t2g) orbitals. This value is −1.25 eV from the 

transfer integral value (ppσ). The energy of d5 electron configuration is

𝐸[𝑑5] = 5𝜀𝑑 + 10𝑈 ‒ 30𝐽 + 𝐸0       (𝑆6)

and 

Δ(𝐹𝑒3 + ) = 𝜀𝑑 + 5𝑈 ‒ 8𝐽.       (𝑆7)

The relation between U and the averaged Coulomb interaction Ū is expressed as

U = Ū + 4F2 + 36F4 (S8)

where F2 and F4 are the Slater integrals. In Eq. (S6), E0 is the sum of the energies of Fe 2p electrons 

and those of ligand electrons. An one-electron energy εd is expressed as

𝜀𝑑 =
2𝜀𝑑(𝑒𝑔) + 3𝜀𝑑(𝑡2𝑔)

5
.         (𝑆9)
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The octahedral crystal field splitting is 10Dq = εd(eg) − εd(t2g). We also show the averaged CT 

energy ∆’ (= εd + 5Ū, for Fe3+) in Table S1 for comparisons with previous studies. 

In the tetragonal [FeO6]10− cluster, the CT energy from high-spin d6 (t2g
4eg

2) to d7L(t2g) is given 

as

𝐸[𝑑7𝐿] ‒ 𝐸[𝑑6] = Δ(𝐹𝑒2 + ) ‒ 4𝐷𝑞 ‒ 𝜀𝑃(𝑡2𝑔).     (𝑆10)

The energy of d4 electron configuration is

𝐸[𝑑6] = 6𝜀𝑑 + 15𝑈 ‒ 38𝐽 ‒ 8𝐷𝑞 + 𝐸0       (𝑆11)

and 

Δ(𝐹𝑒2 + ) = 𝜀𝑑 + 6𝑈 ‒ 11𝐽.              (𝑆12)

The averaged CT energy ∆’ (= εd + 6Ū, for Fe2+) is also shown in Table S1.
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Table S1. Electronic-structure parameters for the Fe3+, Fe2+, and Fe0 states used in the CIFM 
calculation (in eV). 
 

Fe3+ Fe2+ Fe0

∆ 4.6 3.2 －

∆’ 2.0 1.4 －

U 6.4 6.2 1.7

Ū 4.5 4.5 0.0

J 0.9 0.8 0.8

10Dq 1.5 0.4 0.0

(pdσ) -0.8 -0.6 －
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