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Mn 3s exchange splitting in mixed-valence manganites
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We present Mn 3s x-ray photoelectron spectra of manganese oxides with the Mn formal valency from
21 to 41. We found that the Sr21 doping or cation deficiency in manganites do not change the Mn 3s
splitting in manganites with the Mn formal valency from 3.01 to 3.31. We suggest that doping holes are
localized in O 2p states.
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I. INTRODUCTION

Mixed-valence manganites have been studied for alm
50 years.1 An interest in the manganese perovskite oxides
R12xAxMnO3 ~whereR is a rare earth element andA is Ca,
Sr, Ba, etc.! has increased since the discovery of the pheno
ena of colossal magnetoresistance.2 They exhibit a great va-
riety of magnetic and transport properties that strongly
pend on the stoichiometry and the structure of the mater

The coexistence of ferromagnetism and metallic beha
in manganitesR12xAxMnO3 is explained within the frame
work of the double-exchange model.3 This mechanism im-
plicitly assumes Mott-Hubbard-type insulators requiri
Mn31/Mn41 mixtures. It contradicts the fact thatRMnO3 is
a charge-transfer insulator.4

According to the calculations of Saitohet al.,4 the doping
holes in LaMnO3 have mainly oxygen 2p character, and the
doping electrons in SrMnO3 are of Mn 3d as well as of O 2p
character. Therefore, doping of LaMnO3 with Sr21 ions
should lead to the appearance of holes in the O 2p band. The
O 2p character of the doping holes in doped manganites
demonstrated by a direct method, the O 1s x-ray absorption.
It was observed that the peak at the Fermi level correspo
ing to nonoccupied states at the oxygen sublattice grows
the concentration of the doping element, or along with
oxygen nonstoichiometry.5

One can probe the valence state of manganese ion
manganites by studying the Mn 3s x-ray photoelectron spec
tra. The spectral splitting of the 3s core-level x-ray photo-
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emission spectra in transition metals and their compou
originates from the exchange coupling between the 3s hole
and the 3d electrons. The magnitude of the splitting is pr
portional to (2S11), whereS is the local spin of the 3d
electrons in the ground state.

For 3d metal compounds, the calculated 3s splitting is
more than two times larger than the observed one. It in
cates that the observed 3s splitting is not likely to be due to
the spin exchange only. This fact was explained by the
trashell correlation effects between 3s13p63dn and
3s23p43dn11 configurations.6,7

In addition to the exchange interaction between thed
and 3s states, a charge-transfer process must be taken
account. For Cu and Ni oxides, the charge-transfer ef
dominates the multiplet effect in the 3s spectra. As the num-
ber of thed electrons decreases, the role of charge-tran
processes becomes less important.8

The Mn 3s spectra of manganites La12xSrxMnO3 with
x50.0, 0.1, 0.3, and 0.9 were measured by Saitohet al.4

According to these results, the magnitude of the Mn 3s split-
ting increases with decreasingx. However, the spectra in thi
work were measured with low energy resolution and po
statistics.

In this paper, we present experimental data on the Mns
splitting in manganites. We have found that for mangani
with the Mn formal valency between 3.01 and 3.31, the Mn
3s splitting remains constant. We conclude that in mang
ites with such formal valency, the doping holes are localiz
in the O 2p states.
©2002 The American Physical Society02-1
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II. EXPERIMENTAL CONDITIONS

Two series of La12xSrxMnO3 were prepared. The sample
of the first series were ceramics withx50, 0.1, 0.15, 0.2.
The samples of the second series were single crystals
x50.1, 0.2, and 0.3. Polycrystalline and single-crys
samples of La12xSrxMnO3 were prepared by the standa
solid-state reaction and the flux method, respectively. T
x-ray phase analysis has been done for the specimens.

For MnO, La0.9MnO3, La1.2Sr1.8Mn2O7, Pr0.5Sr0.5MnO3,
single crystals were used.9 The samples LixMnO2 (x50.97,
1.00, 1.03!, Li2MnO3, LiMnO2.4 were prepared using th
ceramic technology.10,11The samples of La0.2Ca0.8MnO3 and
Sm0.5Sr0.5MnO3 were ceramics as well.

The oxygen-deficient manganite LaMnO32d was pro-
duced by reducing of LaMnO3 at an oxygen pressure o
about 0.10 Pa at 1300–1350 °C. Whereas LaMnO3 prepared
in air or in oxygen has a rhombohedral structure, the sam
with the deficiency of oxygen shows the x-ray diffractio
peaks typical for the orthorhombic structure.

The experiments were performed using a PHI 5600
multitechnique system. The AlKa radiation was monochro
matized by a double-focusing monochromator. The ene
resolution as determined at the Fermi level of an Au foil w
0.3–0.4 eV. All samples were cleaved in vacuum at a b
pressure of 5310210 Torr.

III. RESULTS AND DISCUSSION

The Mn 3s spectra of several manganese oxides
shown in Fig. 1. The spectra are arranged in order of
increasing Mn formal valence. The spectrum of MnO (d5

ground-state configuration! shows the largest splitting amon
all manganese oxides. On going from MnO to LiMnO2 (d4

ground-state configuration!, the separation between the tw
main peaks decreases.

The Mn 3s x-ray photoemission spectrum of the oxyge
deficient manganite LaMnO32d shows a splitting larger than
in the spectrum of ‘‘pure’’ LaMnO3. The defects in
LaMnO32d can be considered as clusters of oxygen vac
cies, each bound with two Mn21 ions.12 The increase of the
Mn 3s splitting is explained by impurities of Mn21 ions
(3d5 configuration!.

The doping with Sr should lead to the increase of
Mn41 content such as La12x

31 Srx
21Mn12x

31 Mnx
41O3. Likewise,

the cation vacancies on the La sites are accommodated b
Mn41 ions: La12x

31 hxMn123x
31 Mn3x

41O3 ~where h is a va-
cancy!. It must be followed by a decrease of the Mn 3s
splitting. What actually happens is that the splitting does
change with the increase in the formal valency of the m
ganese ions up to a valency of 3.3–3.4. A mistake in de
mination of the dopant’s concentration can be excluded s
measurements done on both single crystals and tablets s
the same results. From La1.2Sr1.8Mn2O7 on ~the formal Mn
valency is 3.41), the splitting decreases. The SrMnO3 oxide
with Mn41 ions exhibits the minimal splitting among th
manganites studied in the present work~about 4.2 eV!.

In Fig. 2 the Mn 3s splitting of manganites is plotted as
function of the formal valence of the Mn ions. The magn
11310
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tude of the Mn 3s splitting decreases monotonically with th
increase of the formal valency of the manganese ions~except
the area from Mn31 to Mn3.31). We did not include in this

FIG. 1. Mn 3s x-ray photoelectron spectra of some mangan
oxides: MnO, Mn3O4 , LaMnO32d , LiMnO2 , La0.9Sr0.1MnO3 (s,
single crystal; c, ceramic!, La0.85Sr0.15MnO3 ~ceramic!,
La0.8Sr0.2MnO3 ~single crystal!, La0.9MnO3 ~single crystal!,
La0.7Sr0.3MnO3 ~single crystal!, La1.2Sr1.8Mn2O7 , Pr0.5Sr0.5MnO3 ,
La0.2Ca0.8MnO3 , LiMnO2.4, Li2MnO3 , SrMnO3. Solid line shows
the spectrum of LiMnO2. In the right part of the figure, the Mn
formal valencies are given. Positions of the low-spin compone
for each spectrum are shown by lines.
2-2
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graph the magnitude of the splitting for LaMnO32d since the
concentration of oxygen in this compound is unknown. W
can assume that the magnitude of the oxygen deficiencyd in
this oxide is between 0.02 and 0.05. This value is estima
from the comparison of the sample-preparation condition
our work and that of Kuoet al.,13 where the oxygen conten
in LaMnO36d has been measured.

It is known that for MnF2 and FeF2 , 3s splittings are
determined mainly by the exchange interaction between
3s hole and the localized 3d electrons in the ground state.14

For manganese oxides, the charge-transfer satellites bec
important, and the peaks in the 3s spectra lose their purity a
spin-split states. Mn 3s splitting decreases in the row
MnF2-MnO-MnCl2-MnBr2, i.e., with the increase in the de
gree of covalency.14 The doping with Sr in La12xSrx MnO3
leads to an increase of the degree of covalency and th
decrease in the Mn 3s splitting would be expected.

The increase of the degree of Mn-O covalency as wel
the increase of the formal valence of Mn ions should lead
reduced Mn 3s splitting. Actually the Mn 3s splitting is
constant for the formal-valency manganese ions in the ra
from 3.01 to 3.31.

The main line of the Mn 3s spectrum of MnO reflects
mainly 3s13d5 final-state configuration. The main lines o
the Mn 3s spectra of LiMnO2 and Li2MnO3 should reveal
3s13d4 and 3s13d3 final-state configurations, respectivel

FIG. 2. Mn 3s splitting as function of the formal valence of M
ions.
h
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For LaMnO3 the Mn 3s main line has the same nature as f
LiMnO2. The constant Mn 3s splitting in the concentration
region fromx50 to x'0.3 means that the electronic con
figuration of doped manganites withx,0.3 is not changed
One can suggest that the doping holes are localized in th
2p states, and the ground-state wave function should be w
ten as the sum of thed4 and d4LI configurations, whereLI
denotes holes in the oxygen 2p states.

There are following experimental data showing the ox
gen nature of holes in manganites. The first is a direct ob
vation of the O 2p holes in the O 1s x-ray absorption spec
troscopy measurements.5,15 Second, Tysonet al.16 in their
studies of the Mn Kb x-ray emission spectra o
La12xCaxMnO3 have found that the MnKb emission results
are consistent with a mixed-valence Mn31/Mn41 mixing ex-
cept for the 0,x,0.3 range, where the Mn valence is co
stant. Our measurements of Mn 3s splitting behavior is a
further proof of the O 2p nature of doping holes in manga
nites.

Next we discuss why the spectra of the doped mangan
have large width. For all Mn 3s spectra of La12xSrxMnO3,
an increase of the spectral width with doping can be se
This effect is typical for both ceramics and single crysta
From the above discussion it is clear that the Mn 3s spectra
in mixed-valence manganites should be presented as a
of two configurations. If the doping holes are localized in t
manganese ions, each line is a sum of mainlyd4 and d3

configurations. These configurations have different splittin
and different energies. Therefore, it changes the separa
between the peaks in Mn 3s spectra.

In the case when the doping holes are localized on
oxygen sites, the spectrum is mainly represented by the
of the d4 andd4LI configurations. These configurations ha
different corresponding energies, but the splitting is t
same. As a result, the spectral width increases, but the s
tral splitting remains unaffected.

IV. CONCLUSION

In conclusion, we have reported Mn 3s x-ray emission
spectra in mixed-valence manganites. We have shown
the change in the Mn formal valency from 31 to 3.31 is not
accompanied by any decrease in the Mn 3s splitting. We
propose that this effect can be explained by the appeara
of holes in the O 2p states (d4LI ground-state configuration!.
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