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ABSTRACT: Electronic structures of iron in glasses are essential for
unraveling the effect of transition metals on amorphous networks and
controlling the electro-optical and transport properties of advanced glasses
and amorphous energy-storing materials. The electronic configurations
around iron in glasses, however, remain not well understood due to the
structural disorders arising from multiple iron species with distinct valence,
coordination, and spin states. Here, the first 1s3p resonant inelastic X-ray
scattering (RIXS) for oxide glasses identifies hidden electronic config-
urations for Fe2+ and Fe3+ in amorphous networks. The results allow us to
quantify the composition-induced evolution of oxygen ligand−field
interactions of high-spin Fe 3d states with varying valence and coordination
environments in complex glasses. The distinct electronic structures account
for the electronic origins of iron-induced changes in the glass properties.
The results offer prospects for a simultaneous probing of valence, coordination, and spin states of transition metals in diverse
multicomponent oxide glasses and functional amorphous solids via 1s3p RIXS.

Electronic structures of transition metals in crystalline and
amorphous oxides provide the microscopic origins of their

distinct chemical, electrical, transport, and magnetic properties.
Tuning the electronic configurations of 3d transition metals is
crucial for the development of catalysts, batteries, magnetic
materials, and light-emitting diodes.1−3 Particularly, amor-
phous oxides offer the unique platform to develop the
transparent semiconductors and energy-storing materials, as
they can store a vast amount of transition metals.4−7 Iron-
bearing silicate glass, as one of the transition-metal-bearing
amorphous solids, is a key industrial glass for nuclear waste
immobilization and slags.8−11 The detailed valence, coordina-
tion, and electronic spin states of iron in silicate melts and
glasses control the elastic-wave velocity and viscosity of
magmas in planetary surfaces and interiors.12−18 Despite the
significance, direct probing of the 3d electronic structures of
iron and other transition metals in amorphous solids remains a
challenge in physical chemistry.
Ferrous (Fe2+) and ferric (Fe3+) irons can coexist in silicate

glasses. Their distinct structural roles in the amorphous
network, including network-forming (Fe3+, similar to IVAl3+)
and network-modifying (Fe2+, similar to VIMg2+), have been
suggested (see Section S1 for further details).16,19,20 Other
structural environments for both ferric (e.g., VFe3+ or VIFe3+)
and ferrous (e.g., IVFe2+ or VFe2+) iron have also been reported
for iron-bearing glasses (refs 20−22 and references therein; see
Section S2 for earlier efforts). Among useful electronic probes
of iron, Mössbauer spectroscopy quantifies the Fe3+/ΣFe and
coordination number (CN) of iron in glasses via isomer shifts

(IS) and quadrupole splitting (QS) of 57Fe (e.g., refs 23−31).
Pioneering efforts with Fe K-edge X-ray absorption near-edge
structure (XANES) have probed the Fe 3d states in iron-
bearing silicates, establishing protocols for the evaluation of
Fe3+/ΣFe and CN in silicate glasses from Fe K pre-edge
features.20,22,32−37 Electronic spin configurations of iron (i.e.,
high- or low-spin) have been explored via Fe Kβ1,3 X-ray
emission spectroscopy (XES), based on the spectral intensity
of the satellite features (Kβ′).38−40 Despite the progress,
structural disorders (e.g., Fe−O bond distances distribution
and coexistence of diverse iron species with multiple valence,
coordination, and spin states) in glasses results in gradual
variations in spectroscopic parameters, such as IS and QS.
Together with the 1s core-hole lifetime broadening (∼1 eV for
Fe) in XANES,41,42 identification of the multiple electron
configurations, redox, spin state, and Fe coordination environ-
ments in iron-bearing glasses remains challenging.
1s3p resonant inelastic X-ray scattering (RIXS, a.k.a.

resonant X-ray emission spectroscopy, RXES; see Section S3
for details on terminology) involves a two-photon process:
excitation of 1s electrons into 3d states (or 4p states) and
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probing of the X-ray emission by the transition of 3p electrons
into 1s states.41,43 1s3p RIXS spectra simultaneously provides
the electronic information relevant to the K-edge XANES
(incident axis) and Kβ1,3 XES (emission axis), probing the 3d
states of iron and other TMs.43−56 This resolves the electronic
configurations often obscured or overlapped in conventional
one-dimensional X-ray spectroscopies. The spectral width for
RIXS are further reduced by suppressing core-hole lifetime
broadening.41,57 RIXS has provided high-resolution electronic
structures of TM in crystalline electrocatalysts and metal
complexes;41−44,46−48,50,51,54 however, its application to glasses

has not been fully demonstrated. High-resolution RIXS of
glasses could resolve overlapping electronic configurations
from multiple iron species with distinct valence, coordination,
and spin.
In the current study, we report the Fe 1s3p RIXS of Fe2+-

rich Mg−Fe [(MgO)X·(FeO)1−X·(SiO2) with X = 0.6, 0.8
(MF64 and MF82)] and Fe3+-rich Na−Fe silicate glasses
[(Na2O)Y·(Fe2O3)1−Y·2(SiO2) with Y = 0.5, 0.8 (NF55 and
NF82)] (see Section S4 and refs 16 and 19 for details on
sample synthesis). The Fe 1s3p RIXS measurements were
performed with the medium-energy-resolution inelastic X-ray

Figure 1. (A) Schematic 1s3p RIXS process for hematite (Fe2O3) with VIFe3+. (B) 3d state electronic configurations for crystalline VIFe2,3+. (C)
1s3p RIXS spectra for Fe2O3 at ∼7.1085−7.1140 keV. (D) 1s3p RIXS spectra and the Kβ1,3 XES spectrum for Fe2O3. 2D RIXS spectra with (E)
emission energy and (F) energy transfer axes. Dashed lines show the constant energy transfer lines of 54, 56, and 58 eV. 2D RIXS spectra for (G)
Fe2O3 and (H) FeO. (I) Vertical and (J) horizontal RIXS slices for Fe2O3 (see Section S5 for further details). (K) Vertical and (L) horizontal RIXS
slices for FeO.
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scattering spectrometer at the 30-ID beamline of the Advanced
Photon Source (Section S4).58,59 The spectra were collected
by scanning the Fe Kβ emission with varying incident X-ray
energies at the Fe 1s → 3d pre-edge in the iron-bearing glasses.
The Fe3+/ΣFe values for MF- and NF-glasses were estimated
to be ∼0.89 and ∼0.26, respectively (see refs 16 and 19 and
references therein). This allows us to explore the interplay
between iron valence state with electronic and spin
configurations and to uncover the details of 3d electronic
configurations of iron in disordered silicate networks, which
had remained challenging. We identify the effect of ligand−
fields of FeOX coordination polyhedra on the electron
configurations of iron in model crystalline iron oxides and
those for complex glasses, offering prospects for exploration of
electronic structures of TM-bearing amorphous solids.

■ PROBING OF 3D ORBITALS BY 1S3P RIXS:
EXAMPLES WITH MODEL CRYSTALLINE IRON
OXIDES

Electronic Transitions Involving 1s3p RIXS of Iron in
Metal-Bearing Oxides. As RIXS is an emerging X-ray
technique for transition metals in glasses, we briefly describe
the utility of 1s3p RIXS with model crystalline compounds
(see Sections S5 and S6 for theoretical backgrounds and earlier
RIXS efforts on crystalline oxides),41,42,52,59,60 which are
essential to account for spectral features for noncrystalline
analogues. The 1s3p RIXS of 3d TM involves the resonant
excitation of 1s electrons into the unoccupied 3d/4p states and
the collection of the Kβ1,3 X-ray emissions from the transition
of 3p electrons to 1s states [Figure 1(A)].42,52 The 1s3p RIXS
leaves 1s and 3p electron core-holes in the intermediate and
final states, respectively. Spectral widths of 1s3p RIXS features
are controlled by the core-hole lifetime broadening, where such
effects along the incident energy (Ω) or energy transfer axes
[(Ω−w), where w is emission energy] arise from core-holes in
the intermediate or final states.48 The lifetime of the 3p core-
hole is longer than that of the 1s core-hole, reducing the
spectral width along the energy transfer axis. This improves
spectral resolution, resolving rich electronic configurations of
TM,42,61 which may not be accessed by XANES. The 1s3p
RIXS directly probes metal 3d states [Figure 1(B)] and
therefore is sensitive to the valence, coordination, and spin
states of transition metals (see Section S7 for details on spin
states).

Fe 1s3p RIXS of Model Crystalline Compounds. Figure
1(C) shows the 1s3p RIXS spectra for hematite (Fe2O3) with
varying incident energies from ∼7.1085 to ∼7.1140 keV at the
Fe K pre-edge (hereafter, we omitted “pre-edge” for
simplicity). RIXS features for iron oxides arise from the L−S
coupling of the 3d states for high-spin VIFe2,3+ [Figure 1(B);
see Section S7 for effect of spin states on RIXS spectra].62,63

The Fe2+ (3d6) and Fe3+ (3d5) exhibit ground state electronic
configurations of 5D and 6S, respectively, based on the term
symbols in the Russell−Saunders coupling scheme (Section
S8). The RIXS process results in 4F or 4P configurations for
Fe2+ (3d7) and 5D for Fe3+ (3d6). For Fe3+, Oh symmetry-
induced crystal-fields further split 5D into 5T2g and 5Eg [Figure
1(B)].62 Experimental RIXS results resolve these configu-
rations of VIFe2,3+ in these oxides; the spectrum of Fe2O3
[Figures 1(C)−1(G)] reveals two major RIXS features at the
(Ω, Ω − w) of (∼7.1130 keV, ∼57 eV; peak A) and (∼7.1115
keV, ∼55.5 eV; peak B), which correspond to the electronic
transitions of 1s electrons into the 5Eg and 5T2g states.

64 The

observed features correspond to the crystal-field splitting
energy of ∼1.4 eV.42 Current spectral features are consistent
with the earlier pioneering RIXS spectra for Fe2O3, which have
demonstrated the effect of valence states, coordination
environments, and spin states on the splitting of RIXS patterns
for crystalline oxides.42,43,47,57,61,64

The RIXS features shift with increasing incident energy
[Figures 1(C) and 1(E)]; such features have constant energy
transfers, which are characteristic to electronic excitations into
the 3d states.57 This makes the energy transfer (i.e., Ω−w) axis
suitable for the analysis of pre-edge 1s3p RIXS spectra [Figure
1(F)]. Note that the RIXS features from the excitation into the
4p states (i.e., main-edge) exhibits constant emission energies,
similar to nonresonant XES.42,57 Figure 1(D) shows the 1s3p
RIXS and Kβ1,3 XES spectra of Fe2O3; whereas the Kβ1,3 XES
exhibits a single broad peak, the 1s3p RIXS spectrum reveals
multiple fine features. The enhanced spectral resolution stems
from the difference in the number of 3d electrons in the final
states of RIXS and XES (i.e., 3p53d6 and 3p53d5,
respectively),61 as the former provides the access to multiple
electronic configurations.
Fe 1s3p RIXS spectrum for FeO-wüstite [Fe-endmember of

(Mg,Fe)O] highlights the electronic configurations of VIFe2+

[Figure 1(H)]. The Oh symmetry-induced crystal-field splits 4F
into 4T1g, 4T2g, and 4A2g and 4P into 4T1g [Figure 1(B)].

62 The
spectrum of FeO reveals two major RIXS features at the (Ω, Ω
− w) of (∼7.110 keV, ∼54 eV; peak C), (∼7.112 keV, ∼56 eV;
peak D), with a minor feature at (∼7.111 keV, ∼56 eV; peak
E), which correspond to the 4T1g (4F), 4T1g (4P), and 4T2g (4F)
states of VIFe2+, respectively. The 4A2g state, which involves the
excitations of two electrons, is forbidden in the RIXS.62,65 Note
that our 1s3p RIXS spectrum for FeO is overall consistent with
that for Mg0.95Fe0.05O from earlier studies.42,48

Horizontal and vertical projections of 2D RIXS spectra allow
for a detailed examination of excitations at the specific energy
transfer and incident energy, respectively (see Sections S4 and
S5 with Figures S1 and S2 for additional details). Figures 1(I)
and 1(J) show the RIXS slices for Fe2O3 with varying incident
energies and energy transfers, respectively; peak B and peak A
are selectively excited at the Ω of ∼7.1115 keV and ∼7.1130
keV and (Ω − w) of ∼55.0 eV and ∼56.5 eV, respectively.
Figure 1(K) shows the RIXS slices for FeO at the energy
transfer axis; peaks C and E are observed at ∼7.110 keV, and
an intensity of peak E further increases at ∼7.111 keV. At
∼7.112 keV, peak D [i.e., 4T1g (4P)] appears at the energy
transfer of ∼56 eV. Note that peak E [i.e., 4T2g (4F)] is often
difficult to resolve in the XANES because of its overlap with
4T1g features.

20,32,36,66 In contrast, the 1s3p RIXS resolves
those features for VIFe2+ by introducing an additional energy
transfer dimension. The RIXS slices along the incident energy
axis [Figure 1(L)] also resolve those features as the peak
intensities evolve with varying intensities (Ω − w). The Ω
values of the main RIXS features for VIFe2+ and VIFe3+ are
∼7.112 and ∼7.113 keV, respectively. The difference results
from an increase in the metal valence states, consistent with
those of ∼1.4 eV in the pre-edge centroid positions for Fe2,3+

from earlier XANES studies.20,32,36 The results with the model
compounds confirm that 1s3p RIXS is an effective probe of the
3d electronic configurations.
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■ ELECTRONIC CONFIGURATIONS OF FERRIC IRON
IN NA−FE SILICATE GLASS VIA 1S3P RIXS

The RIXS results from the crystalline oxides with well-defined
structures (e.g., valence states, coordination environments, and
spin configurations) provide a reference to explore the
electronic configurations of iron-bearing silicate glasses with
multiple iron species. Fe 1s3p RIXS reveals the electronic
configurations of Fe3+ in Na−Fe silicate glasses, NF55 and
NF82, with Fe3+/ΣFe of ∼0.89 ± 0.04 (ref 19) (Figure 2). The
RIXS planes of the NF-glass reveal the major feature at
(∼7.1125 keV, ∼56 eV; peak A) with a minor feature at
(∼7.1125 keV, ∼55 eV; peak B) [Figures 2(B) and 2(C)];
spectral patterns are clearly different from the Fe2O3 crystal
(Figure 1), indicating the distinct structural environments of
Fe3+ in the silicate glasses. Vertical slices of the RIXS spectra
[Figures 2(D) and 2(E)] reveal prominent features at ∼55 eV
(peak B) and ∼56 eV (peak A), with a minor feature at ∼58.5
eV. The spectral intensities of these features increase at
∼7.1125 keV. The horizontal slices of the RIXS spectra
[Figures 2(F) and 2(G)] show an intense feature at ∼7.1125
keV, with a shoulder at ∼7.1115 keV. The 1s3p RIXS slices of
the NF82 glass show an increase in the spectral intensity at
∼7.1115 keV [red arrow with an asterisk in Figure 2(G)], as
observed in the 2D RIXS plot [Figure 2(C)].
The multiplet features in the RIXS spectra of the NF glass

originate from the Fe−O ligand−field-induced splitting of the
5D state for Fe3+. Particularly, the Td-symmetry splits the 5D
state into 5T2 and 5E [Figure 2(A)], which accounts for the
peaks A and B in the RIXS spectra, respectively. The spectral
results indicate the IVFe3+ dominance in the NF-silicate

glasses,62,65 as electronic configurations for other coordination
environments [e.g., VIFe3+ in Figure 1(B) or VFe3+ in Figure
2(A)] may not explain the main RIXS features. The spectral
features are rather similar to the RIXS spectra of IVFe3+ in
crystalline oxides (Section S6).47,57 The A (5T2) peak further
gains intensity by the dipole-allowed electronic transitions into
mixed 3d−4p states,62 accounting for the enhanced spectral
intensity of peak A relative to peak B [red marks in Figure
2(A)]. The minor feature at ∼58.5 eV [black arrows in Figures
2(B)−2(E)] corresponds to a final-state 3p−3d electron
configuration (i.e., 3p53d6) at the lower energy level, which
could arise from electron−electron charge multiplet inter-
actions of the 3p−3d states, as shown by earlier RIXS
simulations for IVFe3+.61 Theoretical studies on the shift in
spectral features in glasses due to the changes in local
coordination environments remain.
Multiple iron species with distinct valence states and CN

coexist in the iron-bearing silicate glasses. The RIXS spectra for
NF-glasses also reveal additional minor features below the Ω
value of ∼7.111 keV [Figures 2(B)−2(E)]. Based on the lower
Ω values for Fe2+ ions in crystalline oxides [Figures 1(J) and
1(L)], these could stem from the minor fractions of Fe2+ in the
NF glass, while weak intensity makes it difficult to identify the
CN of Fe2+. Finally, the 2D RIXS plot for NF82 reveals
spectral intensities at (∼7.1118 keV, ∼55 eV) [arrows with
asterisks in Figures 2(C) and 2(G)]. They could stem from the
formation of VFe3+ or the distortion of IVFe3+ in the NF glasses.
First, the trigonal bipyramid geometry (D3h) of VFe3+ splits the
3d levels into 5A1′ (dz2), 5E′ (dxy and dx2−y2), and 5E″ (dxz and
dyz). With D3h symmetry, transition to 5A1′ and 5E″ is only

Figure 2. (A) Schematic illustration of the 3d-orbital energy distributions for IVFe3+ and VFe3+. 1s3p RIXS 2D plot for (B) NF55 and (C) NF82
glasses. (D) Vertical and (E) horizontal slices of the 1s3p RIXS spectra for iron-bearing sodium silicate glass, NF55. (F) Vertical and (G) horizontal
slices of the 1s3p RIXS spectra for iron-bearing sodium silicate glass, NF82.
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available by the quadrupole transitions, while 5E′ enables the
mixing of 4p states, allowing both quadrupole- and dipole-
allowed transitions.67,68 The RIXS features for VFe3+ are
dominated by the peak from 5E′ states, whereas other signals
from 5E″ and 5A1′ states involving only quadrupole transitions
are suppressed in the RIXS spectra. Second, this feature could
be due to an increase in the structural distortions in IVFe3+,
which breaks the local symmetries and promotes the mixing of
the p states.22 Meanwhile, the horizontal slice of RIXS spectra
[a red asterisk in Figure 2(G)] indicates that the spectral
feature at ∼7.1115 keV is distinct from 5E states of IVFe3+ at
∼7.1125 keV. The distortion of IVFe3+ may also increase the
spectral widths of the 5T2 and 5E states, because a gradual
variation in the local atomic configurations alters the ligand−
field of the FeOX polyhedra to further shift and/or broaden the
spectral features. The current RIXS results without showing
clear spectral broadening indicate the formation of VFe3+ in the
NF glass, rather than the distortion of the IVFe3+.

■ ELECTRONIC CONFIGURATIONS OF FERROUS
IRON IN THE MG−FE SILICATE GLASS VIA 1S3P
RIXS

Figure 3 shows the Fe 1s3p RIXS results for Mg−Fe silicate
glasses, MF64 and MF82, with the dominant iron redox states
of Fe2+ (i.e., Fe3+/ΣFe ≈ 0.26 for MF82 glass; see ref 16 for
further details). Figure 3(A) shows 3d electronic config-
urations for Fe2+ in tetrahedral and trigonal bipyramid
symmetry. The 2D RIXS spectra of MF-glass are rather
complex, overall consisting of three major features at (∼7.1103

keV, ∼53.5 eV; peak A), (∼7.1103 keV, ∼55.5 eV; peak B),
and (∼7.1120 keV, ∼55.5 eV; peak C) [Figures 3(B) and
3(C)]. Other minor features are observed at the energy
transfer of ∼57−60 eV, which can be attributed to multiplet
structures from electron−electron correlations for IVFe2+.61

The vertical slices of the RIXS spectra [Figures 3(D) and
3(E)] show features at ∼53.5 eV (peak A) and ∼55.5 eV
(peaks B and C), similar to VIFe2+ in the crystalline FeO
[Figure 1(K)]. However, peak A for MF-glass is much more
intense than that for crystalline FeO. The peak A is prominent
at the Ω of ∼7.110 keV, while the peaks B and C can be
observed at the Ω of ∼7.110−7.112 keV. While peaks A and B
cannot be resolved in the incident energy dimension [Figures
3(F) and 3(G)], 2D RIXS spectra fully resolve the features A
and B from two distinct final states. We note that these features
cannot be fully resolved in the XANES of Fe2+-bearing silicate
glasses.23,25,39,69 At the (Ω − w) of ∼55.5 eV, the horizontal
slices reveal the features at ∼7.112 keV with high-energy tails
up to ∼7.113 keV [blue arrows in Figures 3(F) and 3(G), red
arrows in Figures 3(B) and 3(C)]. The spectral intensity above
∼7.112 keV increases for the MF64 glass relative to the MF82
glass.
Considering the dominance of VIFe2+ in MF silicate

glass,23,24,30 the peaks A, B, and C can be attributed to the
4T1g(4F), 4T2g(4F), and 4T1g(4P) states [Figure 1(B)]. The
positions and intensities of the features for glasses are distinct
from those of crystalline VIFe2+; horizontal slices show the peak
B at the (Ω − w) of ∼55.5 eV, while the feature was absent in
the FeO crystal. In addition, the peak A for the MF glass is
much more intense than that in the FeO crystal. This

Figure 3. (A) Schematic illustration of the 3d orbital energy distributions for IVFe2+ and VFe2+. 1s3p RIXS 2D plot for (B) MF64 and (C) MF82
glasses. (D) Vertical and (E) horizontal slices of the 1s3p RIXS spectra for iron-bearing magnesium silicate glass, MF64. (F) Vertical and (G)
horizontal slices of the 1s3p RIXS spectra for iron-bearing magnesium silicate glass, MF82.
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difference originates partly from the structural distortion
around Fe in the MF glass, breaking the octahedral symmetry.
The distortion alters the ligand−fields, shifting the energy
levels of the 3d states. The distortion of Oh sites further allows
the mixing of the 3d−4p states, which induces additional
dipole transitions to enhance the spectral intensity.42 The
distortion-induced increase in the spectral intensity of pre-edge
has been demonstrated for crystalline oxides.20,63 While the
effect of distortion on spectral intensities of amorphous oxides
has not yet been fully established, the rise of the peak A
intensity may stem from the mixing of 4T1g states with the p
states. Future theoretical calculations on disordered systems
with varying iron atomic configurations (e.g., Fe−O lengths
and/or bond angles) are necessary to quantify the distortion-
induced changes in the electronic configurations.
Alternatively, the increase in the intensity of peak A, with the

emergence of peak B, could arise from the presence of other
iron coordination environments, IVFe2+ and VFe2+ [Figure
3(A)]. For IVFe2+, three electronic states can be mixed with the
p states,62,63,65 which may give rise to three intense features in
the RIXS spectra. However, no strong evidence of such
features was observed in the current results. Meanwhile, for
VFe2+ within D3h symmetry,

67,68 the RIXS feature is expected to
consist of a 5E′ state with two weak features from the 5E″ and
5A1′ states. As the 5E′ state of VFe2+ and the 4T1g state of VIFe2+

can both exhibit spectral features at Ω of ∼7.110 keV,62,68
VFe2+ could account for the intense peak A in the MF-silicate
glasses. Note that the intensity of the pre-edge features from
VFe2+ is often larger than VIFe2+ due to their effective mixing
with p states.22,32 Finally, considering the lower Ω range of
∼7.110 keV, the intense peak is not due to Fe3+.
Furthermore, the RIXS spectra reveal high-energy tails above

∼7.112 keV at the (Ω − w) of ∼55.5 eV [blue arrows in
Figures 3(F) and 3(G)]. Considering that RIXS spectra for
Fe3+ exhibit spectral intensity in the ∼7.112−7.114 keV range,
the features could arise from Fe3+ in MF-silicate glasses. Our
RIXS spectra for MF64 glass show an increase in the intensity
around ∼7.112 keV, relative to MF82 glass, indicating an
increase in the Fe3+ fraction, consistent with an earlier report
where an increase in the total iron contents increases the Fe3+/
ΣFe.21 Whereas improvements in the energy resolutions and
X-ray photon fluxes for RIXS will further better identify minor
spectral features and their electronic origins, our current two-
dimensional experimental results resolve previously hidden
electron configurations of iron-bearing silicate glasses.

■ 1S3P RIXS AS AN ELECTRONIC STRUCTURAL
PROBE OF AMORPHOUS SOLIDS AND GLASSES

As described in previous sections, RIXS reduces the spectral
width along the energy transfer axis, providing enhanced
spectral resolution for 3d configurations of transition metals.
Figure 4 shows the projected 1s3p RIXS spectra for the model
iron oxides and silicate glasses along the energy transfer axis.
The projected spectra resolved multiple spectral features for
distinct Fe2+ and Fe3+ configurations. The projected spectra
also resolve the ligand−field-induced splitting of 3d states (e.g.,
5E and 5T2 for NF glasses) and enable estimation of the Fe CN
in glasses, which may not be effectively accessed by other
conventional probes. Figure 4(B) shows that RIXS features
evolve with varying incident X-ray energies. These features
resonate at specific incident energies, providing additional
spectral resolution by tuning the energy windows. The

projection of RIXS features along the energy transfer axis,
together with RIXS slices at selected incident X-ray energies
[Figure 4(B)], can be a new and effective probe of the valence,
coordination, and spin configurations of amorphous materials.
In this study, the first Fe 1s3p RIXS spectra for silicate

glasses reveal the 3d electronic configurations for Fe2+ and Fe3+
in complex iron-bearing silicate glasses. Despite their structural
disorders, RIXS resolves multiple spectral features that
originate from the complex electronic bonding environments,
thereby revealing the effect of redox states and CN on the
electronic structures of iron in glasses. The distinct CN of iron,
particularly, IVFe3+ and VIFe2+ are dominant species in the Na−
Fe3+ and Mg−Fe2+ glasses, respectively, generally consistent
with their network-forming and network-modifying roles. The
RIXS spectra also identify the spectral patterns from minor
iron species due to the VFe3+ in Na−Fe3+ and VFe2+ in Mg−
Fe2+ glasses. The distinct electronic structures of those iron
species, arising from the interplay of iron redox states, oxygen
ligand−fields, and electronic spin configurations, affect the
bond strengths of FeOX polyhedra, which account for the
electronic origin of the degree of melt polymerization and
viscosity of the silicate melts.12,13 Furthermore, because
charge-carrier mobility of transition metal oxides arises from
partially f illed 3d states, complex ligand effects on the 3d
electronic configurations of amorphous networks have direct
impact on the electrical conductivity of iron-bearing silicate
glasses.69 Our spectroscopic results will aid in establishing the
structural origins of the physical and chemical properties of
basaltic (Mg−Fe2+ rich) and more oxidized rhyolitic silicate
glasses and melts at varying pressure, temperature, melt
composition, and/or oxygen fugacity in planetary surfaces
and interiors.
Finally, while the RIXS has been used for crystalline TM-

o x i d e s , e l e c t r o c a t a l y s t s , a n d m e t a l c o m -
plexes,44,46,47,51,55,56,58,70,71 its application to amorphous oxides
remained. The current study demonstrates that RIXS, which
can integrate electronic information from both X-ray
absorption and X-ray emission spectroscopies, is a suitable

Figure 4. (A) Projection of 1s3p RIXS spectra for model iron oxides
and silicate glasses along the energy transfer axis. (B) Projection of
1s3p RIXS spectra (black) with RIXS slices at chosen incident
energies (red, blue, and green), as labeled.
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experimental probe for iron redox, coordination environments,
and electronic spin states of iron-bearing amorphous materials.
RIXS can fully isolate pre-edge features from the intense
background and reduce the core-hole lifetime broadening
effects, providing a robust way to estimate the atomic
structures of iron-bearing silicate glasses. These first high-
resolution electronic structures of iron-bearing glasses offer
inspiration to explore the atomic structures and electronic
properties of disordered TM-bearing amorphous solids.
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