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High-resolution X-ray emission spectroscopy allows studying the chemical environment of a wide variety of ma-
terials. Chemical information can be obtained by fitting the X-ray spectra and observing the behavior of some
spectral features. Spectral changes can also be quantified by means of statistical parameters calculated by consid-
ering the spectrum as a probability distribution. Another possibility is to perform statistical multivariate analysis,

such as principal component analysis. In this work the performance of these procedures for extracting chemical
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information in X-ray emission spectroscopy spectra for mixtures of Mn®" and Mn** oxides are studied. A detail
analysis of the parameters obtained, as well as the associated uncertainties is shown. The methodologies are also
applied for Mn oxidation state characterization of double perovskite oxides Ba; xLa; _xMnSbOg (with 0 <x<0.7).
The results show that statistical parameters and multivariate analysis are the most suitable for the analysis of this
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1. Introduction

Characterizing the oxidation state and the electronic configuration is
a challenge typically found when studying and developing new com-
plex materials since magnetic and electrical properties are strongly re-
lated to the local electronic structure [1]. Electronic transitions
involving molecular orbitals and core-levels are suitable candidates to
be chemically sensitive since the character of the molecular orbitals de-
pends on the specific chemical species [2]. Inner-shell X-ray absorption
and emission spectroscopies are element-specific techniques that allow
to probe changes in the electronic structure and coordination of a se-
lected atom. In contrast to X-ray Absorption Spectroscopy (XAS), X-
ray Emission Spectroscopy (XES) studies the filled electron orbitals
through the emitted spectra, since it results from the filling of an
inner-shell vacancy by an outer shell electron. Both techniques provides
complementary information, they are directly related to each other and
provide common as well as complementary information on the local
structure [3]. K XES is a very powerful technique to study the metal ox-
idation state compared with K edge XAS since it provides more sensitive
and reliable information about the electronic structure, with less depen-
dence on the atomic structure [4].

High-resolution XES (HR-XES) experiments have been widely used
for studying the chemical environment and the electronic structure of
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a wide variety of materials [2-11]. This information can be obtained
by measuring changes in some spectral features, such as energy shifts,
possible satellite lines, line shapes and relative intensities. For 3d transi-
tion elements, the high-resolution KR spectrum shows a clear sensitiv-
ity to the chemical environment [7-11].

Observable changes in the XES spectra can be quantified by many
parameters. A spectrum deconvolution can be performed if theoretical
calculations are available and if the characteristics of the instrument
used in the measurement are known. The spectrum fitting methodology
is called the fundamental parameters method. Spectral changes can also
be quantified by a statistical procedure, treating the spectrum as a prob-
ability distribution and determining statistical parameters, such as the
moments of the distribution. Besides, in samples formed from a simple
mixture of compounds with different chemical environment for a cer-
tain atom, the fluorescence spectrum emitted by this atom can be con-
sidered as a linear combination of the spectra emitted by each
compound separately. Therefore, it is possible to find the best linear
combination by means of the minimum squares method. Another ap-
proach, principal component analysis, is the application of multivariate
analysis to relate the variability in-between spectra from samples with
the chemical environment.

In this work, the three methodologies mentioned above are applied
to determine the nominal oxidation state of Mn from XES spectra. The
strength and weakness of each method, as well as the uncertainties re-
lated to them, are discussed in detail. The analyzed samples are divided
into two groups: (1) mixtures of Mn?* and Mn*" oxides, (2) double pe-
rovskite oxides Ba; ; xLa; _xMnSbOg (with 0 < x <0.7). The analysis per-
formed on the first group was used to study the potentialities and
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weaknesses of each method, and to establish a strategy for treating
more complicated samples. These strategies were then applied to the
second group of samples in order to determine the Mn?*/Mn>" ratio
with a reliable error in its estimation. The results show the capability
of XES experiments for chemical environment characterization, in a
complementary way to other well-established techniques, such as XAS
or X-ray and neutron diffraction.

2. Theoretical framework

In transition metal compounds, K X-ray emission spectrum results
from fluorescence emissions as a consequence of electronic transitions
from 3p to 1 s levels. The main KB region, spread over a ~15 eV interval
around the main peak; is split into multiplets, mainly composed of the
strong KB 5 line and the less intense KB’ and KPy satellite structures
atlower energies (Fig. 1). This region can provide information about ox-
idation state, ligand type, and metal-ligand bonding length [2,8-10].
The underlying structures may be explained by the ligand field multi-
plet model, for which the KR’ line is attributed to 3p-3d exchange inter-
action, and the Ky line is related to a spin flip of one 3d electron [11].
Besides a radiative decay, the relaxation of the ionized atom might
occur through a Radiative Auger Effect (RAE) transition [12,13]. In this
process, the emitted X-ray photon shares its energy with the ejected
electron. Therefore, it has an energy lower than the expected diagram
line. The RAE KM, 3M, 5 transitions correspond to K-M, 3 transitions (as-
sociated with the K{, 5 line) with the emission of an My 5 electron [14].
This structure is observed as a tail of the main K3, 3 peak (see Fig. 1) and
its intensity varies with the oxidation state for 3d transition metals.

Two other structures appear towards the high-energy side of the
main KB, 3 line: the KB” and KPs lines that can be interpreted by the mo-
lecular orbital (MO) theory [15]. The KB” line is originated from a tran-
sition of an electron in a MO mainly composed by ligand-2s states to the
1s atomic orbital of the central atom [16,17]. On the other hand, the KPs
band which originate mainly in transitions from the 6t, and 5t;, MOs,
are mostly formed by ligand-2p in the two symmetries, T, (tetrahedral)
and Oy, (octahedral), respectively. In addition, for T; symmetry, there is
also a quadrupole contribution due to the atomic contribution of metal-
3d[17].
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Fig. 1. High-resolution K{ spectrum of MnO,. Experimental data (dots). Fitting curve
(solid lines) and the corresponding contributions of individual fitting functions (dotted
lines). The horizontal grey bars show the energy intervals corresponding to regions
where the statistical parameters were calculated.

3. Experimental section
3.1. Sample preparation

3.1.1. Mn oxides mixtures

Different amounts of Mn2" and Mn*" fine polycrystalline oxides
powders of high purity (Strem Chemicals Inc.), were mixed to form 12
samples. The resulting molecular concentrations of MnO and MnO, ox-
ides were calculated from the mass concentrations measured in the
preparation. The name and MnO molecular concentration of each sam-
ple are listed below: MnO = 1, MnOg g = 0.982 (4), MnOg g5 = 0.958
(4), Ml’loO'go = 09]8(4), MHOQJO = 0741(3), MHOO_SO = 0550(3),
MnOg30 = 0344(2), MnOg 19 = 0]22(2), MnOgps = 0.061 (2),
MnOg g, = 0.026(2), MnOgo; = 0.014(2), MnO, = 0. The MnO, molec-
ular concentration can be easily obtained from the MnO molecular con-
centration. The error in the molecular concentration (number between
parentheses) was calculated considering the error of each weighing,
and corresponding to the last digit.

3.1.2. Perovskites

Double perovskite oxides (DPOs) with A,BB'Og structure are a three-
dimensional arrangement of corner-sharing BOg octahedral, with the A-
type cations, usually alkaline-earth or rare-earth cations, occupying the
high coordination sites. The B and B’ ions are different transition metal
cations that can be ordered with a doubling of the normal unit cell.
This ordering mostly depends on the size and charge difference
among cations. The number of d electrons and/or the size of the B-site
cations may contribute to structural distortions, affecting their mag-
neto-transport properties [ 18]. B-site ordered DPOs Ba; , xLa; _xMnSbOg
(withx = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7) containing Mn?>*/Mn>*
and Sb>* as B and B’ ions respectively, were studied. These DPOs were
specifically developed for technological purposes [7]. As Ba>* content
increases, it is expected that Mn? " oxidizes to Mn>* decreasing the dif-
ference of charge between B and B’. The nominal Mn oxidation state for
these samples is +-2(1 + x). The DPOs were synthesized as polycrystal-
line powders by traditional ceramic methods in air [7]. Commercial
manganese oxides MnO, Mn,03, MnO, were used as standards [19].

3.2. XES measurements

KB HR-XES spectra were measured using a Johann-type single crys-
tal spectrometer based on a spherically focusing Si crystal analyzer op-
erated at nearly back-diffraction geometry, in 1:1 Rowland geometry
[16]. The diameter of the Rowland circle (410 & 2) mm corresponds
to the curvature radius of the crystal analyzer. The whole spectrometer
(sample holder, analyzer and detector) is enclosed in an evacuated
chamber. The spectrum of a cobalt-target X-ray conventional tube, op-
erated at 40 mA and 37 kV, was used as irradiation source. K3 emission
spectra were recorded by scanning the energy range [6462-6557] eV in
steps of about 0.4 eV around the Kp, 5 main line. The Bragg angle corre-
sponding to the Mn-Kp 3 line is 84.21° for the (440) reflection of the Si
(110) crystal analyzer used, thus obtaining an energy resolution of
about 2 eV for this line (for calculation details see Ref. [20]). With a
spot size of 2.5 mm? the measured counting rate at the KB, 3 line for
Ba; 4LagsMnSbOg and MnO was around 80 cps and 1000 cps, respec-
tively. Signal-to-background ratio was better than 70, in both cases.

4. Parameters studied
4.1. Fundamental parameters method

For the implementation of this method in the main KB 3 region four
structures were used for representing the contribution of the lines Kp’,
RAE, KBy and KPy 3. Fig. 1 shows for example, the fitting for the MnO,
spectrum using a Gaussian function for the KR’ structure, and two
Voigt functions to represent the KRy and KB, 3 peaks (Gaussian widths
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are equal to the experimental resolution). A Gaussian profile was used
for the KP’ structure because it can be considered as a band [11] and
Voigt profiles were used for the KRy and KP4 5 lines since they are almost
single transitions. Additionally, because of its asymmetric shape, an Ex-
ponentially Modified Gaussian (EMG) function was used to account for
the RAE process [12]. To fit the experimental spectrum in the high-en-
ergy region, it was important to remove the background, which comes
from the contribution of the tail towards the high energy side of the
main KB4 3 line [21]. This was done by using a Lorentzian function. After-
wards, 1(2) and 2(3) Voigt functions were used for describing, respec-
tively, the KB” and KPs lines in spectra with MnO molecular
concentration lower (higher) than 30%.

All these structures may be affected by the Mn oxidation state. This
should be reflected with variations on the fitting parameters. But it is
not possible to refine all the parameters together because they can be
highly correlated. The final fit thus results from imposing initial restric-
tions on the set of fitting variables in order to attain a convergence with
reasonable parameter values. The main advantage of this method is the
possibility of obtaining physical information directly from the fitting pa-
rameters. The main disadvantage is that the fitting procedure requires
deep knowledge of the experimental parameters (such as energy reso-
lution), good theoretical description and fitting strategy.

4.2. Statistical parameters method

If spectra are considered as discrete probability distributions, some
statistical parameters may be calculated to characterize them. The
ones studied in this work are the area A, the first moment FM, and
the IADz value [22]. These parameters are calculated in several spectral
regions using the following relations:
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where [; is the intensity of the spectrum for the channel i whose energy
is E;, Z is the region in which the parameters are calculated (defined by
the channels iz and iz), and I¥is the intensity for the channel i of a cer-
tain spectrum taken as reference. These parameters are very easy to cal-
culate and do not depend on a user-criteria, except for Z region
selection.

4.3. Minimum squares method

In some cases the XES spectrum can be considered as a linear
combination of the spectra emitted by each of the compounds
contained in the sample. This assumption requires no chemical inter-
action between the mixed compounds, so the electronic energy
levels of the central atom considered in one compound do not affect
the electronic levels in the others compounds and vice versa. Bearing
this in mind, if I¥ is the intensity at channel i corresponding to the
k-pure non-mixed compound, the predicted intensity I’ for the
sample can be written as:

n
Pt =N "aylf (4)
k=1

where the coefficient a, is the weight of the k-th spectrum and n is
the total number of compounds in the sample. The best set of

coefficients a; can be obtained by minimizing the y? function,
which corresponds to the sum of the quadratic differences between
the experimental and predicted intensities weighted by a factor. In
this case, the weighting factor is the inverse of the square of the ex-
perimental error. The %2 function can be calculated as:

i=iy; I._Ipred 2
¥ = 2(111) (5)

i=iz

The coefficients a; represent the molecular concentration of each
compound composing the sample. Some restrictions to the {a,} set
(normalization conditions, positive or null values, etc.) may be included
in the minimization procedure. If the measurements are not performed
with the same incident flux, the method can still be applied to the spec-
tra pre-normalized. The correlation matrix of the refined parameters, or
the result of the minimization without the normalization condition, can
be used to estimate the uncertainty of the method.

4.4. Principal component analysis

The principal component analysis is one of the many multivariate
analysis techniques available and can be helpful when trying to under-
stand the existing variability in a set of multivariate data, like in a set of
spectra, in which each channel can be considered as a variable [23]. If p
variables (intensity corresponding to each energy channel of a spec-
trum) are measured for n samples, then an n x p matrix, called X matrix,
can be constructed. The basic idea of PCA is to get an expression for the
axes of a new coordinate system that is centered on the data cloud, and
rotated to be aligned its axes of maximum variance. These new axes are
called the Principal Components, and the axis that is aligned with the
maximum variance axis is called Principal Component 1 (PC1); the fol-
lowing is the Principal Component 2 (PC2), and so on. Each of these PCs
is a specific linear combination of the original variables, orthogonal to
each other, so the variability of the dataset explained by on one of
them is not contained in the others. The values of these PCs, resulting
of specific linear combinations, were called PCs scores. The PCA method
allows the user to explore the total variability in smaller “fractions”, by
looking at the projections of the dataset into different principal compo-
nent bi-dimensional planes [24].

5. Results and discussion
5.1. Min oxides mixtures

The high-resolution KB emission spectra measured for the Mn ox-
ides mixtures are shown in Fig. 2. Spectra were normalized to the area
of the KP’ - KP4 5 region, which is chemically invariant [2], in order to
avoid possible influences due to matrix effects and fluctuations of the
incident flux of X-rays. The most relevant parameters for Mn speciation
in each methodology are presented in the following sections. Table 1
summarizes the results obtained and includes an estimation of the un-
certainty of the molecular MnO concentration.

5.1.1. Fundamental parameters method

For the fitting, the energy position of KBy and RAE were fixed to
1.82 eV and 2.54 eV to the left of the energy position of the main Kp 5
line, respectively, which was refined for each spectrum. The asymmetry
parameter of the RAE function was constrained between —6.2 and —
6.7. The same Gaussian/Lorentzian widths for KBx and Kp;3; were
used. In case of RAE structure, the parameters fitted were: area, width,
and asymmetry of EMG function. The energy, width, and area of Kp’
structure were fitted. For KBy the area was refined and for KR, 3 area, en-
ergy position, Gaussian, and Lorentzian widths were optimized. To
study the spectral features in the high energy region, the contribution
of the tail of the main KB 5 line was removed by using a Lorentzian
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Fig. 2. High resolution Kp emission spectra for the Mn oxide mixtures studied in this work.
From top to bottom: the spectra are ordered as samples description in Section 3.1. The
Kp"-Kps region was expanded in order to make clear its structure.

function which was fitted to several data points of the KR, 3 tail above
and below the spectral features in this region [21]. Then, KB” structure
was fitted with one Voigt function for spectra corresponding to samples
with MnO concentration lower than 30%, and with two Voigt functions
sharing both Gaussian and Lorentzian widths for the other spectra. The
KPs structure was properly described by two/three Voigt functions for
samples with MnO concentration lower/higher than 30%, respectively.
All the functions used for KR” and of KBs structures had the same
Lorentzian widths.

The parameters that present a clear linear behavior are the KB/, RAE
and Kp" areas, and the energy difference between the Kps structure and
the KB 3 line) (Figs. 3 and 4), which are in agreement with results ob-
tained by others authors [2-5]. The error bars in Figs. 3 and 4 corre-
sponds to the uncertainties associated to the fitting process. Some of
the other parameters fitted present a weaker tendency with the oxida-
tion state. For instance, KB’ and RAE widths decrease when the MnO
molecular concentration increases and the energy difference between
Kp1 3 and KPR’ peaks slightly increases, going from 15.6 eV for low
MnO concentration up to 16 eV for the higher MnO concentrations.

Table 1
The coefficient of determination R? and the Ey0: uncertainty estimation for Mn?* con-
centration determination in sample MnOy s, for the statistical parameters used.

Parameter R? Emno
Fundamental parameters A, for Kp’ region 0.9846 10%
A, for RAE region 0.9936 9%
EKPRs -EKP13 0.9694 12%
A, for Kp” region 0.9721 10%
Statistical A, for KP’ region 0.9878 5%
IAD, for KP' region 0.9745 10%
IAD, for KP; 3 + KP' region 0.9643 13%
FM, for KB" region 0.9932 8%
FM, for KBs region 0.9285 15%
A, for Kp” region 0.9345 12%
IAD, for KpBs region 0.9567 15%
Mean square a; for Kp’ region 0.9950 4.5%
a; for KB” - Kps region 0.9966 4.5%
PCA PC1 for KR’ - KB4 5 region 0.9586 9%
PC1 for KP” - KPs region 0.9638 9%
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Fig. 3. Areas obtained for KB’ (@) and RAE (O) lines by fundamental parameter fitting
procedure for mixtures of Mn?* and Mn** oxides as a function of the molecular
concentration of MnO. The dotted lines correspond to the linear fits. The error bars were
determined by error propagation of fitting process.

From the parameters studied, it was possible to calculate the energy dif-
ference between the Kps structure and the KB” line, which resulted al-
most constant: (15.7 £ 0.4) eV. This value agrees very well with the
theoretical value of ~16 eV, corresponding to the energy difference be-
tween the ligand 2 s and 2p energy levels [25].

Despite the difficulty inherent to this method which involves a
deconvolution procedure with constraints, it allows obtaining
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Fig. 4. Area obtained for KR” line (@) by fundamental parameter fitting procedure for
mixtures of Mn?>" and Mn*" oxides as a function of the molecular concentration of
MnO. The dotted lines correspond to the linear fits. The error bars were determined by
error propagation of fitting process.
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additional data not covered by the other methods presented such as
natural linewidths, or peak asymmetry parameters.

5.1.2. Statistical parameters method

For the IAD calculation, the spectrum of MnO oxide was used as the
reference and spectra were aligned on the KR 3 peak in order to avoid
spurious contributions to the parameters due slights variations in en-
ergy calibration [22].The uncertainties associated with each determina-
tion were estimated by propagating the errors of the intensity values
through the Eqs. (1)-(3). Fig. 5 shows the behavior of the IAD, as a func-
tion of the MnO molecular concentration, calculated in the Z regions
corresponding to the KPR’: [6462.7-6481.8] eV and KB’ + KPis:
[6462.7-6504.3] eV structures. Both parameters present a linear corre-
lation, although the IAD, in K’ - KP4 5 region has a greater dispersion,
it presents a greater relative variation. The A, parameter calculated in
Kp’ region presents the same behavior than IAD,, although the error as-
sociated with each determination and the regression coefficient for the
linear fit is slightly better (see Table 1). The FM; determined in the area
corresponding to Kp” [6510.8-6524.2] eV and KP5 [6524.8-6550.7] eV
decreases linearly with the MnO concentration, with a variation of
about 0.4 eV for a change from +4 to +2 in the oxidation state (Fig.
6). The average difference between the FMyp- and FMgs is (17.45 +
0.07) eV and practically does not vary with the oxidation state. This lat-
ter value is slightly higher than the theoretical value expected ~16 eV
[25], given that FM underestimates the peak energies due to the influ-
ence of KR 3 tail. Fazinic et al. [26] shows that the experimental values
of difference energies of KB” and KR35 lines of several authors and tech-
niques are in a range of approximately [13.6-18.8] eV, with an average
value of 15.3 eV.

Fig. 7 shows the behavior of A, calculated in the Kp” region [6524.8-
6550.7] eV, which decreases with the MnO molecular concentration.
This is expected since the intensity of this line is strongly related to
the number of first O neighbors (8 in these spectra) and the Mn-0 dis-
tance (2.2230 A for MnO and 1.8797 A for MnO,) [25].

Both the A, parameter and the IAD, have an increasing behavior with
the MnO mass concentration and the final error associated is similar
(see Table 1). The KB” - KPBs region has approximately an intensity
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Fig. 5. Statistical parameters IAD,, calculated in the Kp' (@) and KR’ + Kf3; 3 (O) regions for
mixtures of Mn?>* and Mn** oxides as a function of the molecular concentration of MnO.
The dotted lines correspond to the linear fits. The error bars were obtained by propagating
the errors of the intensity values through the Eq. (3).
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corresponds to the linear fit. The error bars were obtained by propagating the errors of
the intensity values through the Eq. (2).

ratio of 1:30 ratio with respect to KB; 3 region for Mn oxides (see
Fig. 1), which implies an important contribution in the error due to
the statistical counting, resulting in a greater error in the quantification
of MnO. All the statistical parameters studied exhibited a clear linear be-
havior with the MnO concentration. As it was mentioned above, the Kp”
and Kps structures lie in high energy tail of the main KR, 3 line. On pos-
sibility to minimize the influence of the main peak is to remove the
background [21] (see Fig. 1). This background removal involves a fitting

Mean Mn oxidation state
4.0 36 32 2.8 2.4 2.0
T T T T T T

L

0.14 -

0.20

Area Kp" (a.u.)

012 - I

0.10

0 20 40 60 80 100
MnO molecular concentration (%)

Fig. 7. Statistical parameters A,, calculated in the Kp” region for mixtures of Mn?* and Mn*
T oxides as a function of the molecular concentration of MnO. The dotted lines correspond
to the linear fits. Error bars were obtained by propagating the errors of the intensity values
through the Eq. (1).
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procedure, which turns the approach into a mixture of statistical and FP
approaches. However, this approach can be very useful when precise
values of areas and energies are required, for example to compare
with theoretical results.

5.1.3. Minimum squares method

In this method, the measured spectrum I is considered as a linear
combination of the spectra emitted by each pure oxide: I = a;I; +
al,, where subscript 1 and 2 referred to MnO and MnO,, respectively.
It is important to highlight that the y? function (see eq. 5) gives more
weight to the channels with greater intensity. In this sense, if the KB, 3
region where completely included, the contribution of KB’ would be re-
duced, which is the one that has sensitivity to the oxidation state. An al-
ternative to take into account the complete region would be using in the
x? function a weighting factor favoring the regions of lower intensity.
Nevertheless, it was preferred to use the conventional definition of %2
function in a region of similar intensities including the Kp’ line. An ex-
ample of the minimum square fit is shown in Fig. 8 for the MnOg 3o, a
Mn oxide mixture sample. The coefficients a, determined for KR’ region
(see Fig. 1), are presented in Fig. 9. The only constraint imposed in the
minimization was a, > 0. The deviation of a; + a, from unity was used
to estimate the uncertainties for each data. It can be seen from Fig. 9
that the parameter a; shows less dispersion than the a,. In the case of
the coefficient a;, the deviations from the nominal value are lower
than 3% in all cases, except for the spectrum corresponding to 0.741%
of MnO, where the dispersion reached 10%. The coefficients a,, deter-
mined for KB” - KBs region by the same procedure described previously,
were also calculated. In general, the errors are considerably smaller than
the ones obtained for the Kp’ region. This is because, despite the lower
counting statistics, the overall variation of the spectra is more pro-
nounced in the KB” - KPs region. In addition, the minimum squares
method requires a large zone in the spectra, with similar intensity
values in order to weight similarly each channel.

5.1.4. Principal component analysis

Two regions were identified from a first PCA of the entire spectrum
as the regions of interest: KB’ - KB 3 and KB” - KPs structures (see Fig.
1). Then, a second PCA analysis was performed to obtain a projection of
the measured spectra in the PC1 - PC2 plane, from which it was found
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of fitting process is also shown.
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that PC1 represents the 98.4% of the total variability, and the data dis-
persion does not allow discriminating MnO concentrations below 5%
or above 95%. Fig. 10 shows the relation between MnO molecular con-
centration and the PC1 scores obtained from the PCA in the KR” — KPs
region. A linear tendency with slight data dispersion can be observed,
showing that PC1 is a sensitive variable of the Mn chemical environ-
ment, which can be useful as a parameter for the desired quantification.
A similar behavior was obtained when PC1 scores for KB’ - Kp1 5 region
is considered as function of MnO molecular concentration.

The regression values for the linear fits of the studied parameters are
shown in Table 1. By performing error propagation through the linear
coefficients and considering the statistical errors, an estimation of the
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Fig. 10. PC1 scores calculated in the KB” - KPs region as a function of MnO molecular
concentration in the mixtures of Mn?* and Mn**compound. The dotted line
corresponds to the linear fit.
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uncertainty (Eumo) related to the determination of Mn?* concentration
in a sample with 50% MnO is included. For the minimum squares
method, the Eyno error corresponds to the maximum value between
the error of parameter a; and the difference between the values of a;
and the nominal concentration. The regression values for the linear
fits of the PC1 scores in both regions are also shown in Table 1.

5.2. Perovskites

The effective existence of Mn?"/Mn>*+ mixed valence in these DPOs
has been previously probed by XES measurements using the fundamen-
tal parameters method [7], but a rigorous study of the uncertainties re-
lated to the method used was not presented. A correct normalization of
the spectra is very important here since the unknown samples have a
very different matrix respect to the reference spectra used. Therefore
each spectrum was normalized to the total integrated intensity in the
KP region. The spectra measured for the DPOs are shown in Fig. 11. Re-
gion of the spectrum corresponding to KB” and Kps structures were not
measured for the DPOs samples because of it very low counting rate.
The samples taken as reference are the pure oxides MnO, Mn;0s, and
MnO,. For the minimum squares method, only MnO and Mn,03 spectra
were used since no Mn** presence is expected in the samples analyzed.

The implementation of the fundamental parameter method was
similar to that used for fitting the Mn oxides mixtures. As a result, the
KpP’ and RAE areas show linear tendencies with the nominal Mn oxida-
tion state, in agreement to a previous work [7], but the estimated oxida-
tion state from the linear fit are not exactly the same, caused by different
fitting strategies. According to previous works [7], a region strongly in-
fluenced by the oxidation state is the RAE structure. This contribution,
together with the KRy line, is responsible for the low energy asymmetry
present in the main Mn-Kf3 5 line (Fig. 1). A statistical parameter that
reflects the behavior of this asymmetry is the area Arag (Fig. 12), calcu-
lated according to Eq. (1) in the region corresponding to the asymmetric
zone. The statistical Arag data increases with the oxidation state, like the
corresponding area obtained by the fundamental parameters method,
but the points lie slightly below the calibration curve (dotted line in
Fig. 12). This is because the statistical Arag parameter includes a contri-
bution of the KPy line. Two effects compete in the same region: while
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Fig. 11. High resolution K3 emission spectra for the MnO, Mn,05 and MnO oxides and the
DPOs Bay 4 xLa; —xMnSbOg, with x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7, from bottom to top,
respectively.
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the Arag increases with the oxidation state, the area of the Kpy line de-
creases, so the statistical Agag area underestimates the real one.
Minimum squares method was applied in the Kp’ region using as
reference spectra the corresponding to pure oxides MnO and Mn;03,
and imposing the normalization condition to a coefficients. In this
case, the region considered was restricted only to the KR’ line, since
this region showed greater sensitivity to the chemical environment of
Mn than the KR 3 line, considering that the samples have very similar
mean oxidation states. Besides, the higher intensity of K 5 with respect
to KB’ will give it a higher importance in the 2 calculation procedure.
The oxidation state was then calculated by using the a, coefficients (cal-
culated oxidation state = 2dmno + 3admn203)- As can be seen in Fig. 13,
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Fig. 13. The calculated oxidation state by minimum square method for double perovskite
oxides Ba; ; xLa; x MnSbOg (0 <x £0.7) (O) and for the reference Mn pure oxides (®). The
solid line corresponds to the nominal values of oxidation state. The error bars corresponds
to the error of 5%, estimated for the analysis of oxide mixtures (see Table 1).
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the calculated oxidation state increases with the x value and are below
the values predicted by the nominal oxidation state for samples with x
higher than 0.4.

By analyzing the PC1 loading of a PCA applied to the KB’ - KB 3
structures, the regions [6474.0-6478.0] eV and [6481.0-6485.4] eV
were found more sensitive to the oxidation state. These sub-regions cor-
respond to the KRB’ and RAE structures (see Fig. 1). The obtained PC1
scores for the PCA performed in the sub-region mentioned are shown
in Fig. 14, as a function of nominal Mn oxidation state.

Table 2 shows, comparatively, the calculated oxidation states and
their estimated error for the double perovskites oxides by using the dif-
ferent analysis methods proposed. The oxidation states of DOPs samples
were determined by the parameters of equation of the best-fit line, as
shown in Figs. 12 and 13. The calculated DOPs uncertainties were deter-
mined by error propagation of fitting procedure. The values obtained by
other authors are also presented. All the parameters studied show that
the oxidation state of Mn increases with the value of x. However, statis-
tical and multivariate methods show that the calculated Mn oxidation
state is less than +2(1 + x) (nominal Mn oxidation state) for x > 0.2
and this difference is greater as x increases. According to XRD results
[7], the Mn-O distance is higher than the corresponding to Mn?*

Table 2

oxide for x = 0, whereas it is lower than distance corresponding to
Mn3" oxide for x > 0.4. This deviation on the atomic distances may be
responsible for a change in the charge distribution, and then in the
resulting oxidation state.

6. Conclusions

KB HR-XES was applied to study and quantify the Mn oxidation
state in different kind of samples. These spectra were measured
using a non-conventional spectrometer with conventional X-ray
sources making it a versatile and low-cost approach compared to
HR-XES based on synchrotron radiation. Chemical information was
obtained by the characterization of several spectral features of the
measured spectra. Three different methodologies were tested for
obtaining parameters useful to estimate the mean Mn oxidation
state and its corresponding error. The methodologies were applied
to two groups of samples: mixtures of Mn?™ and Mn** oxides and
double perovskite oxides Ba; xLa;.xMnSbOg (with 0 < x <0.7). The
applied methodological techniques proved their usefulness in the
analysis of this type of spectra and the characterization of the Mn
chemical environment.

The fundamental parameter method requires a complete theoretical
description of the X-ray spectrum and the final parameters optimized
depend strongly on the constraints and fitting criteria used. However,
it is well-known that this method provides valuable information regard-
ing the chemical environment of a 3d transition metal as well as the
electronic structure. The statistical parameters and the minimum
square method are simple to calculate and do not depend on the user
criteria, except for the selection of the spectral region where the param-
eters are calculated. PCA has extensively demonstrated its ability to
highlight and characterize the variability in a set of spectra. The last
two approaches are recommended for extracting information about
the oxidation state in a fast way.

The statistical and fundamental parameters calculated in Kps region
are highly affected by the statistical counting error. Nevertheless, this
region presents the largest relative variation and it is worth considering
as an additional probe of the oxidation state. One possibility to minimize
the influence of the main K, 3 line over KPs region is to remove the
background by a appropriated fitting procedure [21], which converts
the approach into a mixture of statistical and FP approaches. This ap-
proach can be very useful when precise values of areas and energies
are required, for example to compare with theoretical results. Whether
using the main region of the high-resolution spectrum (KB’ - KB 3 re-
gion) or the high-energy region (corresponding to KR” and Kps struc-
tures) is possible to quantify the Mn oxidation states. From the linear
fit of reference samples data, the mean Mn oxidation state can be deter-
mined with an error between 0.1 and 0.2, which corresponds to a rela-
tive error between 4% and 10% for the double perovskite oxides studied.
It was found that the calculated oxidation states of Mn, using statistical

Calculated Mn oxidation state from the proposed analysis methods for double perovskite oxides Baj ;xLa; —xMnSbOg (0 < x < 0.7). The uncertainties are shown between parentheses®.

Calculated Mn oxidation state

Sample Fundamental parameters Statistical Min. Square PCA Ref. 6
Axpr Arae Arag a; PC1 Axp

x=0 2.35 (0.20) 2.15 (0.20) 1.98 (0.20) 2.06 (0.10) 2.05 (0.10) 2.0 (0.1)
x=0.1 2.20 (0.20) 2.17 (0.20) 2.06 (0.20) 2.06 (0.10) 2.06 (0.10) 2.2(0.1)
x =02 2.26 (0.20) 2.14 (0.20) 2.00 (0.20) 2.15 (0.10) 2.10 (0.10) 2.2 (0.1)
x=03 2.31(0.20) 2.35(0.20) 2.26 (0.20) 2.20 (0.10) 2.17 (0.10) 2.3(0.1)
x =04 2.38 (0.20) 2.43 (0.20) 2.16 (0.20) 2.22 (0.10) 2.19 (0.10) 2.4 (0.1)
x =05 2.66 (0.20) 2.69 (0.20) 2.36 (0.20) 2.30 (0.10) 2.30 (0.10) 2.5(0.1)
x=0.6 2.54 (0.20) 2.82 (0.20) 2.53 (0.20) 2.42 (0.10) 2.39 (0.10) 2.6 (0.1)
x = 0.7 2.64 (0.20) 2.82 (0.20) 2.41 (0.20) 2.53(0.10) 2.49 (0.10) 2.7 (0.1)

2 The calculated DOPs uncertainties were determined by error propagation on the linear fits, except for the minimum square method for which a value of 5% was used, estimated by the

analysis of oxide mixtures.
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parameters and PCA analysis, show an increasing tendency lower than
that of simple Mn oxides used as standards. This behavior must be re-
lated to the global changes (structural and electrical/magnetic proper-
ties) of the DOPs samples [7], which are much more complex than the
Mn oxides. Despite the errors of the calculated oxidation states, the ob-
tained parameters allow to see a clear increase with the variable x.
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