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Valence state of Mn in Ca-doped LaMnO3 studied by high-resolution Mn Kb

emission spectroscopy
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Mn Kb x-ray emission spectra provide a direct method to probe the effective spin state and charge density
on the Mn atom and is used in an experimental study of a class of Mn oxides. Specifically, the MnKb line
positions and detailed spectral shapes depend on the oxidation and the spin state of the Mn sites as well as the
degree ofd covalency/itinerancy. Theoretical calculations including atomic charge and multiplet effects, as
well as crystal-field splittings and covalency effects, are used as a guide to the experimental results. Direct
comparison of the ionic system MnF2 and the covalent system MnO reveals significant changes due to the
degree of covalency of Mn within atomic-type MnKb simulations. Moreover, comparisons of measurement
with calculations support the assumed high spin state of Mn in all of the systems studied. The detailed shape
and energy shift of the spectra for the perovskite compounds, LaMnO3 and CaMnO3, are, respectively, found
to be very similar to the covalent Mn31-Mn2O3 and Mn41-MnO2 compounds thereby supporting the identical
Mn-state assignments. Comparison to the theoretical modeling emphasizes the strong covalency in these
materials. Detailed MnKb x-ray emission results on the La12xCaxMnO3 system can be well fit by linear
superpositions of the end member spectra, consistent with a mixed-valent character for the intermediate com-
positions. However, an arrested Mn-valence response to the doping in thex,0.3 range is found. No evidence
for Mn21 is observed at anyx values seemingly ruling out proposals regarding Mn31 disproportionation.
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I. INTRODUCTION

The association of changes in resistivity with local stru
ture in other oxide systems, such as the high-tempera
superconductors, strongly suggests the need for a system
study of the local electronic and atomic structure in colos
magnetoresistance ~CMR! systems. The class o
La12xAxMnO3 (A5Ca, Sr, Ba, . . . )perovskite systems is
assumed to be mixed valent @Mn31(d4,t2g

3 eg
1)/

Mn41(d3,t2g
3 eg

0)], and exhibits many intriguing phenomen
one of which is CMR.1 Experimentally, a direct coupling o
the resistivity and bulk magnetization was found to exist.2 It
was observed by Asamitsuet al. that the application of an
external magnetic field induced a structural phase transi
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in La0.83Sr0.17MnO3.
3 For doping levelx.0.5, theA5Ca

system~for example! becomes an antiferromagnetic insulat
while for x,0.2 it becomes a ferromagnetic insulator~FI!
persisting down tox near 0.4 Below the insulator to meta
transition temperatureTp , in the region 0.2,x,0.5, these
materials are ferromagnetic with conduction behavior ch
acteristic of impure metals~FM—ferromagnetic metal!.
Above this temperature~which is close to the ferromagneti
ordering temperatureTc), the resistivity curve bends ove
and displays semiconductor transport characterized by c
ers excited across a narrow band gap. It is found that
onset of ferromagnetism in thex;1/3 system is accompa
nied by a significant reduction in the resistivity1,5 ~see Ref. 5,
Fig. 1!. In addition, the resistivity is also reduced with th
4665 ©1999 The American Physical Society
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application of a magnetic field.1,4 It has been found that re
placement of16O by 18O results in a crossover from th
metallic to an insulating ground state in selected materia6

Hence, in these materials, an intimate coupling exists
tween the lattice and the conduction electrons’ spin a
charge.

As a function of doping, using divalent cationsA
5Ca, Sr, Ba . . . inplace of the trivalent cation La, the ave
age valence of Mn in La12xAxMnO3 is predicted to vary
continuously from Mn31 (x50) to Mn41 (x51) corre-
sponding to a change in thed valence fromd4 to d3. In the
octahedral sites~note that the system is found to be rhomb
hedral or orthorhombic!,5 Mn31 ions are believed to have a
electron configuration,t2g

3 eg
1 with the t2g electrons unpaired

(dxy , dxz , and dyz), and are spin polarized~according to
Hund’s rule! and localized on the Mn31 sites. Electrons in
the eg ~dx22y2 and d3z22r 2) states hybridize with the O 2p
states to form the conduction band. The degenerate M31

state is known to be unstable with respect to Jahn-Te
distortions.7–9 In local structural measurements@x-ray ab-
sorption spectroscopy~XAS! and neutron and x-ray scatte
ing#, changes in the Mn-O bond correlation or Mn-O bo
distribution were found to track the onset of the ferroma
netic conducting state.10

In Zener’s original double-exchange model11 for this sys-
tem, the lattice is assumed to be rigid and ferromagnetism
induced by a spin coupling of the Mn41 nearest-neighbo
sites mediated by theeg conduction electrons. Many recen
experimental reports assume an ionic mixed-valence sta
Mn in these materials—a central ingredient of doub
exchange theory. However, there has been no systemati
ploration of the exact valence and spin state of Mn in th
systems. The purpose of this paper is to explore this a
from the experimental perspective.

There is much conflicting data on the valence of Mn.
thermoelectric power experiments~TEP!, Hundley and
Neumeier12 find that more holelike charge carriers or alte
natively fewer accessible Mn sites are present than expe
for the valuex. They suggest a charge disproportionati
model based on the instability of Mn31-Mn31 relative to that
of a Mn21-Mn41. This transformation provides excellen
agreement with doping-depend trends exhibited by both T
and resistivity. Using electron paramagnetic resona
~EPR! measurements, Oseroffet al.13 suggest that below 600
K there are no isolated Mn atoms of valency12, 13, or14.
However, they argue that EPR signals are consistent wi
complex magnetic entity composed of Mn31 and Mn41 ions.
Parket al.,14 based on Mn 2p x-ray photoelectron spectros
copy ~XPES! and O 1s absorption, support the double
exchange theory with mixed-valence Mn31/Mn41 ion. They
were able to obtain approximate spectra of the intermed
doping XPES spectra by linearly combining the end-mem
spectra—consistent with a linear change of spectral feat
with doping. However, the significant discrepancy betwe
the weighted spectrum and the prepared spectrum~for given
x! suggests a more complex doping effect. Subiaset al.15

examined the valence state of Mn utilizing MnK-edge x-ray
absorption near edge spectra~XANES!. Again, a large dis-
crepancy is found between intermediate doping spectra
linear combinations of the end members. They suggest
Mn does not fluctuate between 31 and 41 ~not ionic! and
.
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find a unique magnetic signature for Mn using x-ray ma
netic dichroism measurements. Systematic shifts in the
sorption edge position with doping have been found by S
ias et al. (Mn K edge!,15 Booth et al. (Mn K edge!,10~c!

Croft et al. (Mn K edge!,16~a! Liu et al. ~Mn L edge!, and
Pellegrinet al. (Mn L edge and OK edge!.17 We point out
that in true mixed-valence ionic systems such as Sm12xEuxS
or SmSe12xSbx , clear resonance lines are seen for each d
tinct valance state.18 In addition, a significant shift in the
edge position with doping is found. This set of conflictin
CMR data suggests the need for an in-depth exploration
the valence state of Mn in this perovskite system.

In order to clarify the nature of the valence state of Mn
these systems, we have performed systematic MnKb emis-
sion measurements. The MnKb emission spectrum provide
a direct method to probe the total Mn 3d spinSand effective
charge density on the Mn sites. The main line position
pends both on the oxidation and the spin state of Mn. T
details of the multiplet structure depend on the spin alig
ment ~high spin vs low spin! and point group symmetry o
the Mn site~crystal-field effects! to a lesser extent.19–21

Measurements of the emission spectra have been com
mented by detailed multiplet structure modeling.19~a!,19~b! Un-
like absorption edge measurements, the spectra yield in
mation ~main line positions and detail shapes! of the Mn
sites that is not significantly affected by the geometry of
ligands. The changes in coordination and local structure
accompany changes in valence have less of an impac
emission measurements. Consequently, this approach is
suited to address the question of the nature of the valenc
Mn in the CMR system.

II. EXPERIMENTAL METHODS

Samples of La12xCaxMnO3 series were synthesized an
characterized as described in Ref. 16~a!. Samples from the
same preparation sets were used in our experiments.
powder samples were prepared by methods similar to th
used in other studies, for which a large body of transport a
magnetic measurement exists in the literature. T
CaCu3Mn4O12 material was prepared as described in R
16~b!. Fluorescence measurement samples were prepare
finely grinding the material and packing it onto adhesi
tape.

The MnKb fluorescence measurements were performe
the National Synchrotron Light Source’s~NSLS! 27 pole
wiggler Beamline X21A. The experimental setup, whi
consists of an analyzer and detector in Rowland geometr
described in Ref. 22 and the measurements were perfor
in a manner analogous to that of Refs. 19~a! and 23. An
incident energy~\v! of 6556 eV was selected using a fou
bounce Si~220! monochromator.@Measurements at inciden
energies of 6566, 6700, and 9000 eV yielded the sa
trends. However, the 6556 eV spectra yielded the most
row line shapes.! The incident energy was calibrated by th
known Mn metalK-edge absorption inflection point~6539
eV!. A spherically bent Si~440! crystal analyzer was used t
resolve the energy of the emitted photons,\V. A solid-state
Ge fluorescence detector was used to measure the flu
cence radiation. The absolute fluorescence photon en
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was calibrated from the elastic scattering peaks of the sam
at the same position utilizing the known incident energ
Spectra reported here are the average of 5–7 scans.
bars are determined by assuming a Gaussian distributio
the number of counts at each energy point.

The MnF2 Kb spectrum was used as a reference to ch
the stability of the spectrometer during measurement. It w
found that the spectrometer was quite stable and the pos
of the main peak in the MnF2 spectrum was always repro
ducible to better than 0.1 eV. The incident energy was fou
never to shift by more than 0.2 eV during experiments.
data are corrected by an efficiency function that is obtai
from the elastic measurement in the same energy range.
energy resolution is determined by the elastic scattering
full width at half maximum that was approximately 0.5 e
for the energy range measured.

In the emission measurements, the energy calibration
the spectrometer is sensitive to the sample positioning.
cordingly, when changing samples, the detector position
always checked by an alignment scan to confirm that
detector was correctly aligned. The x-ray absorption spec
reported here, were measured at beam line X19A at NSL
fluorescence mode as described in Ref. 16~a!.

III. COMPUTATIONAL METHODS

The computations for the MnKb fluorescence spectra ar
based on atomic and crystal-field theory. In this model,
take account for the effective exchange splitting as well as
possible couplings of the angular momenta~orbital and spin!
of all electrons outside of closed shells or holes in fill
shells. Additional energy splittings from a cubic crystal fie
from 3d spin-orbit coupling and from Jahn-Teller distortio
are also considered in our calculation. Similar calculat
methods have been reported by Penget al.,19~a! Wang, de
Groot, and Cramer,20 and de Grootet al.21 The parameters
used in the calculation are the 3p3d and 3d3d Slater inte-
grals, and the 3p as well as 3d spin-orbit couplings. The
atomic value for Slater integrals were obtained from
Hartree-Fock method scaling them by factors of 80% a
60%. An 80% reduction is a standard scaling used to cor
the overestimated values obtained from the Hartree-F
approximation.19~b! A reduction factor of 60% was also use
in this work to explore the effects of covalency. In order
make comparisons with the experimental spectra, the ca
lated spectral lines were convoluted with a Lorentzian t
reflects lifetime broadening and with a Gaussian that
counts for experimental broadening. Absolute energy p
tions cannot be obtained from these calculations.

IV. RESULTS AND DISCUSSION

A. Mn Kb emission structure

To address the spectral shape of the MnKb emission
spectra presented here, consider the photoionization ex
tion of a Mn atom in a solid by an x-ray photon. Since dipo
photoexcitation is spin invariant, the creation of a core h
of spin-up or spin-down symmetry~relative to the total
3d-band spin! are equally likely. In the 3p˜1s decay pro-
cess (Kb emission!, the coupling between the 3p hole~or 3p
electron spin now left unpaired! and the 3d electrons pro-
le
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duce two possible final states of different energies. One
serves~in Mn31 for example! differences in the energy of th
coupled spin-down 3p hole @C„3p(↑)3d4

…# state and
spin-up hole state@C„3p(↓)3d4

…#. For a fixed incident pho-
ton energy\v above the MnK-edge, theKb emission spec-
trum of photons \V can be resolved into these tw
components—a main line~m! and a satellite line~s! @see, for
example, them and s lines in Fig. 1~a!#. Qualitatively, it is
found that the energy splitting between the main line a
satellite is given byDEsm5J(2S11) while the intensity
ratio of the satellite to the main peak is given byI s /I m
5S/(S11), whereS is the total spin of the unpaired elec
trons in the 3d shell andJ is the exchange integral.19~c!

These main and satellite lines are illustrated in Fig. 1~a!,
where the MnKb emission spectra for elemental Mn (Mn0),
MnF2 (Mn21 ionic!, and MnO (Mn21 covalent! are shown.
The DEsm splitting dominates them-line position in these
materials. The relatively smallDEsm and washed out satellite
of the Mn-metal spectrum reflects the 3d-itineracy reduction
in the intra-atomic Mn-3d interactions. In contrast the loca
ized atomiclike 3d states in the Mn21 ionic, MnF2 com-
pound yield a largeDEsm splitting and robust satellite struc
ture. The covalency reduction in theDEsm splitting and
satellite sharpness in the covalent-Mn21, MnO spectrum is
clear when compared to the ionic-Mn21 case. As will be
discussed in the modeling section, it is not just theDEsm
splitting and satellite sharpness that is sensitive to the
spin and charge state. Indeed, there are multiple satellite
tributions to the spectra that also vary strongly with the M

FIG. 1. ~a! Mn Kb spectra of the standard materials: elemen
Mn, ionic-21 MnF2, and covalent-21 MnO. The main~m! and
satellite ~s! lines for the different spectra are noted.~b! Mn Kb

spectra of the standard materials: MnO, Mn2O3, MnO2, and
KMnO4. All data shown are smoothed by five point Fourier filte
ing.



a

-

er

ca

t
is
s

d
n-
th

-

e

ral
d-
n

d
rves
rgy
gh-
ini-
ess
is

ct
tate
nd
ted

in
lts.

f

ea
ve

u
nd

s:

pec-
eter-

4668 PRB 60T. A. TYSON et al.
spin and charge state. In Fig. 1~b!, the corresponding spectr
for the 31, 41, and 71 models are shown~note that all
oxides are octahedrally coordinated except KMnO4, which is
tetrahedral!. Below we will show that we can group the ox
ides according to valence states.

In addition to these intra-atomic exchange couplings th
is also a smaller chemical shift in the MnKb line energy due
to the loss of core screening that accompanies loss of lo
ized 3d character. Although both the initial 3p and final 1s
states will shift to higher binding energy with Mn-3d screen-
ing loss, the Mn-3p shift is larger. Thus loss of local Mn-3d
charge should lead to a lowering of the MnKb emission
energy.19~d!

B. Mn Kb emission—Mn valence correlation in oxides

Considering the multiplet structure effects that combine
yield the MnKb energy position and shape, the utility of th
spectroscopy for probing the Mn-valence state in a clas
oxide materials will be addressed first. In Fig. 2~a! the
Mn Kb spectra for a group of covalent Mn oxide compoun
with varying formal valences are shown. A logarithmic i
tensity scale is used in this figure to aid in comparing
weak satellite region.

In Fig. 2~b! the vicinity of the main peak for these com
pounds is displayed on a linear scale. The MnO~21!, Mn2O3
~31!, and MnO2 ~41! binary standard compounds all hav

FIG. 2. ~a! Comparison of the MnKb spectra of a series o
covalent oxide compounds. MnO~21!, Mn2O3 ~31!, LaMnO3,
MnO2 ~41!, CaMnO3, CaCu3Mn4O12, and KMnO4 ~71!. The loga-
rithmic intensity scale is used to facilitate comparisons of the w
satellite as well as the main lines. Note the clustering of the cur
into groups by the Mn valence.~b! An enlargement~on a linear
scale! of the main line peak region of the spectra in the previo
figure. Note the coincidence of the main line peaks for compou
with the same Mn valence.
e
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of
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Mn in an octahedral environment while the KMnO4 ~17!
standard is tetrahedral. The perovskite LaMnO3 ~31! and
CaMnO3 ~41! compounds, of course, also have octahed
Mn-O coordination. Finally the quadrupled, distorte
perovskite CaCu3Mn4O12 compound also has octahedral M
coordination and has been recently shown to be a Mn~14!
compound.16~b!

Figures 2~a! and 2~b! emphasize that, for this rather broa
group of materials, the spectra cluster into classes of cu
that are determined by their valence. Specifically, the ene
of main peak maximum, the spectral broadening on the hi
energy side of the main line, the depth of the spectral m
mum between the main and satellite line, and the sharpn
of the satellite line are all quite consistent for oxides in th
group with the same formal Mn valence@see Ref. 19~e!#.
Thus it is evident from Figs. 2~a! and 2~b! that ~for such
related oxides! different Mn valence states produce distin
Mn Kb spectra and one can thereby make a Mn valence s
determination.~The model spectra reported here were fou
to be consistent with spectra on the nonperovskite rela
standard compounds measured by Bergmannet al.24! More-
over, Mn31 and Mn41 states for the end-point perovskites,
the La12xCaxMnO3 series are also supported by these resu

To emphasize the utility of this MnKb method of valence
estimation, the emission spectra of LaMnO3, CaMnO3,
Mn2O3, and MnO2 @Fig. 3~a!# are compared with the
Mn K-edge absorption spectra of the same materials@Fig.
3~b!#. The gross shapes of the 31 and 41 emission spectra
for the standard and CMR systems are quite similar.~Hence
the above noted Mn is in a 31 state in the LaMnO3 and in a
41 state in CaMnO3.) This simplicity is in contrast to the

k
s

s
s

FIG. 3. ~a! Mn K-edge x-ray emission spectra for the oxide
Mn2O3, MnO2, LaMnO3, and CaMnO3. ~b! The corresponding
x-ray absorption spectra. Note that in the case of the emission s
tra, a more direct comparison of the spectra can be made to d
mine the valence state of Mn.
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K-edge absorption measurements shown in Fig. 3~b! ~see
also Subiaset al.15 and Croftet al.16~a!! ~In general, the near
edge absorption spectrum is strongly affected by the lo
structure about the absorbing atom.! The nearK-edge ab-
sorption edges of the binary standards manifest double
rises due to the details of thep component of the electroni
structure of these compounds. Although the coincidence
the midpoints of the two-step rise of the 31 and 41 model
absorption curves with those of the end-point perovsk
compounds is sufficient to infer similar valences, the de
siveness of this conclusion is not as direct and is m
compound-detail dependent than the emission conclusio

C. Mn Kb emission for the La12xCaxMnO3 system

In Fig. 4~a! we show the emission spectra for th
La12xCaxMnO3 perovskites system with different Ca dopin
Note the systematic shift in the main line position with i
creasing oxidation state. Similar systematic shifts in pe
positions are found by forming linear combinations of t
end members@Fig. 4~b!#. Although qualitative trends can b
seen by looking at the raw spectra, a quantitative appro
was found. First, the end member spectra~i.e., x50 and 1!
were each fit a sum of four Voigt functions~to model the
complex multiplet structure!, the distribution of which were
chosen both from the theoretical modeling and from
spectral shapes.~Fits with very smallx squared values wer
obtained.! The results of this fitting procedure for the en
member perovskites are presented in Table I along with
results of similar fits for the other standard compounds~dis-
cussed below!. The fitted functional forms for the end mem
bers were then combined with the relative weightswLa and

FIG. 4. ~a! Mn Kb spectra of La12xCaxMnO3 perovskites sys-
tem with different Ca doping:x51.0, 0.8, 0.67, 0.5, 0.3, 0.2, 0.~b!
Mn Kb spectrum based on combinations of the two end mem
spectra for all dopings in~a!.
al

ep

of

e
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e

k

ch

e

e

wCa @with wLa1wCa51.0# to model the intermediate-x spec-
tra. The single weight parameterwCa was then allowed to
vary to give the best least-squares fit to the intermed
spectra.

The absolute intensity ratio of the end point spectra had
be fixed in this modeling. Relative end member normaliz
tions based on the 50%, 67%, and 80%@i.e., assuming the
end-point intensity ratio was given byx/(12x)# were each
tried. The fittedx dependence of thewCa weight for each of
these normalizations are shown in Fig. 5. Thex dependence
of this weighting can be seen to show a similar variation
all three choices of normalization.

It is interesting to note that the fitted variation ofwCa is
not simply equal tox as one would expect from a purel
linear variation in the Mn valence withx. Indeed, abovex
;0.3 ~Ca doping!, one finds linear behavior with the ex
pected slope while belowx;0.3 the slope is almost flat. Th
x variation of the MnK-edge XAS chemical shift and pre
edge feature area~both indicators of Mn-valence variation!
manifest a similar two region behavior.16~a! Indeed the effec-
tive unit cell volume also shows a similar behavior. The
results again raise the question of whether there is an arre
Mn-3d hole variation, for low values of Ca substitution,
this system.

D. Fits to Mn Kb emission spectra

The method of fitting the MnKb emission spectra to a
superposion of symmetrically peaked features has been
plied to the other pure compound spectra considered h
The 21 Mn compound spectra were well fit by three fe
tures, as illustrated in Fig. 6~a! for the case of MnF2. In this
case, Lorentzian functions were used to fit the experim
spectra, since the peak width is mainly dependent on thep
hole width that is much broader than the Gaussian exp
mental width of;0.5 eV of our spectrometer.~Fits to Voigt
function produce very similar results.! It is clear that there
are three peaks at 6493.6, 6491.0, and 6476.6 eV. The b
dots represent the experiment data with error bars, the s
line is the sum of total fit of all components, and all oth
lines are individual Lorentzian fitting lines. The comparis
to the theoretical calculations for the MnKb emission spec-
trum @Fig. 6~b!# will be discussed in the calculations sectio

The fitting parameters for all fits to all of the pure com
pound spectra are presented in Table I~Note that all of the fit
parameters reported in Table I used Lorentzian line com
nents.! Besides yielding the energies of the potential comp
nent features in these spectra, this fitting procedure yields
net and individual feature integrated spectral areas.
3d-3p interactions are certainly responsible for the drama
Mn Kb spectral variations seen above. However, to the fi
approximation, the 3p states are core states and therefore
integrated oscillator strength of the 3p-1s transitions should
not vary with the Mn-3d configuration. Therefore, the inte
grated intensities of the fitted functions could provide t
normalization factors with which the spectra discussed h
could be rescaled to the constant oscillator strength appr
mation. Although this rescaling is not performed here,
net spectral areas are reported for this reason. The fi
function results are also reported to provide a useful met

er
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TABLE I. Lorentz parameters for MnKb spectra.

Sample Peak Position Area Height Width

Mn foil Peak 1 6492.0~0.05! 2.90~0.42! 0.854~0.156! 2.17~0.10!
Peak 2 6490.7~0.23! 1.16~0.54! 0.256~0.141! 2.66~0.51!
Peak 3 6486.3~0.41! 0.74~0.38! 0.065~0.017! 6.18~2.17!
Peak 4 6478.6~0.73! 1.52~0.35! 0.111~0.011! 11.1~2.01!

MnF2 Peak 1 6493.6~0.01! 2.79~0.05! 0.953~0.009! 1.87~0.03!
Peak 2 6491.0~0.06! 0.67~0.06! 0.189~0.007! 2.30~0.20!
Peak 3 6476.6~0.14! 1.34~0.07! 0.162~0.007! 5.52~0.43!

MnO Peak 1 6493.1~0.02! 2.49~0.16! 0.916~0.030! 1.75~0.06!
Peak 2 6491.6~0.15! 1.13~0.19! 0.234~0.024! 2.87~0.25!
Peak 3 6477.4~0.22! 1.50~0.10! 0.146~0.006! 7.34~0.68!

Mn2O3 Peak 1 6492.8~0.03! 2.52~0.25! 0.853~0.052! 1.84~0.09!
Peak 2 6491.0~0.14! 1.67~0.48! 0.360~0.049! 3.02~0.53!
Peak 3 6486.7~1.04! 0.62~0.45! 0.065~0.019! 6.96~3.65!
Peak 4 6476.4~0.28! 1.91~0.27! 0.175~0.008! 8.07~1.20!

MnO2 Peak 1 6492.4~0.05! 2.95~0.52! 0.744~0.152! 2.23~0.17!
Peak 2 6490.7~0.22! 1.80~0.95! 0.388~0.186! 3.24~0.92!
Peak 3 6487.6~0.51! 1.08~0.60! 0.193~0.088! 4.72~1.49!
Peak 4 6477.9~0.56! 1.88~0.38! 0.139~0.007! 10.67~2.36!

LaMnO4 Peak 1 6492.7~0.02! 2.77~0.20! 0.905~0.038! 1.93~0.08!
Peak 2 6490.8~0.16! 1.33~0.35! 0.268~0.034! 3.16~0.55!
Peak 3 6484.7~1.26! 0.61~0.49! 0.059~0.017! 8.66~5.71!
Peak 4 6476.3~0.35! 1.33~0.33! 0.142~0.013! 6.75~1.53!

CaMnO4 Peak 1 6492.4~0.04! 2.40~0.33! 0.747~0.081! 1.94~0.14!
Peak 2 6490.5~0.12! 2.53~0.81! 0.506~0.113! 3.20~0.61!
Peak 3 6486.8~0.97! 1.21~0.86! 0.147~0.074! 6.79~2.87!
Peak 4 6476.7~0.57! 1.82~0.53! 0.152~0.010! 9.61~2.81!

CaCu3Mn4O12 Peak 1 6492.4~0.04! 2.89~0.35! 0.740~0.080! 2.22~0.13!
Peak 2 6490.4~0.17! 2.08~0.74! 0.447~0.087! 3.49~0.73!
Peak 3 6486.4~0.79! 1.06~0.68! 0.096~0.042! 6.52~2.54!
Peak 4 6476.3~0.49! 2.24~0.43! 0.174~0.014! 10.75~2.03!

KMnO4 Peak 1 6492.5~0.06! 1.85~0.39! 1.88~0.18!
Peak 2 6490.9~0.09! 1.93~1.01! 2.23~0.62!
Peak 3 6489.3~0.23! 1.70~0.89! 2.81~0.67!
Peak 4 6485.6~0.93! 1.26~0.67! 7.72~2.68!
Peak 5 6476.2~0.59! 1.40~0.40! 8.81~2.36!
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for other workers to replicate these results for compariso
results on other materials or more detailed theories.

E. Theoretical Mn Kb calculations

An example of the results of an atomic multiplet plus
octahedral crystal field~of magnitude 10Dq51.5 eV) calcu-
lations for the MnKb emission spectrum for Mn21 is shown
in Fig. 6~b!. The decomposition of the emission spectra in
spin-up and spin-down components~relative to the 3d mo-
ment! is also given. Note the very close similarity betwe
the measured MnF2 spectrum@Fig. 6~a!# and the model spec
trum. A scaling factor of 80% for the Slater integrals w
used. There are three peaks, the main peak, a low en
shoulder at;3 eV below the main peak, and a satellite pe
at ;17 eV below the main peak. The splittings are comp
rable to the fitted feature splittings for MnF2 shown in Table
I.

As noted earlier, the comparison of the Mn, MnF2, and
MnO results theDEsm splitting is sensitive to the degree o
to

gy
k
-

compound covalency. In the initial model calculations, it w
found that the 80% and 60% Slater integral reduction yield
results that bracketed the experimentally observedDEsm

splittings. Consequently, the following theoretical studies
the Mn-valence and crystalline electric-field influences
the MnKb emission spectra were carried out at these t
levels of covalency reduction.

In Fig. 7~a! the systematic computations of the Mn21

emission spectra, with 10Dq varying from 0 to 3 eV, show
no change in spectral shape. The onset of the high-spi
low-spin transition~characterized by a dramatic reduction
the satellite!, occurs at a higher crystal-field parameter with
larger scaling@low covalency, see Fig. 7~a!#. The spectra are
consistent with MnF2 in a high spin state as expected. In o
calculations, 10Dq ~crystal-field splitting parameter! was
varied from 0 to;3.9 eV. When 10Dq reaches 3.3 eV, the
Kb spectrum switches to low spin from the previous hi
spin state and the main peak position shifts to lower in
ergy. The spectrum becomes stable at 3.3–3.9 eV.
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broadening of the satellite in experiment is due to the sh
lifetime of the 3p spin-up hole state.20 ~Note that further
reductions in symmetry do not significantly change the m
line profile.! In Fig. 7~b!, we show the computed spectra f
a Slater scaling parameter of 60%~more covalent!. Note the

FIG. 5. Fitted weightwCa in the equationwCa* CaMnO31(1
2wCa)* LaMnO3 as a function of the Ca doping,x. Note the two-
region doping behavior of the oxidation of the Mn sites as a fu
tion of Ca content. A typical error bar for the points is shown. T
wCa determinations based on normalization fixed by the 50%, 6
and 80% sample spectra are all shown. Note the basic shape o
wCa variation withx is independent of the end member normaliz
tion procedure. The boundary between the regions seems to
cide with crossover from ferromagnetic metal to ferromagnetic
sulator behavior.

FIG. 6. ~a! Example of raw data and fits. MnF2 (Mn21) Kb

spectrum with Lorentzian function fitting. Solid line is the sum
all components of fit. The fitting parameters including widths a
peak positions for all spectra are given in Table I.~b! The calcu-
lated MnKb spectrum of Mn21 (10Dq51.5 eV) showing the de-
composition into mainly spin-up and mainly spin-down 3p hole
components relative to the 3d moment.
rt

n

change in splittings and the relative intensity of the shoul
to the main line. The separation between the main peak
the satellite peak decreases when the scaling factor decre
~or covalency increases!.

Figures 8~a! ~80% scaling! and 8~b! ~60% scaling! display
the multiplet crystal-field calculations for Mn31 with octahe-
dral symmetry. The onset of the high- to low-spin transiti
does not occur until 10Dq equals 3.0 and 2.1 in the 80% an
60% scaling models, respectively. With low covalency~80%
scaling! there is a large shoulder on the high-energy side
the main peak. This is significantly reduced when covalen
is increased by reducing the scaling of the Slater integrals
fact, this shoulder is not seen in the Mn2O3 spectrum. The
satellite intensity is also significantly reduced with increas
covalency–consistent with the observed Mn2O3 spectra.

-

,
the
-
in-
-

FIG. 7. ~a! Calculated Mn21 Kb multiplet crystal-field spectrum
with 10Dq ranging from 0 to 3.9 eV and Slater integrals scaled
80%. The Lorentzian broadening is 1.0 eV and the Gaussian br
ening is 0.5 eV.~b! Calculated Mn21 Kb multiplet as in Fig. 7~a!
but with 60% scaling of Slater integrals. Note the differences
splittings and relative intensities of the major peaks. Smaller Sl
integrals~effect of higher covalency! reduce peaks separation an
produce smoother peak profiles. Compare MnO with MnF2.
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Figures 9~a! ~80% scaling! and 9~b! ~60% scaling! display
the multiplet crystal-field calculations for Mn41 with octahe-
dral symmetry. There is no high spin to low spin transiti
with 10Dq varying from 0–3.9 eV. The main line become
sharper with increasing 10Dq and increased covalency. Th
separation between the main line and the first low-ene
shoulder decreases with increased covalency. In fact, in
standard spectra for MnO2, the shoulder is merged with th
main line. Hence the oxides MnO, Mn2O3, and MnO2 are
highly covalent as expected. The variations between
emission spectra of CaMnO3 and MnO2 in Fig. 3~a! are due
to the difference in covalency between the two systems, w
CaMnO3 being somewhat less covalent.

V. SUMMARY AND CONCLUSIONS

Mn Kb x-ray emission spectra provide a direct method
probe the total Mn 3d spinSand effective valence on the M
sites. The MnKb main line positions and spectral shap
depend on the oxidation state, the spin state, and
itinerancy/covalency of the Mn sites. Direct comparison

FIG. 8. ~a! Calculated Mn31 Kb multiplet crystal-field spectrum
with 10Dq ranging from 0 to 3.9 eV and Slater integrals scaled
80%. The Lorentzian broadening is 1.0 eV and the Gaussian br
ening is 0.5 eV.~b! Calculated Mn31 Kb multiplet as in Fig. 8~a!
but with 60% scaling of Slater integrals.
y
he

e

th

e
f

the ionic system MnF2 and the covalent system MnO revea
significant changes due to the degree of covalency of M
Atomic-type MnKb simulations are consistent with thes
findings and support the assumed high spin state of Mn
these systems.

For a rather broad class of Mn-oxide materials the MnKb
emission technique appears to provide a valid and struc
insensitive indicator of the Mn-valence state. In this way,
Mn Kb emission method could provide a substantial i
provement over the empirically useful but structure sensit
Mn K-edge XAS technique. In particular the MnKb emis-
sion results show the LaMnO3 and CaMnO3 to be covalent
Mn31 and Mn41, respectively, by a clear comparison wi
Mn31-Mn2O3 and Mn41-MnO2 covalent oxide standards
The MnK-edge XAS studies have yielded a similar M
valence state conclusion but with a comparison that was
straightforward. Moreover, the magnitude of the ma
satellite line splitting in the MnKb emission results~com-
pared to the covalency reduction factors required to theor
cally model comparable splittings! further emphasize the
strong covalent character of these perovskite materials

d-

FIG. 9. ~a! Calculated Mn41 Kb multiplet crystal-field spectrum
with 10Dq ranging from 0 to 3.9 eV and Slater integrals scaled
80%. The Lorentzian broadening is 1.0 eV and the Gaussian br
ening is 0.5 eV.~b!. Calculated Mn41 Kb multiplet as in Fig. 9~a!
but with 60% scaling of Slater integrals.
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addition, the main line to satellite ratio gives informatio
about the spin alignment of thed levels on the Mn sites.

Regarding the La12xCaxMnO3 system, the MnKb emis-
sion results are consistent with a mixed valent Mn31/Mn41

mixing that scales with the composition except for the
,x,0.3 range where the Mn-valence response appears
rested~with the apparent hole doping being nearly consta
for x,0.3). Indeed the intermediate (0.3,x,0.9) spectra
are well represented by linear superpositions of thex50 and
1 end-point spectra in direct proportion tox. By contrast, this
Mn Kb emission superposition method is inconsistent w
Ca content belowx;0.3. This is the compositional rang
where the order switches from FI to FM, and the origin
the arrested Mn-valence response at lowx is potentially im-
portant. Finally, for the La12xCaxMnO3 system, the MnKb
emission results show absolutely no evidence for Mn21

~which would have a quite distinct emission spectrum! and
would appear to rule out the Mn21-Mn41 disproportion
mechanism.12 Interestingly, while MnK-edge XAS results
evidence an average Mn-valencex variation ~for
La12xCaxMnO3), the intermediate-x XAS spectra are far too
ar-
t

f

sharp to be modeled by a superposition of the end-po
spectra.15
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