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Manganese-based perovskite is popular for research on ferromagnetic materials, and its spectroscopic studies are
essential for understanding its electronic structure, dielectric, electrical, and magnetic properties. In this paper, the M-edge
spectra of La ions and the M-edge, L-edge, and K-edge spectra of Mn ions in LaMnOs are calculated by considering both the
free-ion multiplet calculation and the crystal field effects. We analyze spectral shapes, identify peak origins, and estimate
the oxidation states of La and Mn ions in LaMnOj3 theoretically. It is concluded that La ions in LaMnO3 predominantly
exist in the trivalent state, while Mn ions exist primarily in the trivalent state with a minor presence of tetravalent ions.
Furthermore, the calculated spectra are in better conformity with the experimental spectra when the proportion of Mn3™ is
90% and Mn** is 10%. This article enhances our comprehension of the oxidation states of La and Mn within the crystal
and also provides a valuable guidance for spectroscopic investigations of other manganates.

Keywords: lanthanum manganate, the core level excitation spectra, free-ion multiplet calculation, oxidation

state
PACS: 32.30.Rj, 61.05.cj, 78.70.Dm

1. Introduction

The manganese-based perovskite LaMnO3; has garnered
significant attention due to its numerous applications in var-
ious fields, including solid-oxide fuel cells, electrocatalysis,
supercapacitors, and colorimetric sensing.l'"% As a type of
A-type antiferromagnetic material, the Néel temperature of
LaMnOj is ~ 141 K,[7! and various interesting phenomena
have been discovered and reported, such as colossal magne-
toresistance effects,!8! exchange bias in superlattices!”! and or-
bital ordering,!'%!! indicating its great potential for use in the
field of materials science. The spectral analysis is essential
for understanding the electronic structure of LaMnO3. X-ray
photoelectron spectroscopy (XPS) and x-ray absorption spec-
troscopy (XAS) are typical spectral analysis methods. They
can provide information on the reducibility, oxygen vacancies,
and oxidation state of metal elements of perovskite oxides,
which are important properties arising from structural features.

Accurate spectral simulations can be used not only to
identify electronic structures but also to distinguish clearly be-
tween electronic and geometric effects on the spectral shape

[12] In recent decades, many theoretical ap-

and edge position.
proaches have been used to simulate LaMnO3 transition spec-
tra. A study by Elfimov et al. revealed that the polarization de-
pendence of K-edge scattering is mainly caused by 4p orbital
effects and energy band structure effects.!'! Ravindran er al.
examined the ground and excited state properties of LaMnO3
through full-potential calculations, successfully simulating the
XANES spectra and determining the respective contribution of
different elemental components to the spectral intensity within

distinct energy ranges near the Fermi surface.!!3] Based on the
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dipole approximation, Takahashi ef al. calculated the K-edge
absorption spectrum of Mn and observed that the spectral in-
tensity increased with local lattice distortion and is not sen-
sitive to the magnetic order.!'*! Taguchi et al. calculated the
Mn L, 3-edge scattering and absorption spectra in MnOg us-
ing a cluster model that considered the Mn intra-atomic mul-
tiplet state coupling.!'>! According to their findings, the inten-
sity of the L3-edge is strongly associated with the Jahn—Teller
distortion, while the intensity of the L,-edge is closely corre-
lated with the orbital ordering. Moreover, numerous theoreti-
cal approaches have been employed to calculate the near-edge
structure of transition metals. For instance, Pinjari et al. sim-
ulated the XAS of iron L-edges using the multiconfigurational
wavefunction theory.['®! The L-edge spectra of transition met-
als were calculated with the CTM4XAS program package by
Stavitski er al.l'’! de Groot et al. reviewed a series of princi-
ples and methods for calculating the 2p x-ray absorption spec-
tra of transition metals, considering atomic multiplet effects,
charge transfer effects, crystal field effects, and x-ray magnetic
circular dichroism. ('8!

The investigation of the valence state of Mn in
manganese-based perovskites is significant. The Mn 3d or-
bitals undergo energetic degeneracy with O 2p orbitals, result-
ing in strong covalent interactions, which determine the forma-
tion of electronic structures and ferromagnetism.®! Zhang et
al. conducted experiments to explore the lanthanum—oxygen
and manganese—oxygen interaction in LaMnOs3. Their find-
ings confirmed that lanthanum is present in a +3 valence state,
while manganese exists in both +3 and 44 valence states, ex-
cluding the +2 valence state.!'2!) Valmor et al. investigated
the local structure of the Mn site in the LaMnO3; sample us-
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ing Mn K-edge x-ray absorption spectroscopy and showed that
the Mn ions are at the intermediate oxidation state with an
average valency of 43.4.1??) Depending on the valence state
of manganese atoms, temperature and pressure, they exhibit
different electrical and magnetic phases, including antiferro-
magnetic insulators or ferromagnetic-metallic, and also ex-
hibit charge-orbit ordered phases.>?*?* LaMnO3 usually has
an Mn3*—O-Mn** double exchange caused by the cation de-
ficiency, which increases the average valence of Mn ions. >
Under an oxygen-excess environment, the content of Mn**
increases as the oxygen vacancy decreases, resulting in an ele-
vation of the average valence of Mn ions in LaMnQOj3, thereby
facilitating the formation of mixed valence states. The strong
tilting of the MnOg octahedra with respect to the ideal cubic
perovskite structure and the remarkable distortion of the lattice
by the Jahn—Teller (JT) effect leads to a change in the oxida-
tion state of the Mn. In addition, many studies have demon-
strated that proper doping of metal cations (e.g., Str, Ba, and
Ca) in LaMnOs3 can regulate the valence of Mn ions and en-
hance the electronic, magnetic, and transport properties of the
material.[22-26-27]

The spectra show different features with different valence
states of La and Mn in LaMnOs3. The 3d spectrum of La shows
well spin—orbit splitting, and the binding energy of La>*t is
shifted 3.1 eV lower than that of La>*. For Mn ions, the
spectrum exhibits exchange splitting on the M-edge, and the
magnitude of this splitting energy shows a certain linear rela-
tionship with the valence of the Mn ion.[?®! In the L, 3-edges
and K-edges, the spectrum shifts toward higher energy as the
valence of the Mn ion increases.!?’>*! The values of the white-
line intensity ratio (L3/L,) and spin—orbit splitting on the L; 3-
edges depend on the valence of the Mn ion.[3%3!! This article
adopts a calculation method based on configuration interac-
tion, which successfully avoids the interference of other ions
on the x-ray absorption spectrum of the central ion in the ex-
periment spectrum. As a result, more accurate ion spectral
data was obtained. The origin of spectral peaks in LaMnO3
crystals was identified through x-ray spectroscopy, and the ox-
idation states of La and Mn in LaMnO3 were analyzed in de-
tail. This helps us understand the electronic and geometric
structure information of the material, and may also provide a
new perspective for explaining some phenomena caused by the
structural characteristics inside LaMnQOs3. In addition, iden-
tifying the redox states of Mn and La ions in LaMnO3 can
provide valuable insights into the electrochemical properties,
which can be used to design and optimize material catalytic
performance.

We organize the article as follows. A description of the
computational methods is given in Section 2, which contains
both atomic multiplet calculations and crystal field multiplet
calculations. The M-edge spectra of La ion, M-edge, L-edge

and K-edge spectra of Mn ion in LaMnOs3 are discussed in
Section 3 respectively. A conclusion is given in Section 4. The
experimental spectra compared with this article were obtained
by XAS and XPS, [27:28.32-35]

2. Methods
2.1. Free-ion multiplet calculation

A series of calculations were performed using the flexible
atomic code (FAC) program for the transition spectra of the La
M-edge, the Min M-edge, L 3-edge, and K-edge. These calcu-
lations primarily involve excitations: La 3d!94f0 — 3d%4f';
Mn 3s23d* — 3s!3d°, 2p®3d* — 2p 3d°, 1s23d* — 1s'3d°,
152450 — 1s'4s! and 1s24p® — 1s'4p!. The calculation of the
multiple structure of the ionic core level is based on the config-
uration interaction of independent particle ground state wave-
functions. To account for the electronic screening effect result-
ing from the self-consistent field of the nuclear potential, the
ground state wavefunction includes both the core potential and
electron—electron interactions. The standard Dirac—Coulomb
Hamiltonian is employed in the FAC, which thoroughly con-
siders significant relativistic effects such as spin—orbit interac-
tions and mass effects.*®! The standard jj-coupling mecha-
nism is employed to simulate the transition spectra of La and
Mn ions, and the Gaussian functions are used to fit the spectra
in the MATLAB program.

The FAC program primarily investigates excitation tran-
sitions of free ions. However, in crystals, these transitions
are additionally influenced by crystal field effects and inter-
atomic interactions. In LaMnOj3 crystals, the Jahn—Teller ef-
fect changes the bond length of Mn—O in the MnOg octahedra,

37381 We considered the exper-

resulting in energy level shifts.|
imental spectrum of lanthanum oxide and manganese oxides
to explain the deviations of experimental and calculated spec-
tra of LaMnQ3.[192034.39.401 Oyr calculations reveal that the
energy deviation in the La ion spectrum is less than 0.5 eV,
while in the Mn ion spectrum it ranges from 2.5 eV to 5 eV.
This can be attributed to the comparatively weaker interaction
between La ions and O ions in the crystal, in contrast to the
interaction between Mn ions and O ions. Consequently, the
spectrum of La ion in the crystal closely resembles that of free
ions.

2.2. Crystal field multiplet calculation

In crystal field multiplet theory, the transition metal ion is
treated as an independent particle surrounded by point charges,
which effectively captures the symmetry of the intermediate
ion.!*! The 3d orbital energy of the transition metal (Mn) ion
is influenced by the octahedral arrangement of the six oxygen
atoms. The cubic crystal field plays a crucial role in splitting
the five 3d orbitals by symmetry into a two-fold degenerate E,

033201-2
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(dxz,yz, d32 ,2)and a three-fold degenerate Tag (dyy, dy;, and
d,). The splitting between the E; and T, orbitals is defined
by the parameter 10 Dq, where E; accounts for 6 Dq and T,
for 4 Dq. The E; orbital, oriented towards the oxygen ion in
the octahedral environment, exhibits stronger antibonding in-
teractions in comparison to the T orbital situated between the
oxygen ions, thereby leading to its elevated energy state. The
crystal field within the perovskite structure originates from
covalent interactions with neighboring oxygen atoms, with
the E, orbitals exhibiting stronger hybridization characteris-
tics than the Ty, orbitals. The existence of a large crystal field
splitting indicates a high degree of hybridization, with typical

splitting distances ranging from 1 eV to 2 eV.l1842]

3. Results and discussion
3.1. Spectral study for M-edge of Mn in LaMnO;

In terms of shallow-core spectroscopy, Sen Gupta et al.
propose a theory about the valence excitation of shallow-core
between orbitals of the same principal quantum.[*3 Their the-
ory implies that the energy of the multipole transition corre-
sponding to the bound state is lower than that of the dipole
transition. This transition can be effectively simulated by the
local single-ion model.[**! The spectral line with energy be-
tween 78 eV and 94 eV corresponds to the excitation of Mn3+:
3s?3d* — 3s'3d°, which is a quadrupole transition. The cal-

culated results are shown in Fig. 1.

5, 20 -
£ 1.8F Experiment
%A 1.6} —Mn3+
= & 1.4r
g g 1.2F
£ 2 1o}
=2 0.8f
&= o0.6f
2 04f
< 0.2F
96 78 80 82 84 86 88 90 92 94

Energy (eV)

Fig. 1. The calculated and experimental spectra at the M-edge of Mn3*
in LaMnOs.

In the 3s core-level spectral of manganese ions,
an exchange splitting is detected with a size of (2§ +
1)G?(3s,3d) /5, where S is the local spin of the ground state
3d electron, and G*(3s,3d) is the Slater exchange integral be-

tween 3s and 3d electrons.[*+46

| The exchange splitting of
Mn3t is about 5.5 eV, but this value decreases as the Mn ox-
idation state increases.?8] Meanwhile, the presence of Mn?2+
and Mn** during the experimental procedure has an impact
on the spectra. In conclusion, free-ion multiplet calculations
serve as a valuable tool in identifying Mn ion spectra, and
the calculated spectrum matches the experimental spectrum

closely. 47!

3.2. Spectral study for M-edge of La in LaMnO3

The oxidation state of La in LaMnO3; was determined by
analyzing the M-edge spectra of La ions. Figure 2 compares
the calculated spectra of La’>* and La3* ions and the experi-
mental spectra of La in LaMnOs. The spectra with energies
between 825 eV and 860 eV are produced by electron transi-
tion from La 3d to La 4f orbitals. The transition spectra show
that the relative intensity of La>* is much greater than that of
La**, and the bond energy of La’>* is 3.1 eV lower than that of
La’**. The peaks observed at 833.92 eV and 836.70 eV in the
La’* spectrum correspond to the splitting peaks of La 3ds /2
and the peaks at 850.73 eV and 853.09 eV correspond to La
3d3/5. The calculated spectrum of La”* exhibits a spin—orbit
splitting energy of 17.22 eV, whereas La’" displays a spin—
orbit splitting energy of 16.81 eV. The experimental spectrum
of LayO3 exhibits comparable features to that of La3t, fur-
ther confirming the reliability of the accuracy of the calcula-

tion results. [19-20-40

| We compare the experimental spectra of
La in LaMnO3 with the calculated spectra of La>* and La’*.
The analysis showed that the experiment spectra agree with
the calculated spectra of La** in terms of energy and shape.
Consequently, it can be concluded that La in LaMnO3 exists
at a valence state of +3, which agrees with the results obtained

1.119:21,35.48] The experimental spectrum

by Flores-Lasluisa et a
displays a discrepancy in multiple splitting values, which is
0.9 eV higher than the calculated value. This disparity can be
attributed to the presence of lanthanide oxides in the experi-
ment and the transfer of electrons from the oxygen center to

the La 4f shell layer. [334%)

0.10

o _La2+

b9 o——17.22 eV——+ —La’"

& 0.08} i Experiment
2w

2 0.06F

o =

28 i

2% 0.04 : 16.81 eV ;

g q

840 845 850 855 860
Energy (eV)

é)25 830 835

Fig. 2. The calculated spectra in M-edge of La*"and La®" and experi-
mental spectra from XAS of LaMnOs.

3.3. Spectral study for L, 3-edge of Mn in LaMnO3

Figure 3 shows the calculated spectrum of Mn3* Ly 3-
edge alongside the experimental spectrum of LaMnOs. The
spectral lines within the energy range of 635 eV to 660 eV
are generated by the electron transition from Mn 2p orbitals
to 3d orbitals. The Mn 2p core hole exhibits two broad multi-
plet states, namely, the high spin 2p, , state (L,-edge) and low
spin 2p3/ state (L3-edge), as a result of spin—orbit splitting.
In addition, we incorporate crystal field corrections to account
for the multiplet calculation of free ions, with a crystal field
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splitting energy of 10 Dq = 2.0 eV for Mn. There are four
possible transitions: 2py /5 — Tag, 2p1/2 — Eg, 2p3/5 — Tog,
and 2p3/; — Eq. The interaction between the ligand and Eg
orbitals is significantly stronger than that of T, orbitals in oc-
tahedral symmetry.[*?! Therefore, the absorption peaks of E,
are higher than Ty, in the L 3-edge spectra. This is illustrated
in Fig. 3, which showcases the enhanced resemblance between
the ionic and crystal spectra resulting from the incorporation

of the crystal field correction.

0.14
E — i coupling+CF =2.0 eV,
g 0L ba ¢ jj coupling
g . 0.10f T Experiment
La 2g
22 L.
=g 0.08F )
g% B
.= 4 0.06F .
52 -
oI 2
5~—0.041r
2 /
- 0021// \\\\\\

835 640 645 650 655 660
Energy (eV)

Fig. 3. The experimental spectra from XAS of LaMnOs3 and the calcu-

lated spectra in L, 3-edge of Mn3*: j—j coupling and j—j coupling + CF.
The influence of Mn%t, Mn3", and Mn*t on the Ly 3-
edge spectrum varies, as depicted in Fig. 4. To facilitate a
more accurate comparison with the experimental spectra, all
calculated spectra have been adjusted by 2.5 eV towards the
lower energy direction. The obtained spectra are consistent

150,511 Two

with those experimentally derived by Morales et al.
main factors are considered in this study. Firstly, the shape of
the L,-edge peak indicates a stronger agreement between the
theoretical and experimental spectra for Mn3* than for Mn**,
while no agreement is observed for Mn>*. Secondly, an in-
crease in the valence state of the manganese ion leads to a
shift in peak energy towards higher values. These descriptions
suggest that the majority of the Mn ions in LaMnOs exist in
the Mn3" state, with a minor fraction in the Mn** state, while

Mn?* is insignificant.

0.14 —— Mn*+
> P 3+
£ oaz2p Mu'
S —Mn .
S 0.10 Experiment
a B
; = 0.08
o . L
Z 8 0.06
gﬁom—
el 02F
= %2y

0

636 640 644 648 652 656 660
Energy (eV)

Fig. 4. The calculated spectrum in L, 3-edge of Mn?*, Mn3*, and Mn*+
and experimental spectrum from XAS of LaMnOs.

The L, 3-edge spectrum of Mn is commonly employed in
spectroscopy research for determining the valence state. Previ-
ous studies have documented various techniques for determin-
ing the oxidation state of Mn, with a focus on the shift of the

peak toward higher energies as the Mn valence increases and
the observed valence-dependent behavior of the L3/L, white-
line intensity ratio.**=3" In our research, we calculated the
spectrum of Mn>T and found that the white line intensity ratio
was 1.972:1, which is near the single-particle theoretical value
of 2:1. This result further supports the reliability of the compu-
tational method. Additionally, we synthesized the calculated
spectra of Mn in various proportions and compared them with
the experimental spectra. Figure 5 shows that a high degree of
agreement between the theoretical and experimental spectra
was observed when Mn>* is 90% and Mn** is 10%.

0.12

— Mn?t 90%
— 0.10F Experiment

its

0.081

b. un

> 0.06F

(ar

0.041

Absorption intensity

0.021

0 644 648 652 656 660

Energy (eV)

636 640

Fig. 5. The calculated spectrum in L 3-edge of Mn** and Mn** at dif-
ferent ratios and the experimental data for LaMnOs.

3.4. Spectral study for K-edge of Mn in LaMnOj;

Figure 6 presents a comparative analysis of the K-edge
spectrum of Mn?*, Mn*, and Mn**. The spectrum shifts
toward higher energies as the valence of Mn ions increases,
making the K-edge spectrum a valuable tool for determining
the valence of manganese in compounds.!?’?! Notably, the
K-edge spectrum of Mn3* is closest to the experimental spec-
trum in both shape and energy, while Mn** displays a lesser
degree of overlap. Conversely, the K-edge spectrum of Mn?*+
exhibits substantial deviation from the experimental spectrum,
which echoes our conclusion in L 3-edge. Our analyses indi-
cate that Mn** and Mn** are the primary oxidation states of
Mn ions in LaMnO3, while Mn?* is not detected.

3.5

o, M2t

=~ 3.0 Mn3t+

I=an R 44
h= Mn

8 =} 2.5F .

c = Experiment

T g 2.0r

g2

S % 1.5F

Qi

So Lof

22

< 0.51

6550 6560 6570

Energy (eV)

6%30 6540 6580

Fig. 6. Calculated spectrum in K-edge of Mn**, Mn3*, and Mn** and
experimental spectrum from XAS of LaMnO3.

The ionic multiplet model allows us to identify spectral
transitions that assist in analyzing the origin of the peaks.
Specifically, in the K-edge spectrum of Mn3*, the prepeak
structure at 6542 eV is located about 14 eV below the main
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K-edge peak of manganese. This structure corresponds to a
quadrupole transition occurring from the 1s core level to the
empty 3d level, which represents a dipole-forbidden transition
and consequently exhibits limited intensity. Elfimov ef al. has
proposed the existence of a dipole contribution to the prepeak
in LaMnQO3, which arises from the strong hybridization be-
tween the Mn 4p orbitals and the adjacent Mn atom’s 3d or-
bitals facilitated by oxygen 2p orbitals.!'!] The peak observed
at 6556 eV corresponds to the excitation from 1s orbital to
4s orbital of Mn3*t, while the peak observed at 6563 eV cor-
responds to a dipole transition from 1s orbital to 4p orbital.
Correspondingly, the peaks observed at energies of 6546 eV,
6567 eV, and 6575 eV can be attributed to the excitations of
Mn** from the 1s orbital to the 3d, 4s, and 4p orbitals, respec-
tively.

The influence of different ratios of Mn** and Mn** in
LaMnO3 on the K-edge spectra is simulated in Fig. 7. The re-
sults suggest that with an increasing proportion of Mn3*, the
prepeak A shifts to lower energy. Moreover, there is a dis-
cernible trend of intensity transfer from a relatively weaker
peak B (compared to peak C) to a relatively stronger peak B
(compared to peak C). The synthetic spectra show a significant
degree of concordance with the experimental spectra when the
proportion of Mn3* falls within the range of 88%-90%. How-
ever, a discrepancy arises between the synthetic spectrum and
the experimental spectrum at peak C. This discrepancy is at-
tributed to the strong hybridization of the E, orbitals in the 3d
of Mn with the 2p orbitals of the adjacent O ions, which causes
a broadening of the energy band within the solid.

3.5 —Mn?*t 60%
.j; 3.0 _7ani 70%
g~ Mn®* 80% B C
2 £ 25— Mn*t 85%
2 5 —Mn?t 88%
. 2.0F Mn3t 90%
s —Mn?t+ 91%
2 < 1.5F Experiment
=
2o 1.0r
ol A
< 0.5F

6%35 6540 6545 6550 6555 6560 6565 6570
Energy (eV)

Fig. 7. The calculated spectrum of Mn3* and Mn** at different ratios
and the experimental spectrum for LaMnOs.

There are several reasons for the appearance of mixed va-
lence states of Mn ions in the LaMnQO3: (i) The material ex-
hibits the presence of cationic defects, such as vacancies in La
or Mn ions, which lead to the valence state of some Mn ions
changing from +3 to +4 in order to maintain overall electri-
cal neutrality. (ii) An excess of oxygen ions in the material,
which presents in metal ion vacancies or lattice gaps. This ex-
cess of oxygen ions causes an increase in the valence of Mn
ions. (iii) The crystal structure can be affected by deviations
from standard stoichiometric ratios, as well as the temperature

and duration of the annealing process during its preparation,
which further changes the valence state of Mn ions.

4. Conclusion

The core electron excitation spectrums for La and Mn are
calculated, and a theoretical estimation for determining the ef-
fective oxidation states of La and Mn in LaMnO3 is provided.
From the point of free ions, we analyzed the contribution of
La and Mn ions in various valence states to the spectrum by
considering that the spectral shapes and mainline positions are
mainly influenced by the oxidation state of the central atom.
The M-edge spectra of La demonstrate a concurrence between
the experimental spectra and the calculated spectra of La’*
in terms of the spin—orbit splitting values and peak positions,
indicating that the La ion is positively trivalent in LaMnO3.
However, the L 3-edge and K-edge spectra of Mn, clearly in-
dicate the presence of a mixed valence state in LaMnQs3, pre-
dominantly composed of Mn* with a minor fraction of Mn*,
while the absence of Mn?* is evident. The synthetic spectrum
at the L, 3-edge aligns with the experimental spectrum when
the Mn®t content is 90% and Mn** is 10%, which is con-
sistent with the Mn>* proportions ranging from 88% to 90%
obtained at the K-edge. The results also indicate that a weak
interaction between lanthanum and manganese in LaMnOs,
while the interaction between manganese and oxygen is ro-
bust. This investigation enhances our ability to analyze crys-
tal spectrum and deepens our understanding of the electronic
structure information in perovskite materials.
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