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X-RAY PHOTOELECTRON SPECTROSCOPY STUDY OF THE ELECTRONIC
STRUCTURE OF La;_,Ca,MnOz,5 SOLID SOLUTIONS

S. H. Estemirova,®” A. V. Fetisov,” and V. B. Fetisov’ UDC 543.428.3

The electronic structure of Laj_,GaMnO3z.s solid solutions is studied by X-ray photoelectron spectroscopy
(XPS). The valence state of the manganese is estimated by various methods: by analyzing the difference in the
binding energies of the Mn2p3, and Ols electronic levels, analyzing exchange splitting in the spectrum of
Mn3s, and from the dependence of the binding energy of the XPS spectrum of Mn2p3, on the calcium con-
centration. The state of oxidation of the manganese in the compositions containing calcium lies between Mt
and Mu**. The efficacies of these methods are compared. A correlation is found between the type of crystal-

line structure of Laj_ GaMnO3.s (0 <x<1) and the binding energy of the Mn2p3, peak.

Keywords: X-ray photoelectron spectroscopy, Laj—xGaxMnO3+§, oxygen nonstoichiometry, polymorphic structure,
solid solution.

Introduction. Questions regarding the valence state of transition metals in complex multicomponent systems
are a constant subject of discussion, since this topic is connected with the most important problems of modern physical
chemistry, such as high temperature superconductivity of cuprates, giant magnetic resistance of manganites, etc. There
are a number of distinctive features of defect formation during heterovalent displacements in these complex oxides that
are not yet fully understood and require profound, thorough study.

When perovskite-like lanthanum manganite LaMnO3 is doped, the induced charge disorder is compensated by
a change in the valence of the Mn atoms, which leads to the giant magnetoresistance effect. Thus, replacement of La
by calcium leads to the appearance of quadrivalent manganese in the crystalline lattice of lanthanum manganite:
La?J_era)chrMn?J_r Mn§+O3. A similar result follows from an excess amount of oxygen in the oxide (self doping). It is
believed by some that, with these two types of doping, a "charge disproportionation" reaction takes place, so that
within the structure, a more stable configuration than Mn**-Mn** develops, Mn**-Mn** [1].

Another important question in research on defect formation in the manganites is the degree of localization of
the introduced charge on manganese ions. Thus, a redistribution of the electron density between the copper and oxygen
in the cuprate high temperature superconductor YBayCu3Og,g as O is varied regulates many of its physical and chemi-
cal properties, including the Curie temperature 7. [2].

In these and many other cases, when it is necessary to obtain direct information on the charge state (based on
which the valence, degree of localization of the valence electrons, etc., are evaluated) of some element in a substance,
use is made of x-ray photoelectron spectroscopy (XPS). Then the object of study is the so-called "chemical shift" in
the lines of the XPS spectrum corresponding to the given element. Because of an effect owing to the crystallographic
surroundings (through the Madelung energy of the crystal) on the chemical shift for the transition metals that masks
the corresponding effect owing to the valance shell, interpreting the XPS data is more difficult. Thus, attempts have
been made to determine the valance state of manganese by means of a deeper analysis of the XPS spectra (studying
the distances between lines and other features) [3-6]. In many particular cases, these attempts have been extremely
successful, which means that the further development of this approach offers some promise.
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In this paper we present some results of an XPS study of the electronic structure of the solid solution
La;_,Ca,MnO3,5 Based on a correlation between the compositional parameters (x, ) of the structure and the charac-
teristics of the electron spectra that were obtained, some information was obtained on the regions of existence for dif-
ferent valence forms of manganese in La;_,Ca,MnOs3,;s The effectiveness of these correlations for determining the
valence state of manganese ions is discussed.

Experiment. Samples of La;_,Ca,MnO3,5 (x = 0.00, 0.06, 0.10, 0.20, 0.40, 0.50, 1.00) were synthesized
using ceramics technology from the corresponding oxides, as described elsewhere [7]. In order to obtain samples with
a specified oxygen content, the compositions were annealed under certain conditions (temperature, atmosphere) which
we established in the preliminary stages of this research: samples with a stoichiometric oxygen content were obtained
by final annealing in air at a temperature of 1573 K; samples with excess oxygen, by annealing in an O, atmosphere
at 1173 K. Annealing was terminated by quenching the ceramic material on a massive copper plate. Final annealing
of the composition LaMnO, g9 with an oxygen deficiency was carried out at 1273 K in an argon atmosphere with a
partial pressure of oxygen of ~10 "~ Pa in a special enclosed apparatus with electrochemical techniques for maintaining
low Pg,. The sample was quenched by removing the operating part of the system from the heating zone and then
cooling it with water. Formation of a single phase produce was checked by x-ray phase analysis using a DRON-2
x-ray diffractometer (CuK emission, Ni filter). The parameters of a unit cell were determined from 18-20 reflections.
The absolute oxygen contents were determined by reducing the samples in a hydrogen atmosphere until the stable ox-
ides were attained.

The XPS studies were conducted on a spectrometric system based on a Multiprob Compact vacuum system
equipped with an EA-125 (Omicron, Germany) energy analyzer. The excitation radiation source was an x-ray gun with
an aluminum anode. The energy scale of the energy analyzer was calibrated using standard samples: Au, Ag, and Cu.
In order to take the "charging" of the samples during electron emission into account, the positions of the lines in the
XPS spectrum were corrected with respect to the position of the Cls line of carbon belonging to the (CH), groups,
assuming its binding energy to be Ep = 285.0 eV.

Prior to the XPS studies, the surfaces of the samples were cleaned mechanically with a scraper in the mount-
ing chamber until the "carbonate" Cls peak (~289 eV) vanished and the shape of the oxygen Ols peak no longer var-
ied. It should be noted that a high energy shoulder in the spectrum of Ols (see the inset in Fig. 1) has been observed
in a number of papers (e.g., [3]). Its presence is usually attributed to the presence on the sample surface of either hy-
droxyl groups or weakly bound oxygen [3, 6]. In some papers, this shoulder vanishes completely after prolonged me-
chanical cleaning of the surface [8]. The XPS spectra were analyzed using the program XPS PEAK 4.1 [9]. After
background subtraction by the Shirley method, the experimental curve was deconvolved with optimal minimizing of
the number of peaks used to describe it.

Discussion of Results. The x-ray phase and x-ray structural analyses show that all the synthesized samples are
of a single phase and have a perovskite-like structure in the form of three polymorphic modifications, whose type de-
pends on the method and degree of doping of the La;_,CaMnOsz,5 (Table 1). As an example, Fig. 1 shows the com-
plete XPS spectrum of one of the samples, with the spectral features of interest to our study indicated thereon.

XPS spectra of 3d-lanthanum and 2p-calcium. The 3d, line of lanthanum (Fig. 2) has the complex structure
typical of this element, with s—d spin orbital splitting and a separation of ~4 eV between the split peaks. The binding
energy of this line has a tendency to decrease with increasing composition parameter x. For the samples with x = 0.0,
0.1, and 0.2 with an excess oxygen content, the spectrum of La3d is shifted to lower Ej, relative to the oxides with a
stoichiometric composition (Table 2). Note that a shift in the La3d spectrum into the lower energy region has also
been observed [3] as the amount of strontium in stoichiometric La;_,Sr,MnO3 is increased. In these compounds, lan-
thanum manifests a stable oxidation state of +3, so the chemical shift with increasing x observed for it (see Table 2)
can be attributed to changes taking place in its crystallographic surroundings. Thus, it has been shown [10] that, as the
coordination number for the La atoms increases, the La3d doublet is shifted toward lower Ej,. In addition, it has been
found [11] that after chemical etching and ion cleaning of LaggCag,MnO3 (so that an anion deficient surface is
formed), as the concentration of oxygen vacancies is increased the split 3ds,; peak is shifted toward higher Ej,, while
the split parameter increases.

The binding energy of the Ca2p electronic level in LaggCag,MnO3 falls off noticeably as the calcium con-
centration is raised (Table 2). Here the difference in E}, for the opposite limits of the solid solution for the compounds
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TABLE 1. Unit Cell Parameters of Laj—xCayMnO3+§

Unit cell volume

Composition Spatial group a A b, A e A B, deg. per unit structural

element, V/Z, R3
LaMnO5 go Pl12/c (M) | 5.7248(41) | 7.7082(65) | 5.5385(69) |  90.006 61.099
LaMnO3 P1124/c (M) 5.5951(23) | 7.7348(42) | 5.5340(32) | 90.084 (27) 59.865
LaMnOs 15 R3¢ (R) 5.4809(55) - - 60.592 (94) 58.989
LapooCagoMnO3 | Pnma (O) | 5.5378(30) | 7.785(41) | 5.5411(55) - 59.721
Lag9oCao1oMnO300 | R3¢ (R) 5.4726(55) - - 60.571 (93) 58.694
LapgoCaoooMnO; | Pnma (O) | 5.4962(36) | 7.7740(42) | 5.4987(23) - 58.736
LaogoCag0MnO3 0o | Prnma (O) 5.48223) | 7.75404) | 5.5050(3) - 58.503
Lag70Ca030MnO; | Pnma (O) 5.4734(6) | 7.7366(7) | 5.4849(4) - 58.064
Lag 65Cag 3sMnO;3 Pnma (O) | 5.4623(10) | 7.7164(27) | 5.4741(17) - 57.682
LagsCagsoMnO; | Pm3m (C) | 3.8282(4) - - - 56.103
CaMnO; Pm3m (C) 3.7325(5) - - - 51.999

Notes. M indicates monoclinic crystalline system, O orthorhombic, R rhombohedral, and C cubic.

LaMnO3; and CaMnOj is ~1 eV. The valence of calcium in these compounds is also stable (+2), so the observed shift
of Ca2p (as that of La3d) can be attributed to changes taking place in the crystallographic surroundings of Ca.

XPS spectra of manganese and oxygen. It is known that the physical and chemical properties of doped man-
ganites are mainly determined by the state of the manganese ions. As mentioned above, there are two alternative mod-
els which describe the electronic configurations of the Mn ions in different ways. One of these is the "charge
disproportionation" model, which, on the basis of data regarding the instability of Mn**-Mn** complexes, assumes the
existence in La;_,Me,MnO3,5 (Me is a bivalent metal) of more stable Mn?*-Mn** pairs. This assumption is con-
firmed by the observed [1, 12] characteristic behavior of the thermal emf and electrical resistance as functions of tem-
perature. According to the other model, the Mn** configuration does not exist, but coexistence of the Mn** and Mn**
ions is more probable for this system [5].

In reality, determining the valence state of manganese in La;_,MeMnO3 (including by XPS) is far from a
trivial task. According to handbook data [13], the values of Ej for the Mn2ps,, electronic level in the simple oxides
Mn(Il), Mn(IIT) and Mn(IV) are 641.0, 641.5, and 642.6 eV, respectively, which means that these states can be distin-
guished quite reliably. However, in the crystalline structures of LaMnO3 and CaMnOs3, as well as the intermediate
compositions, the positions of these peaks are so close that it is not possible to isolate the different states in the spec-
trum of Mn2p.

As an instrument for analyzing the valence state of manganese in La;_,Ca,MnO3 it has been proposed [6] that
the difference in the binding energies of Mn2p3,; and Ols be used. In this case the opposite shifts of the oxygen and
manganese peaks (which depend on x or §) are summed, yielding a larger effect. When this method is used, there is
also a significant reduction in the error in the determination of the unknown quantity, since the effect owing to the
"charging" of the sample vanishes. The difference in E}, for the Mn2p3;, Ols pair may reach 0.6-0.7 eV as the oxi-
dation state of the manganese increases [6]. The dependence of the difference in the binding energies of Mn2p3,; and
Ols on the parameter x that we obtained for La;_,Ca,MnO3 compositions which are stoichiometric in oxygen (Fig. 3a)
is linear and is in good agreement with the results obtained by others. The linear dependence is an indication that the
spectrum responds proportionally to a change in the state of the manganese from Mn’" in LaMnOs to Mn* in
CaMnOs.

Another way of estimating the valence of Mn is the analysis of spectrometric data on exchange splitting (AS)
of the Mn3s electronic level, which leads in most cases to reliable results that are confirmed by the other methods.
The high reliability of this method is based on the fact that AS depends strictly on the number of electrons in the 3d
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Fig. 1. Survey XPS spectrum of Lags5CapsMnOj3; the inset shows the 1s spec-
trum of oxygen for the same sample (after background subtraction).
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Fig. 2. XPS spectra of the core levels of La3ds;; (a) and Ca2p (b)
for Lag3Cag3MnO3.

TABLE 2. Binding Energies of the X-Ray Photoelectron Peaks of La3ds/ and Ca2p3/2 in Laj—xCaxMnO3+§ Solid Solution

Composition Ep(La3dsp), eV E(Ca2p3p), eV
LaMnOs3 833.96 -
LaMn03, 15 833.89 -
Lag.94Cag,06MnO3 834.00 346.75
Lag.90Cag.10MnO3 833.91 346.59
Lag.90Cap.10MnO3 g9 833.79 346.64
Lag 80Cag.20MnO3 833.85 346.39
Lag goCag.20MnO3 o2 833.85 346.50
Lag 70Cag.30MnO3 833.85 346.37
Lag 50Cag.50MnO3 833.58 346.07
CaMnO; - 346.57
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Fig. 3. Methods for estimating the valence state of manganese in the solid solution Laj_
LaMnO3+5 (a) by analyzing the difference in the binding energies (AEp) of the
Mn2p3;p and Ols electronic levels; (b) by analyzing the exchange splitting of the spec-
trum of Mn3s (AS); the inset shows the XPS spectrum of Mn3s for sample No. 6;
(c) from the dependence of the binding energy of the XPS spectrum of Mn2ps,» on the
calcium concentration in La;_,Ca,MnOj3+g; (d) the dependence of the exchange splitting
energy for the Mn3s level (AS) in La;_,CaMnOs,5 on the number of electrons in the d
shell of manganese (n); (1) LaMnOj3, (2) Lagg4CagosMnO3, (3) LagggCag.1MnO3,
(4) Lag goCap20MnO3, (5) Lag70Cag30MnO3, (6) LagsoCagsoMnO3z, (7) CaMnOg,
(8) LaMnO, 9, (9) LaMnO3 15, (10) LaggoCag.10MnO3 g9, (11) Lag g0Cag20MnO3 2; (0)
corresponds to a Pnma structure, (e) to a P112{/c structure, and (m) to a R3c structure.

shell (which decreases as the oxidation state of the manganese rises) [3, 4, 14]. As with the preceding method for de-
termining the valence, the "charging" of the samples has no effect on the accuracy of the measurements. One disad-
vantage of this method as applied to lanthanum might be the substantial overlap of the Mn3s spectrum by an x-ray
satellite of the Ladds;y peak (for both aluminum and magnesium anodes in the x-ray source).

The inset to Fig. 3b shows a spectrum of Mn3s for Lag7Cag3MnO3, which is typical of the other composi-
tions as well. The absence of an x-ray satellite of the Ladds; peak is explained by the fact that in the course of the
mathematical processing it was subtracted from the overall spectrum. The found values of AS, as well as the positions
of the low energy peak (see Fig. 3b) have a quite distinct dependence on the calcium concentration and, therefore, on
the oxidation state of the manganese.

Table 3 lists the binding energies of Mn3s (the low energy peak) and the values of the exchange splitting for
samples with and without excess oxygen. It should be pointed out at once that the exchange splitting of Mn3s for low
values of x gives a much better identification of the state of the manganese ion in solid solution than does the binding
energy. It is quite evident that AS for the oxidized samples (8 > 0) is considerably lower than for the unoxidized sam-
ples (8 = 0); this should [3, 4] correspond to a higher average valence for the manganese ions. The data of Table 3
show that a similar magnitude of the shift AS (and corresponding change in the concentration of Mn4+) can be ob-
tained by an alternative method (cation substitution, x), but this takes place at twice (relative to &) the doping level.
This result is in good agreement with the physical and chemical principles of charge compensation, which can be writ-
ten formally for La;_,Ca,MnO3,g as follows:
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TABLE 3. Binding Energy and Exchange Splitting of the X-Ray Photoelectron Peak Mn3s in La;_,CaMnOs3,5 Solid
Solution

Composition Ey, eV AS, eV

LaMnO; 83.02 6.90
LaMnO3,15 83.11 6.25
Lag ¢9Cag 1MnO3 83.10 6.58
Lao,g()CaO,lOMnOg 83.12 6.43
Lag gCap,MnO3 83.11 6.34
La().g()CaO.zoMnO&oz 83.13 6.30
Lag 7Cap3MnOs3 83.25 5.91
Lag sCag sMnOs 83.43 5.83
CaMnO3 83.57 4.75

La(Mn” )0, +8/20, <> La(Mn" "), _,5(Mn""),305,5 . (1)

(1 - x)La(Mn" )05 +xCa(Mn" )05 > La,_Ca Mn>"), (Mn*"),0,,5. @)

According to Fig. 3, the presence of Mn>" ions in a La;_,Ca,MnOs,s solid solution is improbable. Further-
more, an attempt to confirm this by means of a proper study of exchange splitting for reduced LaMnO3 containing a
substantial amount of Mn”" ions was unsuccessful because of almost complete overlap of the x-ray satellite of Ladd
with the spectrum of Mn3s that was being studied.

Therefore, the exchange splitting of Mn3s we have measured in samples of La;_,Ca,MnOs3.5, 6 > 0 with
Mn3s (see Table 3) indicates that the state of the manganese ions in the oxidized solid solution corresponds to an in-
termediate state between Mn>* and Mn*. Compared to analogous compositions with respect to calcium, but without
excess oxygen, the Mn** component is more pronounced in this mixed state. These results are consistent with [15],
where the valence of the manganese was estimated by another alternative means, studying the intensity and position of
the Mn2py,, satellite.

The difficulties in identifying the coexisting states of manganese and in interpreting the corresponding spec-
tra are still related to the fact that its reflections are, by nature, broad and nonsymmetric. This shows up, in particu-
lar, in the attempts by several authors to carry out a detailed analysis of the intense Mn2p3, peak by separating the
signals from different states of manganese (e.g., [16]). A more informative method for determining the proportion
Mn?*/Mn>*/Mn** may be to account for the asymmetry in the peaks, which is a consequence of the "shakeout" effect
for the metals [17, 18]. However, in a study of the solid solution La;_,Me,MnO3,g for small x, these methods did not
yield satisfactory results. In addition, an analysis of the corresponding spectrum for samples with different calcium
contents showed that the type of crystalline structure of the La;_,Ca,MnO3.s has a significant effect on the binding
energy for the Mn2ps,, spectrum line (Fig. 3c).

Our x-ray structure analyses of the solid solution La;_,Ca,MnO3,5 show that compositions with x = 0.1-0.3
have an orthorhombic (O) crystal system with unit cell parameters a < \2b <c. As the degree of calcium doping is in-
creased, the unit cell approaches pseudocubic (C). In the monoclinic structure of LaMnOj3 and Lagg4CagogMnO3 sam-
ples that are stoichiometric with respect to oxygen the proportions of the unit cell parameters are different:
a > ¢ > \2b. The difference in the lattice metric for the polymorphic modifications of lanthanum manganite is caused
by a change in the average ionic radii in the A- and B-positions of the perovskite-like structure (ABO3). In addition,
the resulting slope and rotation of the MnOg octahedrons enhance the nonequivalence of the Mn—O bond lengths.
When there is a large oxygen excess, the samples crystallize in a rhombohedral (R) system with equal Mn—-O bonds
in the manganese-oxygen octahedra.

In light of the x-ray structural data obtained here, the dependences of the binding energy of the Mn2p3,» peak
on the composition parameter x (Fig. 3c) show that immediately upon the transition from a monoclinic structure
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Fig. 4. Normalized spectra of the valence band of La;_,Ca,MnOs,5

(x = 0.00, 0.06) to an orthorhombic structure (x > 0.06), the binding energy changes discontinously, and then increases
monotonically as x rises to 0.50. Given this, we may assume that it is not so much the effective charge concentrated
on the manganese ions that affects the position of the Mn2p3, peak, as the Madelung energy which characterizes the
effect of the crystal field on the average with respect to the oxide. This is substantially reinforced by data on E}, (for
Mn2p3,) for a sample synthesized with a low partial pressure of oxygen which, therefore, had a high oxygen deficit
(O2.89) and corresponding number of Mn?" ions. (See Fig. 3c.) Despite the presence of an excess negative charge on
the manganese ions, the binding energy of Mn2p3, for this sample remained at the level of Ej, for the other samples
that were isotructural to it.

Spectrum of the valence band. Computational studies of the valence band of different La;_,Ca,MnO3,§5 com-
positions [19] have shown that the major contribution to the spectrum of the valence band is from the O2p states of
oxygen (at ~6 eV) and the Mn3d states of manganese (at 3.5 eV), while the contributions of the valence electrons of
lanthanum and calcium are relatively small. A study has been made [4] of the valence band of the manganites, with
a simultaneous examination of the exchange splitting of the Mn3s electronic level. The exchange splitting was found
to depend on the formal charge on the manganese and a relationship was found between the valence band of the man-
ganites and the spectrum of Mn3s on comparison with the data of [10]. According to the experimental data from [4],
no significant changes in the magnitude of the exchange splitting of Mn3s was observed for doped manganites with
formal charge states for the Mn ranging from 3+ to 3.3+. This implies that the electron holes arising in the structure
of the manganites at these doping levels lie near oxygen atoms.

Figure 4 shows some of our experimental spectra of La;_,Ca,MnOs3,§ in which two peaks can be seen, at 3.5
and 6.0 eV. These correspond to signals from the Mn3d and O2p electronic levels, respectively [19]. The intensity
ratio of these peaks changes significantly when La is replaced by Ca. The increase in the intensity of the Mn3d peak
relative to O2p when x > 0.2 could be attributed to the migration of an electron hole from the d orbital of Mn** to
the p orbital of 0> implied by the results of [4]. At the same time, unlike in [4], we obtained an entirely opposite
result for the exchange splitting of the Mn3s level within this range of x. (See Table 3.) In our case, it changes sig-
nificantly, thereby indicating localization of the electron holes right on the manganese. Thus, we have tried to explain
the observed variations in the spectrum of the valence band in a different way: by adding a Ca3s signal, which in-
creases as the concentration of calcium in the oxide is raised, to the Mn3d peak.
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Conclusion. The reduction in the exchange splitting of Mn3s and the increasing difference between the bind-
ing energies of Mn2p3» and Ols as the concentration of calcium in La;_,Ca,MnOj,§ solid solutions is raised show
that in all the compositions studied here there is a high probability that Mn* and Mn*" ions coexist, while Mn?* is
unlikely to be present. All the electron holes formed by doping lanthanum manganite will be localized at manganese
ions (there is no singly valent oxygen in the oxide). In addition, the observed significant shifts in the Cap, La3d, and
Ols lines toward lower binding energies, as well as the (slight) simultaneous opposite shift of Mn2p, as the concen-
tration parameter x is increased were all unexpected. They cannot be explained just by charge redistribution over the
directions of the anion-cation bonds. On the other hand, the substantial effect of the crystalline structure of the solid
solution on the spectrum of manganese (and, to some extent, on the spectra of the other elements) is indicative of the
large role played by the crystalline field (the Madelung energy) in the oxide. Getting a more exact understanding of
the role of the crystalline field in the behavior of the Ca2p, La3d, and Ols spectra that we have observed will require
additional experimental and theoretical study.
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