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Fig. S1. (a) Mn L2,3-edge TEY XAS and (b) XES for LiMn2O4 powder. For (b), the spectra for I-IV are Mn
L3-edge RXES and those for V-VII are Mn L2-edge RXES. The spectrum for VIII is off-resonant XES.
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Fig. S2. (a) Comparison between the Mn L3-edge RXES spectra and off-resonant XES spectrum in Fig. S1. (b)
Difference spectra of III – VIII and IV – VIII. Note that the powder sample includes both the Mn3+ and Mn4+ states.

Parameter dependences for the CIFM calculation

We investigated the tendencies of “peak positions (particularly for the dd excitations)” and “peak heights”
with varying several parameters (Figs. S3 and S4). The black spectra for Fig. S3 and the red spectra for Fig.
S4 are determined as the best calculated results. We set the error bar for 10Dq to be ±0.15 eV, half of each
step of the investigated values in Figs. S3 and S4 to assess the “best” parameter. For  and (pd), the peak
positions of CT excitation are considered in addition to the dd excitation peaks. The error bars for  and (pd)
are ±0.5 eV and ±0.1 eV, respectively using the same criteria as 10Dq.
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Fig. S3. Calculated XES spectra for Mn3+ state compared with the experimental difference spectra shown in Fig.
4 in text. (a) and (b), (c) and (d), and (e) and (f) show the 10Dq,and (pd) dependences, respectively. We
determined the black spectra as the best calculated results.
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Fig. S4. Calculated XES spectra for Mn4+ state compared with the experimental charged spectra shown in Fig. 4
in text. (a) and (b), (c) and (d), and (e) and (f) show the 10Dq,and (pd) dependences, respectively. We
determined the red spectra as the best calculated results.
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Fig. S5.

The fitted XAS spectrum for the initial state using the calculated spectra (Fig. 6 in the main text) with a

ratio of Mn3+ (calc.) : Mn4+ (calc.) = 45 : 55.

CIFM calculation for Mn3+ and Mn4+ states

For the CIFM calculation of the Mn L2,3-edge XAS and Mn 2p-3d-2p RXES in LixMn2O4, we
employed the octahedral [MnO6]y− (y = 9, 8) cluster with the Hamiltonian as,

†
ℋ = ∑ 𝜀𝑃 (𝑗𝛾)𝑛𝑃,𝑗𝛾𝜎 + ∑ 𝑉𝑝𝑑 (𝑗𝛾)(𝑑𝛾𝜎
𝑃𝑗𝛾𝜎 + ℎ. 𝑐. ) + ∑ [𝜀𝑑 (𝛾) − 𝑄 ∑ (1 − 𝑛𝑝,𝑚𝜎′ )] 𝑛𝑑,𝛾𝜎
𝑗,𝛾,𝜎

𝑗,𝛾,𝜎

𝛾,𝜎

+ ∑ 𝜀𝑝,𝑚𝜎 𝑛𝑝,𝑚𝜎 + 𝑈 ∑ 𝑛𝑑,𝛾↑ 𝑛𝑑,𝛾↓ +
𝑚,𝜎

𝑚,𝜎 ′

∑ (𝑈 ′ − 𝐽𝛿𝜎,𝜎′ )𝑛𝑑,𝛾𝜎 𝑛𝑑,𝛾′ 𝜎′ + ℋ𝑚𝑢𝑙𝑡𝑖
𝛾>𝛾′ ,𝜎,𝜎 ′

𝛾

†
†
where 𝑑𝛾𝜎
and 𝑃𝑗𝛾𝜎
represent the Mn 3d and O 2p electron creation operator, in which spin  is ↑ or

↓. While the symmetry  is eg or t2g irreducible representation in Mn4+ configuration, that represents
a1g, b1g, b2g, and eg irreducible representation in Mn3+ configuration. The number operators for Mn 3d,
Mn 2p, and O 2p are nd, and np,m, and nP,j, respectively, where m represents the magnetic quantum
number. The first and second terms are the O 2p states and Mn 3d-O 2p hybridization, respectively.
The third term describes the Mn 3d states with d() being the one-electron energy level and Q being
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the averaged Coulomb attraction caused by Mn 2p core hole. The fourth term is the Mn 2p states.
The fifth and sixth terms represent the Coulomb and exchange interactions between Mn 3d electrons.
The last term includes the multipole part of the Mn 3d- Mn 3d and Mn 3d- Mn 2p Coulomb
interactions that are not described in the fifth and six terms and the spin-orbit interactions for the Mn
3d and Mn 2p orbitals. We evaluated the Slater integrals using Cowan’s codeS1 and reduced them to
85% not considered in the present study.
The XES spectrum was calculated by the following expressionS2:
2

〈𝑓|𝑇𝜈 |𝑚〉〈𝑚|𝑇𝜇 |𝑔〉
𝐼XES (𝜔in , 𝜔out ) = ∑ |∑
| 𝛿(𝜔out + 𝐸𝑓 − 𝜔in − 𝐸𝑔 )
𝐸𝑔 + 𝜔in − 𝐸𝑚 − 𝑖Γ
𝑓

𝑚

Where ωin and ωout are the incident and emitted photon energy. |g>, |m>, and |f> represent the ground
(initial), intermediate, and final state, respectively, and the corresponding energies are Eg, Em, Ef. T
denotes the electric dipole operator. The core-hole lifetime broadening effect in the intermediate state
is taken into account with a constant parameter Γ for Mn 2p core-hole level. Since the XAS finale
state corresponds with the XES intermediate one, the XAS spectrum was calculated using the
Fermi’s golden rule expressed as,
2

𝐼𝑋𝐴𝑆 (𝜔𝑖𝑛 ) = ∑|⟨𝑚|𝑇𝜇 |𝑔⟩| 𝛿(𝜔𝑖𝑛 − 𝐸𝑚 + 𝐸𝑔 ).
𝑚

In the numerical calculation, the wave function was obtained by the Lanczos method.S3 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
[MnO6]8− cluster, the CT energy from high-spin d3 (t2g3) to d4L(eg) is given as
𝐸[𝑑 4 𝐿] − 𝐸[𝑑3 ] = Δ(Mn4+ ) + 6𝐷𝑞 − 𝜀𝑃 (𝑒𝑔 ),

(S1)

where P(eg) is the O 2p state hybridized with 3d(eg) orbitals. This value is 1.25 eV from the transfer
integral value (ppσ). The energy of d3 electron configuration is
𝐸[𝑑3 ] = 3𝜀𝑑 + 3𝑈 − 9𝐽 − 12𝐷𝑞 + 𝐸0
and
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(S2)

Δ(Mn4+ ) = 𝜀𝑑 + 3𝑈 − 9𝐽.

(S3)

The relation between U and the averaged Coulomb interaction Ū is expressed as
U = Ū + 4F2 + 36F4

(S4)

where F2 and F4 are the Slater integrals. In Eq. (S2), E0 is the sum of the energies of Mn 2p electrons
and those of ligand electrons. An one-electron energy εd is expressed as
𝜀𝑑 =

2𝜀𝑑 (𝑒𝑔 )+3𝜀𝑑 (𝑡2𝑔 )
.
5

(S5)

The octahedral crystal field splitting is 10Dq = εd(eg) − εd(t2g). We also show the averaged CT energy
∆’ (= εd + 3Ū, for Mn4+) in Table 1 of the main text for comparisons with previous studies.
In the tetragonal [MnO6]9 cluster, the CT energy from high-spin d4 (a1gb2geg2) to d5L(b1g) is given
as
2

𝐸[𝑑 5 𝐿] − 𝐸[𝑑 4 ] = Δ(Mn3+ ) + 6𝐷𝑞 − 7𝐵20 − 𝜀𝑃 (𝑏1𝑔 ),

(S6)

where P(b1g) is the O 2p state hybridized with 3d(b1g) orbitals. This value is 1.25 eV from the
transfer integral value (ppσ)xy. The energy of d4 electron configuration is
2

𝐸[𝑑 4 ] = 4𝜀𝑑 + 6𝑈 − 18𝐽 − 6𝐷𝑞 + 7𝐵02 + 𝐸0

(S7)

and
Δ(Mn3+ ) = 𝜀𝑑 + 4𝑈 − 12𝐽.

(S8)

An one-electron energy εd is expressed as
𝜀𝑑 =

𝜀𝑑 (𝑎1𝑔 )+𝜀𝑑 (𝑏1𝑔 )+𝜀𝑑 (𝑏2𝑔 )+2𝜀𝑑 (𝑒𝑔 )
.
5

(S9)

The tetragonal crystal field splitting is 𝐵02 = 74(εd(a1g) − εd(b1g)). The averaged CT energy ∆’ (= εd +
4Ū, for Mn3+) is also shown in Table 1 of the main text. For the Mn3+ configuration, the transfer
integrals for Mn-O and O-O, (pdσ) and (ppσ), includes the anisotropic hybridization. In reference to
Ref. S4, the ratios of Mn-O and O-O interatomic distances along x-direction to those along
z-direction are 0.936 and 0.966, respectively. Thus, we define (pdσ)z / (pdσ)xy = 0.9363.5 and (ppσ)z /
(ppσ)xy = 0.9662.0. (pdσ)xy and (ppσ)xy represent the transfer integral in the xy-plane, which
correspond with (pdσ) and (ppσ) in Table 1 in the text.
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