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X-ray diffraction 

All samples used in this study were characterized by X-ray diffraction (PANalytical) to determine 

phase purity (Fig. S1). Lattice parameters were determined by profile fitting (FullProf) (Table S1), 

in good agreement with those reported previously.1-5 LaFeO3, LaMnO3+δ, and LaCoO3 were all 

phase pure within the experimental resolution of the diffractometer. The LaCrO3 sample showed 

a small impurity of La2O3 (~8%) and the LaNiO3−δ contained a trace amount of NiO (~2%), 

denoted by (*) in Fig. S1. It should be noted that, the contribution of the impurities to the X-ray 

spectroscopic data in these systems is believed to be negligible due to the low impurity 

concentration, which is supported by the strong agreement of our XAS spectra (both O K-edge and 

TM L-edge) with those of phase-pure oxides reported previously.6-8  

 

Figure S1. X-ray diffraction patterns using a Cu Kα source for prepared LaMO3 oxides (M = Cr, 

Mn, Fe, Co, Ni). (*) indicates a small La2O3 impurity (~8%) in the LaCrO3 and NiO impurity 

(~2%) in the LaNiO2.98. All other samples show phase purity within the experimental resolution 

of the diffractometer. 
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Compound Symmetry a (Å) b (Å) c (Å) α β γ 

LaCrO3 Pnma 5.575 7.760 5.483 90º 90º 90º 

LaMnO3.08 3R c  5.528 5.528 13.340 90º 90º 120º 

LaFeO3 Pnma 5.566 7.853 5.554 90º 90º 90º 

LaCoO3 3R c  5.443 5.443 13.092 90º 90º 120º 

LaNiO2.98 3R c   5.456 5.456 13.165 90º 90º 120º 

 

Table S1. LaMO3 (M = Cr, Mn, Fe, Co, Ni) lattice parameters obtained by profile fitting of the X-

ray diffraction patterns.  

 

 

O K-edge and TM L-edge XAS spectra 

All spectra were normalized to the absorption background both before the absorption edge and 40 

eV above the absorption edge (Fig. S2). The O K-edge spectra are in good agreement with those 

published previously.9, 10 The TM L2,3 spectra confirm the formal 3+ TM oxidation state for all of 

the samples.7, 11-13 LaNiO2.98 shows a prominent difference for the TEY and TFY spectra. The 

LaNiO2.98 spectral features in TEY are identical to those observed previously in phase-pure 

samples,8 and the difference between TEY and TFY spectra can be attributed to overlap with the 

La M4-edge, where the contribution from the La absorption is significantly reduced in TFY due to 

the weak fluorescence at the M-edge. The poor Cr L-edge TFY data of LaCrO3 is attributed to 

strong self-absorption due to its proximity to the O K-edge.  
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Figure S2. (A) X-ray absorption spectra of O K for the LaMO3 oxides collected in total electron 

yield (TEY, black) and total fluorescence yield (TFY, gray). (B) X-ray absorption spectra of TM 

L2,3 for the LaMO3 oxides collected in total electron yield (TEY, black) and total fluorescence yield 

(TFY, gray). The TM L2,3 of all oxides confirm the formal 3+ oxidation state. Substantial self-

absorption effects in the TFY are apparent in LaCrO3 and LaMnO3.08 due to the proximity of the 

Cr and Mn L-edges to the O K-edge. The Ni L2,3 spectrum overlaps with the La M4-edge;8 the 

contribution from the La absorption is significantly reduced in TFY due to the weak fluorescence 

at the M-edge. All spectra are normalized to the backgrounds both before the absorption edge and 

40 eV above the absorption edge. 
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Smoothing and differentiation of XES spectra 

For each XES spectrum, the data was first smoothed using a fast Fourier transform (FFT) filter. 

By assessing the frequency dependence of the spectral intensities, it was apparent that 

experimental noise primarily contributes at frequencies beyond 0.4 eV-1. This was therefore 

selected as the filter cut-off frequency. A representative spectral smoothing (LaNiO2.98) is depicted 

in Fig. S3, illustrating preservation of the spectral features while substantially improving the 

signal-to-noise for analysis. 

 

 

Figure S3. Representative spectral smoothing shown for LaNiO2.98 O Kα. The smoothed data (blue 

line) shows good fidelity with the raw data (black line). A cut-off frequency of 0.4 eV-1 was used 

based on the amplitude dependence in the frequency domain (inset; blue line illustrates selected 

frequencies). 
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Figure S4. (A) Representative smoothed differentiation shown for LaNiO2.98 O Kα. (B) 

Representative smoothed differentiation shown for LaNiO2.98 TM Lα. Positions for spectral 

features observable in the raw data were quantified using minima in the second derivative (dashed 

lines) and estimates for the standard error were obtained using the adjacent local maxima and 

minima in the first derivative (shaded region). In cases where the standard error bounds were 

poorly defined for a given feature (i.e. the first derivative had a local maximum that was negative 

or minimum that was positive, such as for peak C in the O Kα spectrum – starred), the average 

standard error obtained from the other features in the spectrum was used. 

 

In the limit that the electronic bandwidths and Lorentzian broadening associated with the intrinsic 

core-hole lifetime are relatively small compared to the instrumental broadening, bands in the 

spectra approach a Gaussian limit. Motivated by the properties of Gaussian distributions, we used 

minima in the second derivative to quantify the positions of features visible in the raw spectra, and 

took the nearest local maximum and minimum in the first derivative to estimate the standard error 

(requiring that the maximum be positive and the minimum be negative). Smooth differentiation 
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was accomplished by the additional application of a Savitsky-Golay smoothing algorithm, 

generating a reliable differential curve with good signal-to-noise. This form of processing by 

smoothing and differentiation is commonly employed in analyzing FTIR spectra.14 Representative 

figures of the raw and smoothed XES data, first derivative, and second derivative (LaNiO2.98) are 

illustrated in Fig. S4, where the dashed lines indicate the spectral feature positions and the shaded 

regions indicate the standard error. It is clear that this method is particularly useful for assigning 

energies to evident but convoluted features, such as feature C in the O Kα spectrum. In general, it 

was found that the standard error for different, well-defined features within the same spectrum did 

not deviate substantially. Consequently, in cases where the standard error bounds were poorly 

defined for a given feature (i.e. the first derivative had a local maximum that was negative or 

minimum that was positive, such as for peak C in the O Kα spectrum), the average standard error 

obtained from the other features in the spectrum was used.  

 

  



8 

 

Alignment of XES spectra using XPS core-hole binding energies 

Our method of aligning the XES spectra with XPS valence band measurements to obtain the partial 

DOS involves aligning the O Kα and TM Lα spectra using the hybridization features, taking the 

superposition, and then aligning the lowest energy peak of the superposition with the lowest energy 

XPS valence band feature. Thus, we first establish the physical interpretation of the spectra in 

order to obtain the offsets between the XES and XPS valence band. In doing so, features between 

spectra that have a common physical origin are fixed to have identical energy, providing an 

intrinsically robust method of obtaining the partial DOS on the binding energy scale. In contrast, 

the conventional approach uses core-level binding energies to first estimate the offset between the 

XES and XPS valence band in order to provide physical interpretation of the spectra. Therefore, 

this form of alignment relies on an assumed relation between the XES and XPS valence band 

energy scales. 

The offsets needed to redefine the oxygen and transition metal XES energy scales to the binding 

energy scale (Ebinding = Eoffset – EXES) using our approach can be compared to the conventional 

method of taking the corresponding XPS core-level binding energies (the O 1s and TM 2p3/2) as 

the offset (Table S2). The values of the XPS core-level binding energies of the perovskites in this 

study are consistent with values that have been reported previously in literature15-20 and are 

systematically larger than the offsets obtained from our method by as much as 2 eV. 
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Compound O 1s BE (eV) Actual O Kα 

Offset (eV) 

TM 2p3/2 BE 

(eV) 

Actual TM Lα 

Offset  (eV) 

LaCrO3 528.4 527.4 575.5 573.7 

LaMnO3.08 529.2 528.7 641.8 640.9 

LaFeO3 529.1 528.4 709.9 709.1 

LaCoO3 528.6 527.6 779.7 777.7 

LaNiO2.98 528.2 527.0 * 854.0 

 

Table S2. Comparison of XPS core-level binding energies with offsets obtained from aligning the 

superposed XES spectra with XPS valence band data. *The position of the Ni 2p3/2 could not be 

determined due to overlap with the La 3d3/2. 

 

Fig. S5 illustrates the XES spectra offset using the core-level binding energies (the Ni Lα was 

offset by the same amount determined using the hybridization features because the Ni 2p3/2 

overlaps strongly with the La 3d3/2). Using this method, the hybridization features in the O Kα and 

TM Lα are not consistently aligned, and the relative positions of features in the superposed spectra 

(dashed gray) does not generally agree with the positions of the XPS valence band features. This 

can be contrasted with our method, shown in Fig. 3 of the main text and reproduced below. 
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Figure S5. Alignment of XES spectra with XPS spectra for the LaMO3 oxides. The O Kα spectra 

were offset by the O 1s binding energies and the TM Lα were offset by the TM 2p3/2 binding 

energies (values provided in Table S2). XES spectra were arbitrarily normalized to the maximum 

peak intensity. Using this method, the hybridization features in the O Kα and TM Lα are not 

consistently aligned, and the relative positions of features in the superposed spectra (dashed gray) 

does not generally agree with the positions of the XPS valence band features. 

 

 

Figure 3. (reproduced from main text) Alignment of XES spectra with XPS spectra for the 

LaMO3 oxides. The superposed XES spectra (dashed gray) were aligned to the XPS spectra using 

the lowest binding energy peak. Light gray lines illustrate good agreement for the relative peak 

positions in the superposed emission spectra with the valence band photoemission data, indicating 



11 

 

that the alignment of the emission spectra captures the true partial DOS. XES spectra were 

arbitrarily normalized to the maximum peak intensity. 
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