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Mn and Co Charge and Spin Evolutions in LaMn;.xCo.O3 Nanoparticles

ABSTRACT

The charge and spin state evolution of manganese and cobalt in the LaMn;—xCo0xOs3 (x = 0.00,
0.25, 0.50, 0.75 and 1.00) perovskite nanoparticles have been studied with soft x-ray
absorption spectroscopy. The results show a gradual increase of the average oxidation state of
both Mn and Co ions with cobalt doping. The average valence of the LaMn;-xCoxOz samples
remains close to 3.0, with the Mn valence increasing from 3.1 to 4.0 and the Co valence
increasing from 2.0 to 3.0. The symmetry of Mn and Co was determined using multiplet
calculations. Calculating the intensity-area of the oxygen K pre-edge feature confirmed an
increase in covalency with increasing Mn and Co oxidation state. The ground state
composition of Mn**, in LaMnQs, and Co**, in LaCoOs was investigated and it was found
that Mn3* (Dan) and Co>* (On) are mainly in their low-spin state, with 10 to 20% admixture of

high-spin state contributions into a mixed spin ground state.



1. INTRODUCTION

Metal oxide perovskites have attracted large attention due to their wide range of functionality
such as catalysis, superconductivity, gas sensors and batteries.”®> Observation of giant
magnetoresistance and colossal magnetoresistance (CMR) in manganites caused considerable
interest in their potential applications for example in spintronics.* The parent compound,
LaMnOs, is an insulator with orthorhombic perovskite structure which becomes
antiferromagnetic below the Neel temperature (Tn = 140 K).> Occurrence of the mixed
valence Mn**/Mn** leads to the onset of the metallic ferromagnetic state. The mixed valence
state can be created by changing the stoichiometric oxygen content or by partial substitution
of lanthanum or manganese by divalent ions.®”’

A great deal of work has been done regarding substitution of manganese with cobalt.
Goodenough et al. concluded that the appearance of the ferromagnetism in the LaMn1.xC0xOs
samples with 0< x <0.5 is attributed to the superexchange interaction between Mn>" ions,
without any magnetic contribution of low-spin Co**® Later on, Park et al. mentioned the
presence of CMR in LaMnogsCo00.1503 and found out that the dopant Co is divalent where
manganese becomes mixed valent.® They suggested that the ferromagnetic state observed in
LaMn1.xCoxOz should be understood in the framework of a double-exchange mechanism of
Mn®*/Mn*. In spite of not being consistent with the traditional idea about the ferromagnetic
states in LaMn1.«CoxOs series, their findings provided a potential way for realizing CMR by
Mn-site substitution. Further discussion is raised by the work of Troyanchuk and co-workers,
who discussed the magnetic properties of LaMn1xCoxOz in terms of the competition between
positive Mn**-O-Mn**, Mn**-O-Mn%*, Co*-O-Mn*" and negative Mn*-O-Mn*,
Co**-0-Co0?*, Mn®**—0—Co0?* superexchange interactions.*®

In order to resolve the Mn and Co local structure and valence states in LaMn1.xC0xO3
perovskites, several x-ray absorption spectroscopy studies have been accomplished. For
example, Sikora et al. studied the valence states of Mn and Co systematically by means of x-
ray absorption spectroscopy (XAS) at the metal K-edges.!! They suggested that at
intermediate values of x, the transition metal ions are in their high spin states. In another study
they observed a high spin state for Mn**/Mn** and for Co?* in the entire range of x.!?> The
Co®* revealed a low-spin state at low doping, while the average Co®* spin state showed an
increase at higher cobalt concentration. They claimed that this observation is due to a gradual
charge transfer from Mn to Co sites upon increasing Co doping. Burnus et al. investigated
LaMnosCoos03 by soft x-ray absorption spectroscopy and found a high-spin Co*~Mn**

valence state for this compound.®® By means of soft x-ray magnetic circular dichroism



spectroscopy (XMCD), they stablished that Co?* and Mn** ions are ferromagnetically aligned.
Using x-ray absorption fine structure (EXAFS) at K-edges, Palikundwar et al. pointed out that
the local structure of MnOs octahedra is distorted and the distortion decreases with an
increase in Co content. In contrast, the CoOe octahedra are undistorted over the entire
composition range and have a single bond length for all six O atoms of the first coordination
shell .4

Despite the extensive work that has been carried out on LaMn;.xCoxOz compounds to
understand the effect of Co doping on lanthanum manganese perovskites, the detailed
quantitative analysis still has to be improved. In this paper, we present a systematic XAS
study to probe the valence states of manganese and cobalt in LaMn1xCoxOz (x = 0.00, 0.25,
0.50, 0.75 and 1.00) nanoperovskites. Moreover, the hybridization of the transition metals and
oxygen states was investigated by O K-edge XAS to understand the electron sharing between

O 2p and transition metal 3d states.

2. EXPERIMENTAL SECTION

The LaMn1xCoxOs nanoperovskites were prepared by the citrate—nitrate auto-combustion
method using La(NO3)3.6H20, Co(NO3)2.6H.O and Mn(NO3)2.4H.O precursors in the
presence of citric acid as described previously.3!°

X-ray diffraction patterns of the freshly calcined samples were recorded in a Bruker
AXS diffractometer D8 ADVANCE with Cu Ka radiation filtered by a nickel monochromator
and operated at 40 kV and 30 mA. Diffraction patterns were recorded in the range of 20 = 15—
65° using a step size of 0.06.

The oxygen K-edge, Mn L.z edge and Co L3 edge were collected at undulator
Beamline UE52-SGM of the BESSY Il synchrotron (Berlin). The measurements were
collected in the total electron yield mode (by measuring the sample drain current) using the
1200 mm* spherical grating of the UE52-SGM monochromator and the SolidFlexRIXS end-
station. The pressure of the chamber was in the range of 9x10°-6x10® mbar. All the spectra
were collected at room temperature and normalized to the beam current, to correct for
synchrotron-intensity loss during a measurement. To compare the spectra, they were

normalized to 1.0 at the maximum peak.

3. COMPUTATIONAL SECTION
3.1. Ligand Field Multiplet Calculations (LFM). Co 2p XAS spectra were simulated using
the Charge Transfer Multiplet for XAS program (CTM4XAS)*®. This program uses the



multiplet model implemented by Thole,!’ based on the atomic theory developed by Cowan,®
and the crystal field interactions described by Butler.!® This approach includes both electron-
electron interactions and spin-orbit coupling for each open subshell. Atomic Slater-Condon
parameters (F%9, FPY and GPY) are scaled to 80% of the Hartree-Fock calculated values.'® The
Mn and Co L3 spectra are calculated from the sum of all possible transitions for an electron
excited from the 2p core level into an unoccupied 3d level. The ground state is approximated
by the electronic configuration 3d". In the ground state, 3d spin-orbit coupling and the crystal
field affect the 3d" configuration. The 3d" ground state and the 2p°3d"** final state are affected
by the 3d3d multiplet coupling. In the final state also the 2p3d multiplet coupling, the 2p and
3d spin-orbit couplings, and the crystal field potential in appropriate symmetry are included.
The strength of the crystal field is described with empirical parameters 10Dg, Ds, and Dt, and
those are optimized to experiment.® To reduce bias, we tested a new methodology
implemented in BlueprintXAS?:?2 to fit multiplet simulations to experiment by computing a
large number of start points that span throughout the solution space to evaluate crystal field
parameters and relative Mn compositions. In the present study, to generate the fit of LaMnO3
and of LaMno25C00.7503, 500 Monte Carlo starting points were used with a model that

holistically included background and crystal field parameters for different Mn components.

3.2. Fitting and Analysis of XAS spectra. To quantify the relative amounts of Co?*/Co®" and
Mn®*/Mn** in the XAS spectra, a holistic model that included the background as well as
normalized references for each component was developed to fit the Co and Mn L-edge XAS
spectra. In this model, the normalized reference components were modeled in functional form
such that the corresponding raw data is subject to background-subtraction and normalization,
as part of the optimization procedure. Using Blueprint XAS a family of good fits in each case
was obtained.??> From these fits the mixed valence composition of Co and Mn in each
sample was evaluated.

In the case of the O K-edge, a model that included the pre-edge peaks, the background,
the edge jump and the La 5d character peaks was used to fit the experimental data, from
which a family of fits was obtained. The data were then normalized with respect to the
intensity area of the La 5d character band under the assumption that La covalency remains

constant in LaMn1xCoxOs series.

3.3. Ground State Symmetry Analysis. In order to investigate the ground state composition

of Mn®*" and Co*', the CTM4DOC program was used (unpublished results). This program



projects the ground state into its individual components with respect to a specific interaction
in terms of single particle 3d orbitals.?® This includes the projection to the combination of

octahedral symmetry term symbols, atomic term symbols and single particle 3d orbitals.

4. RESULTS AND DISCUSSION

4.1. XRD. Shown in Figure 1 is the wide-angle XRD patterns of the LaMni1xCo0xO3
perovskites. For analyzing the XRD data a commercial Xpert package was used. Formation of
a single perovskite phase is confirmed from the XRD profiles. The samples with x<0.5 show
an orthorhombic structure belonging to space group Pbnm (X-pert high score PDF code: 01-
088-0128). For the samples with x>0.5 a rhombohedral structure belonging to space group R-
3m (X-pert high score PDF code: 00-009-0358) is found. For the sample with 0.5 doping
level, the diffractogram (Figure 1c) shows both the orthorhombic and rhombohedral structural
phases. These results are consistent with the previous studies.>?* Analyzing the XRD data
confirmed that the LaMnOs, prepared in this study, has 3.3% excess oxygen, i.e., LaMnOs 1,
resulting in 20% Mn**. It was reported that the stoichiometric LaMnOs should be prepared in
the absence of oxygen and annealing in air results in the nonstoichiometric LaMnO3+5.2° The
XRD data were used to calculate the crystallite size of perovskite phases using Scherrer and
Williamson—Hall equations.?® Detected phases are observed to be in the range of 30-40 nm.

4.2. Mn L2;3 edge. The L2 3 edge XAS spectra correspond to the transition to the outmost shell
in 3d transition metal oxides implying that the spectra are directly related to valence state
changes. Figure 2 shows the normalized Mn L3 absorption spectra of the samples together
with MnO as the reference of Mn?*. Results show a shift in the Ls to higher energy from MnO
to LaMnOz. The shift to higher energies continues by doping the Mn by Co which reflects the
increase of Mn valence state. It has been reported that upon oxidation from Mn?* to Mn®* and
Mn3* to Mn**, the average shift in Ls is on the order of 1.5-2 eV and 1-2 eV, respectively.?’
Comparing the spectra with previous reports demonstrates that the Mn species in LaMnOs
and LaMno25C00.7503 are Mn®" and Mn**, respectively.*®?” It can be concluded that the Mn
contained in the LaMno75C00250s and LaMnosC0os03 consists of a mixture of Mn®*‘and
Mn**. By comparing the spectra with the MnO, as the reference of Mn?*, it can be found that

there is possibly some minor admixture of Mn?* in the samples.
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Figure 1. XRD patterns of (a) LaCoOs, Figure 2. Mn Lzs XAS spectra of

(b) LaMno25C00.7503, (€) LaMnosCoos0s,  (a) LaMno.25C00.7503, (b) LaMnosCoos0s,

(d) LaMno.75C00.2503 and (e) LaMnOa. () LaMno75C002503, (d) LaMnOsz and
(e) MnO. The MnO spectrum is reproduced
from reference 28.

In order to obtain multiplet simulation parameters and compositions best consistent to
experimental data of LaMnOs and LaMno.2sC00.7503, Blueprint XAS was used (Figure 3). The
obtained fits reproduced well the experimental spectra, from which corresponding crystal
field parameters are listed in Table 1. The 10Dq values reported in Table 1 are the ground
state values. These results show that the Mn content of LaMnOs is not pure Mn®" and is an
admixture of Mn?* (0.5%), Mn®" (59.4%) and Mn** (40.1%), while the Mn content of
LaMno 25C00.7503 is made of Mn?* (1.4%), Mn®" (8.5%) and Mn** (90.1%). The Mn®** and
Mn** symmetry is considered to be Dan (due to a Jahn-Teller distortion) and O, respectively.
Within this approach, charge transfer parameters were not considered. However, hybridization
of the Mn and Co with oxygen, ligand atoms, is not negligible. This effect was included in the
multiplet calculations by a reduction of the Slater integrals from their atomic values to
account for isotropic covalency via a nephelauxetic effect.?® The scaling factors (%) that were
obtained from the fits to account for covalency were, of 52% (F% and FP%) for Mn®" in
LaMnO3 and of 50% (F%9) and 42% (FP®) for Mn*" in LaMno25C007503; confirming the
covalent character of the Mn—O bonding.
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Figure 3. Multiplet calculation based simulations of the experimental Mn L-edge data of
LaMnO3z (A) and LaMng25C00.7503 (B). The bottom panel gives the simulations for the
different Mn valances. The top panel compares the added simulated spectra with experiment.
The obtained parameters are listed in Table 1.

These results on the Mn Lz 3 spectra for LaMnOs and LaMno.25C00.7503 suggest that the
Mn**/Mn3* ratio is increasing with Co doping. A similar result was obtained by the work of
Palikundwar and co-workers.** There are two possible explanations for the appearance of
Mn**. One can be the presence of over-stoichiometric oxygen, and the other is a Mn®* + Co®*
— Mn*" + Co?" type of charge redistribution. In order to clarify the cause of the presence of
Mn®/Mn* mixture, the valence of the dopant Co in the manganese perovskites was also

investigated by means of Co L3 XAS.

Table 1: Crystal field, Charge transfer and Broadening Parameters Obtained from the
Fitting of Multiplet Simulations to the Experimental Mn L-edge XAS Spectra of
LaMnOz and LaMno.25C00.7503.2

Samp_le:* Site Ionlc_crystal Ds Dt G (fwhm)
composition symmetry field (fwhm)
Mn3* (Dan) 1.53 0.06 | -0.01 | 0.1(Ls)/2.0(L2) 1.27
LaMnOs
Mn** (On) 2.38 - - 0.3 (Ls3)/ 0.8 (L2) 1.27
LaMng 25C0g.7503 Mn‘” (Oh) 2.34 - - 0.4 (Lg)/ 1.2 (Lz) 1.04

aAll values are in eV.



4.3. Co L23 edge. The valence of the cobalt dopant in the manganese perovskites was
investigated by Co Loz XAS (Figure 4A). The spectrum of CoO single crystal was collected
as the reference of Co?" in On symmetry. A spectrum with almost the same features was
reported by van Schooneveld et al.3%3! In that work an octahedral structure for Co?* (HS) with
a small tetragonal distortion (Ds=0.02 eV) was suggested. By comparing the L3 spectrum of
LaMno.75C00.2503 (Figure 4d) with the CoO, reference compound of Co?*, it can be concluded
that the Co contained in this sample is octahedral Co?*. The difference in the features between
~778 and ~782 eV is due to the presence of stronger covalency in the LaMng75C00.2503
sample. Figure 4A shows that by Co doping the L3 shifts toward higher energies and for
LaCoOs3 the L3 reaches to ~781 eV. According to previous reports this excitation energy is
related to Co3*.1332-3 The spectra indicate that the Co contained in the LaMnosCoo503 and
LaMno25C00.7503 samples is a mixture of Co?* and Co®". This confirms a Mn** + Co%*" —
Mn** + Co?* type of charge redistribution. The results clearly indicate that manganese enters
to the LaCoO3 as Mn**, while Co?* is doped into LaMnOs.

Figure 4B shows the comparison of experimental Co L.z XAS with multiplet
calculations which were performed with the CTM4XAS interface.'® The parameters used for
the calculations are provided in Table 2. In case of cobalt, we modeled covalency by the use
of charge transfer parameters. The Slater-Condon parameters, used to describe the Coulomb
repulsion and exchange interactions, are their atomic values which corresponds to 80% of
their Hartree-Fock values. The crystal field, 10 Dq, values reported in Table 2 correspond to
its ionic contribution. Overall simulations confirm that LaCoO3z mostly consists of octahedral
Co®*" and LaMno75C00.2503 consists of octahedral Co?*. The XRD results show that LaCoOs
crystallizes in the rhombohedrally distorted cubic perovskite structure (Figure 1). The main
structural motif of this material is a nearly perfect CoOs octahedron. The rhombohedral
distortion of the cubic perovskite structure can be described by deformation along the body
diagonal so that the angle of the Co-O-Co bond has changed from 180° to ~163°.%

Considering charge transfer effects, the total amount of 10 Dq can be considered to be
the sum of 10 Dgion and 10Dgct. The amount of 10 Dqe for Co?* (On) and Co3* (On) is ~0.4
and ~0.5 eV, respectively, according to a series of simulations performed with increasing
values of A (see Figure S1 given in the supplementary information). This assumption leads to
the 10 Dqjotar Of ~1.1 for Co?" and ~2.2 for Co®*, which are in agreement with previous

studies.23:30:36
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Figure 4B. Co 2p XAS of LaCoOsz and
LaMng.75C00.2503 (solid lines) compared to
crystal-field multiplet calculation (dots).
The parameters used are listed in Table 2.

Table 2: Crystal field, Charge transfer and Broadening Parameters Used for the Calculation
of Theoretical Co L-edge XAS Spectra of LaCoO3 and LaMno.75C00.2503.2

Sample Site lonic crystal Charge transfer r G
composition symmetry field energy [A] (fwhm) (fwhm)

LaCoOg" Co®* (On) 1.7 4.5 0.6 (Ls)/1.2(L2) | 0.25

LaMno_75C00,2503b CO2+ (Oh) 0.7 3 0.5 (Ls)/ 0.8 (Lz) 0.15

3All values are in eV. PHopping parameters for eq and tyq electrons are 2 and 1, respectively. Core hole
potential Q and the 3d3d repulsion energy U, are assumed to be 7 and 6 eV, respectively.

4.4. The Ground State Composition of Mn®*" and Co*'. The parameters listed in tables 1

and 2 were used for calculating the ground state composition of Mn** (in LaMnO3) and Co*"

(in LaCo0O3) by the CTM4DOC program (Table 3). It was reported that in LaCoO3; and

LaMnOs; both Ugs and A are of similar strengths and thus, these compounds cannot be

classified as a purely charge transfer or a Mott Hubbard insulator, but have mixed character.?’

The nature of the ground states indicated that these oxides are highly mixed valent with a

large hopping matrix element.
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The results show that LaCoO3z mostly consists of octahedral low-spin (1A1) Co* with the
admixture as given in table 3. Abbate et al. 3 have mentioned that at low temperatures the low
spin state of LaCoOs shows a shoulder located at 781.5 eV, i.e. at the higher energy region of
the Ls-edge peak. They suggested that the absence of the shoulder at 781.5 eV and the
increased intensity around 778 eV, i.e. the lower energy region of the Ls-edge peak, can be
attributed to thermally populated high-spin state. Table 3 lists the obtained Mn3* ground state
of LaMnOs in the Dsn symmetry and then approximated as octahedral. These results imply
that Mn®" is in a mixed-spin state with ~80% low-spin (S=1) and ~20% high-spin (S=2)

character.

Table 3: Ground State Composition (%) of Co®* and Mn®" ions in LaCoOs and LaMnOs
Samples, Respectively. Results are Obtained from Projections in CTM4DOC Using the
Parameters that Fit the Experimental Mn and Co L-edge XAS of LaMnO; and LaCoOs
and that are Listed in Table 1 and Table 2, Respectively. The 3d Orbitals are Divided into
tog and ey Orbitals in Octahedral (On) Symmetry and into aig (dz2), big (dxa-y2), b2g (dxy) and
g (dx,dy;) Orbitals in Tetragonal (D) Symmetry. We Omit the Gerade (g) Symbol to
Simplify the Configurations. L Defines a Ligand Hole.

LaCoOs3
Symmetry t,5%e0 %! L ty%e? ty%e! t2°e’L t2*e’L
On 68.2 19.8 6.0 3.9 1.0 0.9
LaMnO;
e3botar’hi® | e?brtai’hi® | e?h,%a:%h:° | e3bolaiths? | e?bytai’bit | elbyta;’hs?
o 83.9 115 15 0.7 0.6 0.6
t,%e” t° el t,%e?
On
80.6 18.3 1.1

45. Mn and Co Lz3 Data Analysis Based on Experimental References. In order to
determine the valence composition of Mn and Co, the experimental data were analyzed using
a holistic model that included the background and references for both metals to fit the
experimental data using the methodology implemented in Blueprint XAS to obtain a family of
good fits. The first step was the choice of reference compounds for specific valence of each

transition metal. The analysis of Mn and Co L-edge shifts was performed using edge energies
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of LaMnOs, LaMng25C007503, LaCoO3 and LaMng75C002503 samples as references for
formal valence states of Mn3*, Mn**, Co®" and Co?*, respectively. Figure 5 reflects the results
from these fits. In case of Co L2 3, the fits reproduces the experimental spectra adequately. For
Mn, despite a good general agreement, the fits could not properly replicate the feature
observed in the experimental data in the range of ~ 640-642 eV. As it is shown in Figure 2,
this range can be an indication of presence of a small amount of Mn?* in the samples. In order
in LaMnOs, the XAS spectrum of

LaMno.25C007503, i.e. the reference of Mn**, was subtracted from LaMnOs in different

to calculate the amount of Mn*" contained
proportions (see Figure S2 given in the supplementary information). Results showed that the
average oxidation state of Mn in LaMnOs is +3.13, which is in good agreement with XRD
results. The average valence states derived for LaMn1xCoxO3 series according to this data

analysis are presented in Table 4.

Table 4: Contributions of Manganese and Cobalt Oxidation States Obtained From Figure 5. “TM Valence” is an x-
weighted Average of Co and Mn Average Oxidation States, which Supposed to be Equal to 3.00 in the Case of
Perfect Oxygen Stoichiometry. Std dev stands for Standard Deviation.

- Mn3* | Mn* | Co? | Co® | Stddev | Std dev Mn Co ™
No. | Sample composition
(%) (%) | (%) | (%) of Mn of Co valence | valence | valence
1 LaMnOs 87 13 - - - - 3.13 - +3.13
2 LaMno.75C00.2503 68.5 | 315 | 100 - 6.33 - 3.32 2.00 +2.99
3 LaMno5C00503 585 | 415 | 85.0 | 15.0 7.79 6.38 3.42 2.15 +2.78
4 LaMno 25C00.7503 - 100 | 339 | 66.1 - 5.75 4.00 2.66 +3.00
5 LaCoOs - - - 100 - - - 3.00 +3.00

12
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Figure 5. Representative fit to the experimental spectra for LaMng.25C00.7503, LaMngsC00503
and LaMno75C002503 samples. Here, LaMnOsz, LaMng25C007503, LaCoOs and
LaMno.75C00.2503 experimental data are used as references for formal valence states: Mn®*,
Mn**, Co%* and Co?*, respectively.

4.6. The Oxygen K-edge. Complementary information on the role of dopant in the bonding
of these series of compounds can be obtained from the O K-edge (Figure 6). In general the
peaks at ~530, 536 and 545 eV correspond to the excitation from an oxygen 1s orbital to
hybridized O 2p—Mn/Co 3d, O 2p-La 5d, and O 2p—Mn/Co 4sp orbitals, respectively. A
direct comparison of these experimental spectra shows important similarities in the number

and shape of the different peaks between these compounds. The only difference is a small
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shift in the energy position of the second and third peaks. This similarity is expected as the
second feature (~536 eV) corresponds to the La 5d states, which is assumed to be identical for
all of the samples. The third feature (~545 eV) is attributed to transition metal 4sp state,
which generally has a wider bandwidth and therefore is largely similar for Mn and Co. The
position of the first peak of the oxygen K-edge does not seem to change position, which is not
what is usually expected for mixed valence systems. In general, the edge position of the
oxygen K-edge shows a number of different behaviors for different metal and different
combinations of valences. In some cases there is a clear shift, for example for the equivalent
Co, Ni and Cu trivalent oxides (Laz(Li,Cu)QO4) and for nickel where the edge of Ni®* is shifted
with respect to Ni?*.3 In case of manganese and cobalt the situation is not so clear. A study of
La(Sr)MnOs showed essentially no shift from Mn®" to Mn**.%° This is probably because the
difference between Mn®* and Mn** is an extra hole in the eg-state (for high-spin), but no new
orbital comes available. In case of cobalt, there is a clear shift in La(Sr)CoO3 and Co*" has a
lower energy than Co®*.*! This is due to the hole in the txg-state for the 3d°-system Co**. The
same shift is visible for the Lia-CoO2 system.*? Looking at the mixed valent Co?*/Co%*
systems, there is no shift in the oxygen K-edge between CoO and LiCoO:..

It turns out that the Co?*/Co*" and also the Mn**/Mn*" oxides do not shift and also the edge
position of these systems is approximately 530 eV. This implies that we do not expect shifts
in the oxygen K-edge as all 4 constituting ions Co?*/Co%*/Mn**/Mn** have oxygen K-edges at
the same edge energy.

We employed the first peak of the O K-edge spectra to assess the extent of Mn/Co 3d-O
2p hybridization among the series. Table 5 shows the results from fitting of empirical pseudo-
Voigt to account for the different bound transitions and of an empirical cumulative pseudo-
Voigt to account for the rising edge to the experimental spectra by using Blueprint XAS. The
intensity-area of the oxygen K pre-edge feature, which reflects the covalency, was normalized
with respect to the total intensity of O 2p-La 5d peaks. These results are consistent with the
notion that covalency coefficient increases with the nominal number of 3d electrons and with

a previous report by Suntivich et al.*®
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Figure 6. O 1s XAS spectra of (a) LaCoOs3,
(b) LaMnp2sC007503, (€) LaMnosCoos0s,
(d) LaMno.75C00.2503 and (e) LaMnOg.

Table 5: Calculated Covalency Coefficients of LaMn;xCoxOs Samples.

Sample Normalized pre-edge intensity Standard deviation
LaMnOs 0.260 0.013
LaMno.75C00.2503 0.256 0.032
LaMnosC00503 0.265 0.014
LaMno25C00.7503 0.338 0.038
LaCoOs 0.328 0.031

5. CONCLUSIONS

A detailed investigation of the ground state symmetry and the electronic structure of Mn and
Co in LaMn1xCoxO3 series has been carried out using soft x-ray spectroscopy. Experimental
O 1s, Mn 2p and Co 2p XAS data were accompanied by theoretical calculations, using the
CTM4XAS, CTM4DOC and Blueprint XAS programs to probe the changes of Mn and Co
electronic structure due to doping. A detailed analysis of X-ray absorption data showed that
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by cobalt doping the oxidation state of Mn and Co increases. Due to the fact that covalency
increases with the formal valence for a given transition metal, the development of the oxygen
prepeak is a measure for the development of the oxidation state of the transition metal.
Oxidation of the transition metal was found to increase hybridization, which may reflects the
reduced transition metal 3d and oxygen 2p energy difference, causing increased covalency.
The ground state of Mn3* and Co** is determined to be mainly low-spin, with 10% to 20%
quantum-chemical admixture of high-spin states into a mixed-spin ground state. In most
previous studies LaCoOs was considered to be an ionic/ligand field like system and the Co**
was reported to be in a low-spin state at room temperature. Transition of low-spin state tz4° e°
to intermediate-spin state tog° eq! of Co®* ions takes place due to the competition of crystal-
field tog-eg splitting and effective exchange interaction of 3d spin orbitals. The oxides,
corresponding to high formal oxidation states, may be negative charge transfer systems. It
results in an essential modification of the electronic structure, in particular in a possible
stabilization of an intermediate state. Lastly we confirm that the present study describes an
efficient approach to systematically investigate the electronic structure of transition metals,
which can also be applied for other correlated systems.

It can be concluded that the LaMn1.xCoxO3 series maintains its average trivalent metal site
by combining the Mn*/ Mn** balance in combination with the Co?*/ Co®" balance. In addition
to the catalytic properties of the system, this also creates a tool to generate a system with the
desired magnetic properties that are a fine balance between the different valences for Mn and
Co in combination with their spin state that turns out to be exactly at the high-spin low-spin

transition point.

SUPPORTING INFORMATION

The Supporting Information is available free of charge via the Internet at http://pubs.acs.org

S1. The relation between the average 10 Dgc and A for Co?* and Co®*. The energy difference
between ground state and first excitation state was converted to 10Dqtta according to the
Tanabe-Sugano diagram. The 10 Dqc: was obtained from the subtraction of the 10Dgionic from
the 10Dqotar. The 10Ddionic is the value used in the CTM interface.

S2. Subtracting the Mn 2p spectrum of LaMno.2sC00.7503, Sz, from LaMnOs, Sy, in different

proportions.
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