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Self-doped La1-xMnO3+δ manganites (x = 0.0 and 0.15) were studied by Raman and x-ray photoelectron spectroscopy (XPS). The magnitude of Mn 3s splitting was measured by XPS and found to be constant for the both
oxides indicating equal average manganese valences. The observed change in the Curie temperature between the
samples, combined with the invariable manganese valences, indicates diﬀerent levels of hybridization of the Mn
3d and O 2p states of the oxides. The Raman peaks observed at 607 and 630 cm-1 in x = 0.15 oxide were
attributed to the vacancy nature of the sample. Appearance of the 607 cm-1 band suggests a diﬀerent crystal
structures at local and average scales of the oxide. The presented Raman and XPS results shed light on the
vacancy origin and properties of self-doped manganites and suggest useful tools for the characterisation of these
functional materials.

1. Introduction
Perovskite-like hole-doped La1-xDxMnO3 (D is Ca, Sr, Ba and/or Pb)
manganites attract considerable attention due to their potential applications and interesting basic properties resulting from the colossal
magnetoresistivity (CMR) and giant magnetocaloric eﬀects (MCE) [1].
Parent LnMnO3 oxides are antiferromagnetic insulators, with the
manganese being in the trivalent state. Partial substitution of the divalent D2+ ions for Mn3+ results in a mixed Mn3+/Mn4+ oxidation
state which is responsible for a wide variety of the manganites properties. The perovskites become ferromagnetic conductors at low temperatures, and show CMR and MCE eﬀects at Curie temperature (TC).
The properties of manganites can be controlled by substitution in the A
[1,2] - and B [2,3] - positions of the ABO3 perovskite cell, and are
determined by the competition between the lattice, orbital and charge
degrees of freedom.
The mixed Mn3+/Mn4+ valence state can be also obtained by
generating vacancies in the A- and B- positions of the ABO3 cell [4–9],
and through oxygen nonstoichiometry in the self- or vacancy-doped
La1-xMn1-yO3 ± δ (LMO) manganites [10–13]. Self-doped and oﬀ-stoichiometric La0.6Sr0.4−xMnTixO3 [14], (LaCa)Mn1-xO3 [15] and La1xMn0.9Co0.1O3-δ [16] manganites as well as the hole-doped La1xDxMnO3 perovskites exhibit metal-insulator and ferromagnetic-
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paramagnetic phase transitions, and demonstrate the MCE and CMR
eﬀects. Notably, the coexistence of CMR and MCE eﬀects has been
observed for La0.9MnO3 [4], and giant MCE has been reported for nanocrystalline LaMnO3 oxide [5]. The (LaCa)Mn1-xO3 ceramics that show
nonlinear conductivity [15], and sprayed LaMnO3-δ thin ﬁlms [10] can
be used for spintronic applications. The high rates of catalytic activity
related to the redox properties of La1- xMn0.9Co0.1O3-δ have attracted
considerable interest for use in soot combustion [16]. The Griﬃths
phase observed in Pr1-xMnO3+δ [6] and La1-xMnO3+δ [8] has been attributed to the vacancies of these perovskites.
Literature on the self-doped and oﬀ-stoichiometric oxides raises
many questions related to the complex crystallochemistry of manganites and manganese oxidation states. In particular, at high concentrations of vacancies in the A-position of the ABO3 cell (that is, an
excess of manganese), anti-site defects are observed [8,14,17]. Anti-site
defects formed by divalent manganese in Pr1-xMnO3+δ [17] and
La0.6Sr0.4−xMnTixO3 manganites [14], and by the trivalent manganese
in La1-xMnO3+δ oxide [8] have been observed. At the same time,
changes of lattice modes caused by the vacancies and change of the
manganese oxidation state have not been studied well. The aim of
present study was therefore to elucidate the electron and phonon
structure of the La1-xMnO3+δ oxides using Raman and x-ray photoelectron spectroscopy (XPS) analyses.
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2. Experimental
The La1-xMnO3+δ ceramics (x = 0.0 and 0.15) were prepared using
a nitrate combustion technique with La2O3 and Mn3O4 precursors as
previously described [18]. For the measurements the same samples as
in Ref. [8] were used. According to the x-ray diﬀraction (XRD) powder
Cu Kα analysis the sample with x = 0.0 (La00) was in the orthorhombic
Pnma phase with the minor impurity of the rhombohedral R3̄c phase (as
in Ref. [19]). The x = 0.15 (La015) oxide was single phased and exhibited R3̄c singony. Cell parameters of the manganites decrease as the
x value increases. The XRD results are in line with those reported in
Refs. [19,20]. According to Ref. [8] the Mn4+ concentration equals to
14–16% and about 20% for the x = 0.0 and 0.15 samples, respectively.
The Curie temperature of the La00 and La015 perovskites are 140 and
180 K, respectively [8]. The XPS measurements were performed using
the Kratos Axis Ultra DLD (UK) spectrometer equipped with a monochromatic Al Kα x-ray source (hν = 1486.6 eV, 150 W). Pressure inside
the chamber was less than 5.0 × 10-9 Torr, The XPS measurements were
performed using the samples freshly cleaved in the air, the obtained
spectra were ﬁtted using the CasaXPS program package. Raman measurements were performed using the InVia spectrometer (Renishaw,
UK) with a 514 nm laser and laser beam diameter ≈5.0 μm. Laser
power was varied from 0.1 to 15.0 mW, cycle time was varied from 1.0
to 25.0 s and the number of accumulation cycles was varied from 5 to
250. The shape and width of Raman peaks showed not suﬃcient
changes with increasing laser power. This indicates that the samples
were not damaged by the laser beam. Spectra were obtained at several
points of the samples and under diﬀerent measurement conditions to
ensure reproducibility and reliability of the data.

Fig. 2. (colour online) X-ray photoelectron spectroscopy Mn 3s core-level
spectra for the La00 and La015 oxides. The experimental spectra for the samples are almost identical. The background, ﬁtting and envelope curves for the
spectra are also presented.

around 641.6 eV and 653.3 eV, respectively (Fig. 1). The positions of
the Mn L3/2 and L1/2 peaks correspond well with published results for
LaMnO3+δ and PrMnO3+δ oxides [7,24]. The average Mn valence can
be estimated using the 2p3/2 peak position, E0 [7,24], which indicates
that the Mn oxidation state is higher than 3+. It is in line with recent
results obtained by x-ray absorption ﬁne structure (XAFS) spectroscopy,
where it was also reported that the change of the 2p3/2 and 2p1/2 peak
intensity with change of x correlated with the change of TC [26].
The XPS Mn 3s core level spectra for La00 and La015 are shown in
Fig. 2. The spectra are similar and show a doublet caused by exchange
splitting with a magnitude ΔS3s = 5.1 eV. The doublet is a characteristic
feature of the 3d transitional metals [21–23,25,27]. Exchange splitting
is sensitive to the number of unpaired 3d electrons and gives an indication of the average manganese valence (vMn). The value of vMn,
according to empirical formula [25], can be written as

3. Results and discussion
3.1. Electron structure: x-ray photoelectron spectroscopy
The XPS data for the La1-xMnO3+δ perovskites are presented in
Figs. 1 and 2. The results are in line with those published for manganites [7,21–25], and particularly for the LaMnO3 perovskites [7,21,22].
Shape and position of the observed Mn 2p and Mn 3d core level spectra
curves of the studied samples are practically identical.
The Mn 2p core level spectra split into 2p3/2 and 2p1/2 peaks located

vMn = 9.67 − 1.27 ∗ ΔS3s

(1)

Eq. (1) was deduced using the linear relationship between the
splitting magnitudes and manganese valences obtained at studying
diﬀerent manganites and manganese oxides with 2 ≤ vMn ≤ 4 [23,25].
Equation (1) follows from the extended Van Vleck theory [27] (see,
also, [23,25]), where it has been shown that ΔS3s is proportional to
(2S + 1)G2(3s, 3d), G2(3s, 3d) is the Slater exchange integral between
the 3d electrons and 3s core hole. Using the expression (1) and the value
of ΔS3s = 5.1 eV, one can get that the average manganese valence
equals to 3.19 for the both studied oxides.
The TC for La00 and La015 is 140 and 180 K respectively, and the
manganese oxidation state was found to be constant when studying the
oxides using XAFS Mn K- [8], L- [26] edge spectroscopy, and using XPS
in the present study. The variation of TC with the constant oxidation
state of manganese could be explained by diﬀerent levels of hybridization of the O 2p and Mn 3d states for the studied self-doped
oxides. Similar result was obtained at studying the La0.7Ca0.3Mn1xScxO3 perovskites [28,29] where the formal valence of manganese and
TC changed upon substitution of Mn with Sc though the average manganese state (measured by XAFS) did not change. At the same time, in
the hole-doped La1-zCazMnO3 manganites, when the z increased, the
valence of manganese changed from 3 + to 4+, TC changed and the Mn
K-edge spectra shifted for about 4.0 eV [19]. This evidences the

Fig. 1. (colour online) X-ray photoelectron spectroscopy Mn 2p core-level
spectra for the La00 and La015 samples. The experimental curves for the studied oxides are practically coincided.
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La0.949Mn0.949O3 [39]. The LDC predicted the peak of the A1g mode at
249 cm-1, which results from the motion of atoms causing rhombohedral distortions [35]. The strong Raman peak observed at 427 cm-1 can
be assigned to the Eg band. The peak for this band has been also reported at 463 cm-1 [35], and at 430 cm-1 when studying
La1−ySryMn1−xMxO3 (M = Cr, Co, Cu, Zn, Sc, or Ga) with x = 0–0.1
and y ≈ 0.3 [39]. The calculated wave number for the Eg mode was
468 cm-1, and can be attributed to the bending vibration of oxygen
[35]. The Eg peak has also been reported at 432 cm-1 [40] and at
400 cm-1 [41] for LaCoO3 ceramics, and at 487 and 485 cm-1 for LaAlO3
in Refs. [35,41], respectively. A wide Raman peak that occurs at a
wavenumber beyond 600 cm-1 is observed. The band can be assumed to
be formed by two peaks located at 607 and 630 cm-1. A band at
≈610 cm-1 has also been reported in the spectra of the orthorhombic
LaMnO3 [30] and Pr1-xMnO3+δ [6] oxides, and assigned to the charge
transfer B2g(1) mode [30]. According to the results of optical spectroscopy [37,42], resonance Raman spectroscopy [31] and the analysis
performed in Refs. [31,37,38], the B2g(1) mode modulates the inter-site
d-d charge transfer between the nearest Mn ions and shows a resonance
at ≈ 2.0 eV. Notable, Krüger et al. noted a good correspondence between their experiments [31] and Allen and Perebeinos theory [43]
based on the Frank-Condon process which activates Raman multiphonon scattering. At the same time, the connection of the optical absorption 2 eV peak with the Frank-Condon process between Jahn-Teller
split is under the question because it do not give the good explanation
of the main properties of the noted band, especially a temperature
dependence of the spectral weight (see detail in Refs. [31,37,38]. The
appearance of the Raman mode at 607 cm-1 in the La015 oxide which
belongs to the rhombohedral R3̄c structure indicates that the local
structure diﬀers from the average one. Namely, the above peak is
usually observed in the crystals with orthorhombic Pnma singony. It can
be suggested that the mode is caused by anti-site defects in the La015
oxide [8]. A diﬀerence between local and average structures has also
been reported, for example, in studies of the La1-xSrxMnO3 [44] and
La0.7Ca0.3-xBaxMnO3 [45] manganites. The high frequency 630 cm-1
peak could be assigned to the out-of-phase stretching vibration of
oxygen (Eg mode), the LDC predicted the peak position at 646 cm-1
[35]. The mode is the “forbidden” mode for the rhombohedral
R3̄c structure, and can be considered as the distortion-activated JahnTeller mode [35]. Interestingly, the Raman peak at ≈650 cm-1 has been
observed in spectra of the La1−ySryMn1−xMxO3 perovskites, and the
peak intensity has been seen to depend on the dopant M and value of x
[39]. Authors of the last paper attributed this peak to the oxygen vibrations (as in Ref. [35]) associated with local modes in the vicinity of
the M-substituent ions. A similar conclusion was made by Ulyanov et al.
[6] when an unusually large Raman peak was observed in the selfdoped Pr1-xMnO3+δ oxides and assumed to be related to the high level
of vacancies. The assumption is conﬁrmed by the results presented in
this study.

Fig. 3. (colour online) Raman spectra for the La00 and La015 manganites. The
Gaussian curves used for the ﬁtting of Raman peaks are also presented.

diﬀerence in change of hybridization for vacancy and hole doped perovskites.
3.2. Lattice mode: Raman spectroscopy
Orthorhombic Pnma symmetry allows vibration of 60 optical modes
[30–33]. The observed modes attributed to the rotation-, stretchingand bending-like vibrations of the MnO6 octahedra. Raman mode assignment for Pnma crystals was done with the lattice dynamical calculation (LDC) method by Iliev et al. [30]. According to Refs. [33–36]
there are only ﬁve (A1g+4Eg) Raman active modes (out of 20 lattice
modes) which allowed by the rhombohedral R3̄c space group. The A1g
mode is rotational and the Eg modes can be rotational, bending and
anti-stretching. For distorted LaMnO3 oxides the theoretical Raman
peak positions for the rhombohedralR3̄c manganites were deduced by
the LDC method by Abrashev et al. [35]. The Raman spectra for La00
and La015 are shown in Fig. 3.
For La00 the peak at 148 cm-1 (Ag mode) corresponds to the vibration of La ions along the x-axis which is assigned as R(x) [30]. The
wide peak at 228 cm-1 (assumed to be composed of two peaks at 202
and 230 cm-1) can be attributed to the R(z) and Ag(2) modes. The R(z)
and Ag(2) phonons agree with the La atom vibrating in the z direction
and in-phase y-rotation modes, respectively [30]. The Ag(2) predicted
by LDC at 246 cm-1 [30] and observed at 257 cm-1 [30,31]. The peak
observed at 424 cm-1 can be attributed to the B2g(3) band and corresponds to the out-of-phase bending phonon mode; the LDC predicted
the position of the peak at 464 cm-1 and observed at 481 cm-1 [30].
Notable, the positions of the Ag(2) and B2g(3) peaks for stoichiometric
[30] and self-doped (as at present study) LMO are at higher and lower
energy as comparing with LDC prediction. It can be suggested that the
vacancy causes the softening of the lattice modes connected with the
oxygen rotation and bending. Interesting, at deep ultra-violet excitation
(4.1 and 4.5 eV) the mode at 448 cm-1 appeared and showed the resonance behaviour analogous to the rotational modes [31]. An intense
peak at 654 cm-1 is observed. The peak is also observed in Refs. [31,37],
discussed in Refs. [37,38] and associated with in phase symmetric B1g
stretching mode.
Four Raman peaks are observed for the La015 perovskites. The peak
at 153 cm-1 results from the Eg mode and attributed to the pure vibration of La atoms in the hexagonal (001)h plane [35]. The noted peak
was also observed at 152 and 179 cm-1 in Refs. [34,35], respectively.
The LCD predict the peak position at 163 cm-1 [35]. The weak wide
peak at 265 cm-1 corresponds to the A1g mode. A peak at about 240 cm-1
has been observed in the spectrum of the vacancy-doped

4. Conclusions
Raman and XPS spectroscopy were used to study the self -doped La1(x = 0.0 and 0.15) manganites prepared by nitrate technology. The analysis revealed the Mn 3s splitting magnitude to be
constant (ΔS3s ≈ 5.1 eV) between the two oxides, which indicates
identical average manganese valences (∼3.2). The increase of TC with
the increase in x along with the constant manganese oxidation state
indicates diﬀerent hybridization levels of the O 2p and Mn 3d states of
the oxides. The study of x = 0.15 perovskite revealed unusual modes at
607 and 630 cm-1, which were attributed to the vacancy origin of the
perovskite. The appearance of the 607 cm-1 peak in the perovskite belonging to the rhombohedral R3̄c singony and observed usually in the
orthorhombic Pnma phase indicates the diﬀerence between the average
and local crystal structure of the oxide.
xMnO3+δ
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