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We present MnK-edge x-ray absorption near-edge structure~XANES! data for a number of manganite
systems as a function of temperature. The 1s absorption edge for the Ca-substituted samples is very sharp,
almost featureless, and shifts uniformly upwards with increasing Ca content. The interpretation of this result is
controversial because the lack of structure appears difficult to reconcile with a mixture of Mn13 and Mn14 ions
or with several different Mn-O bond lengths at highT. We propose a possible solution in terms of covalency
and considerable overlap of the Mnp states~mostly Mn 4p). The manganite preedge structure is quite similar
to that for a large number of other Mn compounds, with two or three small peaks that are ascribed to 1s-3d
weakly allowed dipole transitions plus possibly a small quadrupole component. The weak dipole transitions are
explained as arising from a hybridization of the Mn 4p state of the excited atom with an odd symmetry
combination of Mn 3d states on adjacent Mn atoms. The first preedge peak A1 has a small shift to higher
energy with increasing valence while the next peak A2 is nearly independent of dopant concentration at 300 K.
However, for the colossal magnetoresistance~CMR! samples the A2 preedge peak shifts to a lower energy
below the ferromagnetic transition temperatureTc , resulting in a decrease in the A2-A1 splitting by;0.4 eV.
This indicates a change in the higher-energy 3d bands, most likely the minority spineg , plus some change in
covalency. In addition, the amplitudes are temperature dependent for the CMR materials, with the change in
A1 , A2 correlated with the change in sample magnetization. For the charge ordered~CO! sample, the analysis
suggests that the change in the preedge is produced by a distortion that increases belowTCO . We discuss these
results in terms of some of the theoretical models that have been proposed and other recent XANES studies.

DOI: 10.1103/PhysRevB.63.214405 PACS number~s!: 75.70.Pa, 61.10.Ht, 71.38.2k, 72.20.Jv
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I. INTRODUCTION

The La12xAxMnO31d systems exhibit a wide range o
phenomena depending on the divalent atom (A) concentra-
tion, x, (A5Ca, Ba, Sr, Pb, etc.!, and the O concentration
These include ferromagnetism, antiferromagnetism, cha
ordering, a metal-insulator transition, and large magneto
sistance effects.1–6 For x in the range;0.2–0.5, these sys
tems have a ferromagnetic transition at a temperatureTc , a
metal/insulator transition~MI ! at T5TMI , and a ‘‘colossal’’
magnetoresistance~CMR! that reaches its maximum atTMR ,
with TMI;TMR;Tc in many cases. The substitution of
divalent ion for La13 formally changes the average Mn v
lence to 31x ~the Mn valence is13 in LaMnO3 and14 in
CaMnO3) and is usually thought to introduce holes into t
narroweg band of Mn 3d electrons that are also hybridize
with O 2p states. It is the changing occupation of this h
bridized band withx that leads to many of the observe
properties. Excess O in LaMnO31d ~actually Mn and La va-
cancies! or La vacancies can also increase the formal
valence, thereby adding carriers to the system.

The coupling between charge and magnetism has b
modeled using the double exchange mechanism7–9 plus
strong electron-phonon coupling.10–12 In the ferromagnetic
metallic state, well belowTc , the charge carriers are a
sumed to be highly delocalized~large polarons! and spread
0163-1829/2001/63~21!/214405~14!/$20.00 63 2144
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out over several unit cells for CMR samples.
In the paramagnetic state aboveTc for CMR samples,

there is a significant increase in the distortions about the
atoms compared to the low-temperature data.13–17 This dis-
tortion is generally attributed to the charge carriers becom
partially localized on the Mn atoms. However, mobile hol
could also be located more on the O atoms as is the cas
cuprates.18 Consequently, there might be very little change
the charge localized on the Mn atoms above and belowTc .
This raises the question as to how the energy shift of
absorption edge relates to valence and the local environm
in these materials. Is there a mixture of ‘‘ioniclike’’13 and
14 states, an average valence, as in a metal where all
atoms are equivalent, or something in between? Do ba
structure effects play a role?

Experimentally,15,16,19 the Mn K-edge for the Ca-
substituted manganites is sharp, with relatively little stru
ture, and shifts almost uniformly with dopant concentratio
consistent with an average valence state ofv531x. The
sharpness of the edge is suggestive of a transition into a
state that is uniform throughout the sample, and previou
we and others have interpreted this result to mean that all
sites have comparable local charge densities.15,16,19 This
sharpness is difficult to reconcile with the usual assumpt
of a mixture of purelylocal ionic Mn13 and Mn14 sites. For
example, we show explicitly~Sec. IV A! that the observedK
edge cannot be modeled as a weighted sum of the edge
©2001 The American Physical Society05-1
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the end compounds LaMnO3 and CaMnO3 for the CO ma-
terial with 65% Ca. A similar result has already been no
for CMR materials.16 In addition, Tysonet al.20 have inves-
tigated theKb emission that probes Mn 3d states through the
3p-1s decay, and they report that these spectra for the s
stituted manganite materials can be modeled as a weig
sum of the end compounds although the shifts with vale
are rather small.

Pickett and Singh using the local spin-dens
approximation21 ~LSDA model! suggest that these system
are half metallic, with a gap between the O band and
minority-spind band. They also point out that near 25% C
all Mn sites could be essentially identical~which would
agree with the variousK-edge studies! if the Ca were uni-
formly distributed such that there are two Ca and six
second neighbors to each Mn. Thus for the concentra
range 20–30%, the local environment for each Mn may
very similar. Anisimovet al.22 and Mizokawaet al.23 sug-
gest that a large fraction of thed electrons are found on th
Mn atoms rather than transferred to the O atom as in an io
solid ~thereby leaving holes in the O band!. These calcula-
tions yield similar electron densities on each Mn atom
sites associated with formal Mn13 and Mn14 valences.
Other recent papers24–27have also stressed the importance
O, and the question of charge localization on the O atom28

or on the Mn atoms has been considered.
However, there remains a problem in understanding

edge, because there are significant changes in the local s
ture of the CMR materials. When the bond length of a m
ecule lengthens, the position of the edge shifts to low
energy;29 this effect has been observed in many polariz
x-ray-absorption fine-structure~XAFS! experiments. For the
magnitude of the distortions present in the manganites, b
Elfimov et al.30 and Benfattoet al.31 calculate using differen
methods that the edge should shift about 2 eV between
long and short bonds. Thus from this perspective th
should be structure in the edge indicative of two edges~for
long and short bonds! and this structure should change wi
T. However, we find no net shift of the edge through t
transition to within 0.04 eV for any of the samples.

We will show using a careful subtraction technique, th
there is in fact a tiny structural change that correlates withTc
for CMR samples, and hence with changes in the local st
ture, but the reason why it is nearly averaged out is not cl
We propose, based on recent calculations,30 that this is a
result of the strong overlap of Mnp states~dominated by the
Mn 4p band within a tight-binding model! at the absorption
edge, which averages over several Mn atoms as a resu
band-structure effects. Since such effects are usually ign
in studies of the absorption edge, we describe this appro
in more detail in the Sec. IV. A similar subtraction analys
of the CO sample data shows that the structure in the dif
ence data is inverted relative to the CMR samples, and he
suggests an increased distortion for this sample belowTCO .

The preedge structure for the MnK-edge consists of two
or three small peaks labeled A1–A3, which have Mn 3d
character. These features are observed for all the trans
metals and are generally ascribed to mixtures of 1s-3d quad-
rupole and 1s-3d dipole transitions~weakly allowed by a
21440
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hybridization between 3d states and 4p states!. Although the
latter are assumed to be dominant, the interpretation of
A1 peaks is still controversial.32 Two important issues are~1!
how large is the quadrupole contribution and when it is i
portant and~2! how are the dipole transitions made allowe
when in many instances the local environment has invers
symmetry, and in that case33 the transition is symmetry for-
bidden. There have been a large number of papers in the
five years addressing these issues for many of the trans
metals, not all of which are in agreement. However so
questions have been answered. Since quadrupole-allo
preedge features have a strong angular dependence, in
trast to the dipole-allowed transitions, measurements
single crystals as a function of angle can separate the
contributions. Such studies have shown that quadrupole t
sitions contribute to the A1 peaks in Ti,32,34 V,35,36 Ni,37 and
Fe,37 with the largest contribution at the lowest energies
the preedge. The amplitude can be as large as;4% of the
absorption edge height for some systems at optimum or
tations; but more generally it is of the order 1%, and wou
be smaller in powdered samples that are orientational a
ages. The dipole-allowed A1 peaks are often in the 5–15 %
range and often do dominate, but not always. For exam
for Ti in rutile (TiO2), the small A1 peak appears to be
primarily a quadrupole feature.32

Early Mn XANES work33,38 assumed that the A1–A2
splitting is produced by the crystal-field parameter, oft
called the 10Dq parameter, which splits thet2g andeg states.
These investigations did not consider the possibility o
large on-site Coulomb termU. Recent work, using the LSDA
or the local-density approximation~LDA ! with and without
U, and including the Hund’s rule exchange parameterJH ,
find a Coulomb splitting of both thet2g andeg states, with
the eg states further split by the Jahn-Teller~J-T!
interaction.39

Some promising calculations for considering the preed
features are those of Elfimovet al.30 These calculations in-
dicate that in addition to U andJH , there are appreciable
higher-order Coulomb terms that must be included and
strong hybridization occurs between the Mn 4p orbitals and
the Mn 3d states on neighboring Mn atoms. The resulti
splitting of the majority and minorityeg spin states results in
a splitting of the Mn preedge features. We consider th
calculations together with some of the new results
preedges in the discussion section.

In this paper we also investigate the preedge struc
using a subtraction technique and find a temperature de
dence that correlates withTc for all CMR samples and with
TCO for the CO sample. The structure in the difference d
for the CO sample is again inverted relative to the CM
samples. The splitting of the preedge peaks decreases in
ferromagnetic phase for the CMR samples, which may in
cate a change in covalency.

In Sec. II we summarize the samples and experime
setup; some details were given earlier.15 Then in Sec. III, we
provide a more extensive discussion of the shift of the MnK-
edge as a function of concentration and temperature. Here
also present the preedge results. We consider the imp
tions of these results in Sec. IV.
5-2



M
on
-
e

P
rie
es
a

-

n
a
ga
M
et
r

o-
l

C
lle

h
ed
de
h
re
n
r
is
se

e
b
a

nc
t
p

io
a
d

to
ra
.
r
e

te
en

h

ical

es

d.
x-

l to

tion
ing

on
d
-
line

line
e
shed
ab-

ry-
All
Mn
scan.

nd

tion

red
-
f
that
ive

is
ge.
a

In
r
S
han
ion
ed

ing

b,

Mn K-EDGE XANES STUDIES OF La12xAxMnO3 . . . PHYSICAL REVIEW B 63 214405
II. EXPERIMENTAL DETAILS

Many samples are used in this study, with the average
valence changed in a variety of ways: divalent substituti
for La13 and changes in the La13 or O concentrations. Pow
der samples of La12xAxMnO3 were prepared by solid-stat
reaction of La2O3, MnO2, and a dopant compound CaCO3,
PbO, BaO for various divalent atomsA. Ca substitutions are
x50.0, 0.12, 0.21, 0.25, 0.3, 0.65, and 1.0, and Ba and
are 0.33. Several firings with repeated grindings were car
out using temperatures up to 1400 °C, with in some cas
final slow cool at 1 °C per minute. The dc magnetization w
measured using a commercial superconducting quantum
terference device~SQUID! magnetometer. The end com
pounds CaMnO3 and LaMnO3.006 show antiferromagnetic
transitions at;130 and 125 K, respectively, while thex
50.65 sample showed features consistent with a CO tra
tion at 270 K and an antiferromagnetic transition
;140 K.5,6 Similar measurements on the substituted man
nites indicate that they are all orthorhombic. The average
valence for several Ca-substituted samples was also d
mined by titration~Sec. III A!. See Refs. 14,15 and 40 fo
further details.

The LaMnO3.006 sample was prepared by grinding st
ichiometric amounts of La2O3 and MnO2 under acetone unti
well mixed. The powder sample was formed into a3

4 in.
diameter pellet using uniaxial presure~1000 lb! and fired in
an Al2O3 boat under pure oxygen for 12 h at 1200–1250 °
Next the sample was cooled to 800 °C, reground, repe
ized, and refired at 1200–1250 °C for an additional 24
This process was repeated until a single phase, rhomboh
x-ray diffraction trace was obtained. The reground pow
was placed in an Al2O3 boat and post annealed in ultra-hig
purity Ar at 1000 °C for 24 h. The oxygen partial pressu
was about 60 ppm~determined using an Ametek oxyge
analyzer!. The sample was then quenched to room tempe
ture. Diffraction, titration, and thermogravimetric analys
~TGA! measurements indicated that this sample was es
tially stoichiometric, with an oxygen content of 3.006.

Additional LaMnO31y specimens with various averag
Mn valences were prepared at 1300 °C in air, followed
three intermediate regrindings. The original specimen w
removed from the furnace at 1300 °C and had a Mn vale
of 3.150. A piece of this specimen was reacted overnigh
1000 °C and removed from the furnace, producing a sam
with an average Mn valence of 3.206. A nearly stoich
metric specimen with an average Mn valence of 3.063 w
prepared at temperatures up to 1350 °C with four interme
ate regrindings in flowing helium gas. Finally, the nons
ichiometric La0.9MnO3 specimen was prepared at tempe
tures of up to 1350 °C with three intermediate regrindings
was slow cooled in air at 1.5 °C/min to room temperatu
and had an average Mn valence of 3.312. For each of th
samples the valence was determined by titration.

A sample that should have isolated Mn13 and Mn14 spe-
cies is also needed for comparison purposes; such a ma
is Sr3Mn2O6.55.41 The two species are due to the oxyg
defect structure that puts vacancies into the MnO2 planes to
form mixtures of square pyramids and octahedra. This hig
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insulating material can then be understood from chem
reasoning to be Mn13 ~square pyramids! and Mn14 ~octahe-
dra!. Some further justification for this assignment com
from the compound Ca2MnO3.5, which is all Mn13 and has
only square pyramids with vacancies in the MnO2 planes; it
is an ordered superstructure of the single-layer compoun42

Sr3Mn2O6.55 was synthesized by firing a stoichiometric mi
ture of SrCO3 and MnO2 at 1650 °C for 12 h followed by
rapid quenching into dry ice. This procedure is essentia
prevent decomposition intoa-Sr2MnO4 and Sr4Mn3O10 on
cooling and to prevent oxidation to Sr3Mn2O7. The oxygen
content was measured independently by iodometric titra
and by thermogravimetric analysis, both techniques yield
6.55~1! oxygen atoms per formula unit.

All XAFS data were collected at the Stanford Synchrotr
Radiation Laboratory. Most MnK-edge data were collecte
on beam line 2-3 using Si~220! double monochromator crys
tals for all samples. Some data were collected on beam
4-3 using Si~111! crystals, while most of the MnK-edge data
for the Ba-substituted sample were collected on beam
10-2 using Si~111! and ~220!. The manganite powders wer
reground, passed through a 400-mesh sieve, and bru
onto scotch tape. Layers of tape were stacked to obtain
sorption lengthsmMnt;1 (mMn is the Mn contribution to the
absorption coefficient andt the sample thickness! for each
sample. Samples were placed in an Oxford LHe flow c
ostat, and temperatures were regulated to within 0.1 K.
data were collected in transmission mode. A powdered
metal sample was used as an energy reference for each
The preedge absorption~absorption from other excitations!
was removed by fitting the data to a Victoreen formula, a
a simple cubic spline~7 knots at constant intervals;140 eV
in E) was used to simulate the embedded-atom absorp
m0 above the edge.

The edge shifts are reported relative to a Mn powde
metal foil for which we took the position of the first inflec
tion point to be 6537.4 eV.16 For each scan, the position o
the reference edge was determined by fitting the edge to
of a fiducial scan. This provided a correction to the relat
edge position consistent within60.015 eV ~see the next
section!.

In the preedge region there is a remnant of the LaLI
XAFS that must be considered; the oscillation amplitude
about 0.3% of the Mn step height just before the preed
However, the LaK-edge XAFS showed that there is
‘‘beat’’ in the XAFS from about 8.4–10 Å21, which for the
La LI XAFS corresponds to the range of the Mn XANES.
this beat region the LaLI XAFS is reduced by another facto
of 4; thus the La oscillations underlying the Mn XANE
region has an amplitude of about 0.08%, much smaller t
the changes we investigated. In addition, this oscillat
slowly varies with energy, and would have at most produc
a slowly varying background. Consequently any remain
La LI XAFS is not a problem for the Mn XANES study.

III. NEAR-EDGE RESULTS

A. Main edge

In Fig. 1 we show the Mn absorptionK edge for
several concentrations of Ca, 33% Ba and P
5-3
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La0.35Pr0.35Ca0.3MnO3, a Sr3Mn2O6.55 sample that should
have a nearly uniform mixture of ionic Mn13 and Mn14,
some O-excess samples, and a La-deficient sample.

For the Ca substituted samples this figure shows that~1!
to first order the main absorption edges~ignoring preedge
structures for now! have almost the same shape for ea
dopant concentration and shift nearly rigidly to higher e
ergy as the concentration is increased,~2! the edges for the
manganite samples are very sharp, roughly half as wide
the edge for the Sr3Mn2O6.55 sample,~3! there is no obvious
kink or structure in the sharp edges for the substitu
~La,Ca! manganite samples that would indicate a sim
mixture of Mn13 and Mn14 ions, and~4! there is a tiny
shape change, however, visible in Fig. 1 for samples of
ferent concentrations, that shifts thepositionof the inflection
point on the edge relative to the half height position.

The data for the La0.35Pr0.35Ca0.3MnO3 sample looks very
similar to that for La0.7Ca0.3MnO3 indicating that replacing
some of the La by Pr does not change the local electro
configuration on the Mn. The O-excess and La-defici
samples show a similar edge shape to LaMnO3, but the edge
shift is considerably smaller than expected based on the
valence obtained from TGA. The shifts for the O-excess d
are inconsistent with data from other groups43,44 and are in-
cluded here to show the sharpness of the edge. Howe
such data suggest that the position of the MnK-edge is

FIG. 1. The MnK-edges for a number of similar mangani
systems, corrected for energy shifts of the monochromator~see
text!.
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determined by several factors and using the Mn valence
O-content obtained from TGA may not be sufficient.

In contrast to the Ca-substituted materials, Ba and Pb s
stitution results in a significantly broader edge, more com
rable to the edges of other Mn oxides33,45,46 and the
Sr3Mn2O6.55 sample. There is relatively more weight in th
lower part of the edge.

In addition to the shift of the inflection point position o
the edge with Ca concentration, as noted above, the regio
steepest slope is also quite broad. Consequently using
position of the peak in the first derivative curve as a meas
of the average edge position~as we and others have don
previously! is only an approximate measure of the avera
edge shift. Using the derivative peak yields a roughly line
shift with concentration.15,16,19 Our data and that of Subı´as
et al.16 have the same edge shift per valence unit, while
shift reported by Croftet al.19 is smaller. This may be the
result of different O content in the samples.

To obtain a better estimate of the average edge shift w
concentration ~at room temperature!, we have fit the
LaMnO3 edge data~or the CaMnO3 data! to that for each of
the other samples over the main part of the edge~above the
preedge structure!. In this procedure it is important that whe
the absorption from other atoms is removed, the data b
line below the preedge structure be at zero. Each edge is
normalized using some feature of the data; for the data
different concentrations, we normalized over a range of
ergies well above the edge, where the XAFS oscillations
small. Similarly we fit the corresponding reference edg
~Mn foil ! to a reference scan to obtain a net overall ed
shift. Several examples of these fits are shown in Fig.
Although there is a change in shape between LaMnO3 and
CaMnO3, the relative shifts determined with either end com
pound are nearly identical—less than 0.02 eV differen
over the entire concentration range.

In Fig. 3~a! we plot the relative shifts obtained from fits t
LaMnO3 at room temperature. The shift withx is roughly
linear with concentration, with a net shift from 0–100 % C
of ;3 eV. This is considerably smaller than the value 4
obtained from the derivative peak15,16 and illustrates the ef-
fect of the shift of the inflection point relative to the ha
height. However, over the straight part of the plot fromx
50.3–1.0, the slope is 3.3 eV/valence unit, quite close to
3.5 eV/valence unit obtained by Ressleret al.47 for MnO,
Mn2O3, and MnO2. The point atx50.12 is anomalous, bu
titration measurements give about the same Mn valence
the 12 and 21% samples, which agrees with the compar
edge shifts observed. Figure 3b shows that the variation w
valence is smoother, but slightly nonlinear. The different v
ues for the titrated valence, compared to the value expe
from the Ca concentration, likely indicates an O conte
variation.

We have also used a similar analysis to investigate
possible edge shift as a function of temperature by fitting
entire edge of the 50 K data for a given sample to all
higher-temperature data files. Two examples are shown
Figs. 2~c! and 2~d!. The figures show that changes in th
shape of the main edge above and belowTc are quite small
~although measurable!. The largest relative change is in th
5-4
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preedge peaks, to be discussed later. In Fig. 4 we show
shift of the edge position as a function of temperature up
320 K for several sets of samples.~We have similar data ou
to nearly 500 K for the Ba sample and CaMnO3.! Variations
in the fit values of the net shiftDEo for several traces at th
same temperature are less than60.02 eV, and fluctuations
about the small average shift withT are comparable for a
given experimental run. Differences between experime
setups or using Si,111. or Si,220. monochromators are
less than 0.1 eV. ForT less than 300 K, the net shift for eac
sample is very small~less than 0.04 eV!, but nearly all ap-
pear to have a slight decrease at highT.

B. Preedge region

In Fig. 5 we plot the preedge region as a function
temperature on an expanded scale for CaMnO3, a CMR
sample with 21% Ca, and the 33%-Ba sample. Data
LaMnO3, a CO sample with 65% Ca, and another CM
sample have recently been published48 in a short paper. For
these systems the main features are the lower three p
labeled A1–A3 ~near 6539, 6541, and 6544 eV! and the B
peak. The lower two peaks A1 and A2 are common to all
materials although not resolved for the 33%-Ba data c
lected using Si~111! crystals that have a lower-energy res
lution. The comparison of the two Ba data sets in this fig
illustrate the importance of using high-energy resolutio
The A3 peak is not obviously present in most samples.

FIG. 2. Fits of absorption edges to each other. In~a! and~b! we
show fits of the LaMnO3 edge~solid curve! to the 25 and 100% Ca
samples. In~c! and~d! we show fits of the 50 K data~solid curve!
to high-temperature data for two different samples. Correcti
from the Mn-foil reference not included.
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Fig. 6 we compare the data for the 30%-Ca CMR sam
with the Sr3Mn2O6.55 sample and also show the preedge
the Pb sample, all on a more expanded scale.

Note that all the preedge features start at very nearly
same position regardless of doping, and the amplitude of
preedge features labeled A increases with average Mn
lence ~Ca concentration! as observed in other Mn
compounds33 and in a previous manganite study.19 There are,
however, small shifts of these features with Ca concentra
as shown in Fig. 7. The A1 peak energy increases slight
from LaMnO3 to CaMnO3, and the A1-A2 splitting decreases
from 2.2–1.8 eV.~The exception is the 65% sample, but he
the Ai peaks are poorly resolved.! For the substituted
samples, the leading edge of the A1 peak remains steep fo
all concentrations except the 65% sample. Consequently
preedge for the intermediate concentrations~CMR samples!
cannot be modeled as a simple weighted sum of the
compounds LaMnO3 and CaMnO3. Note that the leading

s

FIG. 3. The shift of the MnK edge with~a! Ca concentration
and ~b! titrated valence for La12xCaxMnO3. Note we do not have
titration data for x50.30. The relative errors are edge shi
60.02 eV, and smaller than symbols; Mn valence60.02 units and
slightly larger than symbols. In this and several following figure
the lines are a guide for the eye only.
5-5
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edge for the Sr3Mn2O6.55 sample ~see Fig. 6! is broader,
consistent with a mixture of Mn13 and Mn14 ions, and also
has a significant A3 peak. The latter is not present in the da
for 30% Ca. The Ba and Pb preedges are slightly differe
the Ba preedge features are not as well resolved even fo
higher-energy resolution data while the A1 peak is largest for
the Pb sample~compare Fig. 6 with Fig. 5!.

The most striking feature in Figs. 5 and 6 is the variati
in the intensity of the preedge peaks and the shift of A2 asT
increases throughTc for the CMR samples. In contrast, th
change for LaMnO3 is small up to 300 K.48 For the 21%-Ca
sample in Fig. 5 the A1 peak decreases in amplitude whi
the A2 and B peaks increase with increasingT; the A2 peak
is sharpest at 300 K and clearly shifts downward belowTc
~0.4–0.5 eV, depending on the background function us!.
See the solid triangles in Fig. 7. The change in the A pe
for the 33%-Ba sample~using the high-resolution monochro
mator! appear to follow the same trend as observed for
Ca data~Fig. 6! but the A2 peak is not as well resolved.

The largest temperature dependence is observed for
CaMnO3 sample above 300 K@see Fig. 5~a!#, with the larg-
est increase occurring for the B peak. Also, the amplitude
the peak at the top of the edge, commonly called the ‘‘wh
line,’’ @see Fig 1~c! at 6554 eV, for example# decreases
slightly at highT. These effects become much larger at on
slightly higher temperatures and will be treated in a sepa
paper. For the CMR samples, we associate the tempera
dependent changes in the amplitude of the preedge fea
with changes in charge localization/hybridization.

FIG. 4. The shift of the absorption edge for each sample rela
to the low-temperature data. In panels~a!–~c!, one of the curves
~squares! is shifted downward by 0.1 eV for clarity. Relative erro
are60.015 eV and60.03 eV for LaMnO3.03.
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C. Difference Spectra

More detailed information can be obtained by examini
the change in the shape of the XANES region as a func
of temperature. The files are first shifted to correct for a
small changes in the energy of the monochromator and

e

FIG. 5. The temperature dependence of the preedge region
CaMnO3, 21% Ca, and 33% Ba; note different temperature rang
The CaMnO3 sample shows little change of the preedge reg
below 300 K while the A1 and A2 peaks are temperature depende
for the CMR samples. The Ba preedge data, collected us
Si~220!, are much sharper than data collected using Si~111! crys-
tals, and show a splitting of the A peak. Note that the data collec
using Si~220! in ~c! have been shifted down by 0.15 eV for clarit
5-6
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spectra are carefully normalized as discussed earlier.
difference spectra are obtained by subtracting the data at
K from all the data files~at different temperatures! for a
given sample. This approach was used originally to inve
gate the preedge region for the 21% sample,48 but consider-
able structure was found at energies corresponding to
main edge for both the CMR and CO (x50.65) samples.
Several examples of these difference spectra are show
Fig. 8 for LaMnO3 and CaMnO3, and the 21, 30, and 65%
Ca-substituted samples.

In the preedge region, the temperature variation of the1

and A2 peaks for the 21 and 30% Ca~CMR! samples is very
clearly visible in Figs. 8~c! and 8~d!; it begins atTc , with
most of the change occurring over a 60-K range just be
Tc . The temperature-dependent changes of the preedg
comparable in both samples, with the magnitude of
change of the A2 peak being roughly 50–70 % that of the A1

peak. For the 65%-Ca sample, changes of the A1 with T are
also observed in the difference spectra, but the amplitu
are considerably smaller, and interestingly, the phase
inverted—the A1 difference peak decreases instead of
creasing. For the LaMnO3 sample@Fig. 8~a!# there is essen
tially no structure in the difference spectra over the pree
energy range, but surprisingly there are small peaks in
range for CaMnO3 @see the lower part of Fig. 8~a!#, with the

FIG. 6. The temperature dependence of the preedge region
La0.7Ca0.3MnO3 , Sr3Mn2O6.55, and the 33%-Pb samples up
roughly 300 K. The leading edge of the A1 peak is broader for
Sr3Mn2O6.55 than for the 30%-Ca sample in~a!. In ~b! the Pb
samples have the largest A1 peak at lowT. Note that the scale is
expanded compared to the previous figures and the B peak is
shown.
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largest peak in the difference spectra occurringbetweenA2
and A3. This suggests that there are in reality more than th
preedge peaks.

There is also well-defined structure in the difference sp
tra over the energy range of the main edge, although i
only a few percent of the edge in amplitude. For LaMnO3
there is a broad feature over most of the edge region
increases asT is lowered. CaMnO3 has a similar feature bu
it is larger and narrower@Fig. 8~a!#. Both appear to corre-
spond to the temperature-dependent peak near the top o
edge~the ‘‘white line’’ mentioned earlier!, which is sharpest
at low T. For the CMR samples, there is additional structu
on top of this broad peak—a dip at 6551 and a peak at 6
eV ~2 eV apart!. Another dip/peak occurs just above the ed
at 6555–6556.5 eV. The CO sample also shows struc
over this energy range but again the phase is inverted rela
to the CMR samples~i.e., a peak/dip at 6552 and 6554 eV!.
This phase inversion thus extends over the entire near-e
region.

IV. DISCUSSION

A. Main edge

For Mn atoms the mainK-absorption edge represen
transitions mainly from the atomic 1s state to the empty Mn
p bands. The XANES results show that this edge is v
sharp for the Ca-substituted samples, the O-excess sam
and the La-deficient sample. The width of the edge~roughly
5–6 eV! is narrower than the edge for most other Mn co
pounds and the average shift in edge position is;3 eV for
a valence change of11. No obvious indication of a step o
double edge structure is present that would indicate two
tinct valence states. If completely localized Mn13 and Mn14

ions were present on time scales of 10214 sec, the edge
should have a smaller average slope and generally
broader, as would be expected for a mixture of fine powd

FIG. 7. The positions of the preedge features as a function o
concentration; open symbols; and solid circles, 300 K. The erro
peak position is60.1 eV. For the CMR samples, the A2 peak is
shifted to a lower energy forT,Tc . The filled triangles are for
50 K.

for

ot
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FIG. 8. The difference spectra as a function of temperature for 21, 30, and 65% Ca, and the end compounds. The main edge i
above each set of traces~multiplied by 0.03 to fit on the graph! to show where the structure is located relative to the edge. Note the inve
of the structure for the CO sample~b! (TCO5270 K), compared to the CMR samples~c! ~21% Ca,Tc;190 K! and ~d! ~30% Ca,Tc

;260 K).
r
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dge
but
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e
ion
of LaMnO3 and CaMnO3. To model this explicitly, we com-
pare in Fig. 9 the experimental edge for the 65%-Ca~CO!
sample and a weighted sum of the13 and 14 end com-
pounds; clearly the experimental edge is much sharpe
noted previously for CMR samples.15,16

In contrast to the Ca-doped samples, the edge
Sr3Mn2O6.55 is much broader@Fig. 1~a!#, with a width of
21440
as

r

;10 eV. There is also a change of slope of the main e
for this sample that is consistent with two valence states,
the shape is more complicated. Note that a combination
two edges each;5-eV wide, separated by;3 eV ~the
separation for a valence change of 1! would yield an edge of
width ;8 –9 eV. Thus the width and structure of th
Sr3Mn2O6.55 edge are both consistent with the expectat
5-8
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that two valence states are present in this sample, Mn13 and
Mn14. Similarly our data for Mn3O4, which has a mixture of
12 and13 valence states, has a very broad edge of 13
eV ~not shown!.

The edges for the Ba and Pb samples are also broa
they have a break in slope and more amplitude in the lo
part of the edge that might suggest two valence states. Th
quite different from the Ca-substituted samples for which
shape of the main edge for the CMR samples does
change much from that of LaMnO3. In addition, the net
shifts of the edges for the 33%-Ba and Pb samples
smaller than expected; the additional structure near 65
6552 eV shifts the lower part of the edge down in ene
while the top of the edge is close to the position of t
30%-Ca samples. The net result is a very small overall a
age edge shift compared to LaMnO3. Thus the presence o
Ba or Pb is directly affecting the Mn absorption edge
though the average valence should be the same.

We have also shown by fitting over most of the edge, t
there is no significant change in the average edge position
any of the substituted manganite samples nearTc . This
agrees with our earlier result15 in which we averaged dat
points above and belowTc . The new analysis also indicate
that there is consistently a slight decrease in edge positio
the highest temperatures that is largest for CaMnO3 and
Sr3Mn2O6.55. The reason for this downward shift is not y
clear but may be related to the temperature dependenc
the B peak~since an increase in the B-peak intensity effe
tively shifts the lower section of the edge to lower energ!.

However, the lack of any temperature dependence be
Tc disagrees slightly with the earlier work of Subı´aset al.,16

who report a small 0.1-eV decrease in edge position up toTc
for La0.6Y0.07Ca0.33MnO3 and then a 0.09-eV increase up
210 K. The small change in the shape of the main edge
Fig. 8 provides a partial explanation for this discrepan
Subı́as et al. assumed no change in edge shape and ca
lated difference spectra for each temperature. Under this

FIG. 9. A comparison of the data for the 65%-Ca sample an
simulation obtained from a 35–65 % weighted sum of the LaMn3

and CaMnO3 end compounds. The experimental edge is sign
cantly sharper.
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sumption, the amplitude of the peak in the difference spe
would be proportional to the energy shift of the edge. T
additional structure observed in the difference spectra in
cates there is a shape change rather than an overall
shift.

The structure in the difference spectra~Fig. 8! is clearly
correlated withTc . For the CMR samples, the dip-pea
structure, superimposed on the peak observed for the
compounds, begins to be observable nearTc and grows rap-
idly in the 60–100 K range just belowTc . This structure
means that compared to the edge at low temperatures~undis-
torted Mn-O bonds! the edge aboveTc ~distorted Mn-O
bonds! has the upper part of the edge shifted upward in
ergy while the lower part is shifted downwards. The sepa
tion between the dip-peak structure is about 2 eV~see verti-
cal dotted lines!.

This brings us to the questions raised in t
Introduction—is there a mixture of13 and14 sites as usu-
ally assumed? If so, why is the edge structure so small?
possibility is that the system is more covalent15,16,19,20and
that there are some partial holes in the O 2p band that are
hybridized with the Mn 3d states. This is supported by se
eral calculations and by the observation of holes in the Op
band in absorption studies.28 Such holes may play an impor
tant role in the unusual transport of these materials. In c
culations, Anisimovet al.22 and Mizokawa and Fujimori23

obtain two types of Mneg configurations with almost iden
tical local charge densities. From this perspective, the cha
added via Ca doping is spread over several atoms and
variation of the local charge on different Mn atoms may
small. Thus covalency can partially explain the lack of stru
ture in the edge, while at the same time the average e
position increases roughly linearly with dopant concent
tion. The recent calculations of Elfimovet al.30 are also rel-
evant in this regard. To fit the observed splittings of the1
peaks~2.2 eV for LaMnO3 and 1.8 eV for CaMnO3), U and
JH had to be lowered from the values in the first calculatio30

to 4 and 0.7 eV, respectively,48 which implies higher cova-
lency.

However, many experiments also show that the CM
samples are distorted aboveTc but ordered at lowT. Since
long and short bond lengths generally correspond to differ
edge positions,29 why does that not produce a significa
change in the shape of the edge with temperature—i.e.,
is the tiny structure observed so small? In the calculati
mentioned above there are also distortions of the Mn-O b
distances. For example, in the calculation of Anisim
et al.,22 one configuration is symmetric in theab plane with
four small equal lobes directed towards O while the other
two large ~and two small! lobes, again directed towards O
atoms in theab plane, which leads to two distinct Mn-O
distances. The more symmetric case has been associated
a formal Mn14 site and the other state with Mn13.

For the manganites, both Elfimovet al.30 using LSDA and
Benfattoet al.31 using multiple-scattering calculations hav
shown explicitly that the MnK-edge is bond-length depen
dent. It occurs at a lower energy when the Mn-O bo
lengthens (px orbitals in Ref. 30 andpy orbitals in Ref. 31!
and is at a higher energy for shorter bond lengths, wit

a

-
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separation of about 2 eV, which is about 70% that expec
for a full valence shift of 1 unit. The experimental dip-pe
splitting is also about 2 eV; in light of the fact that bo
calculations give the same value, we propose that the st
ture we observe is direct evidence for this splitting in t
manganites. However, the unanswered question is why
amplitude is so small. The experimental dip-peak struct
has an amplitude of only;2%, whereas a similar measur
ment for the difference between the simulation and the d
in Fig. 9 would have an amplitude over 30%~and the differ-
ence using the simulation in Ref. 16 for 33% Ca would
over 10%!.

Since the distortions are well verified, can the small a
plitude of the structure observed in the difference spectra
explained in some other way? Here we first need to digr
briefly to describe the situation more carefully. The 1s ab-
sorption edge is a transition into states ofp symmetry that
become a continuum well above the edge. Many invest
tors, including those of Refs. 30 and 31, attribute theK-edge
absorption to Mn 1s-4p transitions~broadened by the core
hole lifetime!, but in principle many otherp states could
contribute and are included automatically in the multip
scattering approach. In band-structure calculations the
partial p density of states~DOS! can be projected out. Th
4p partial DOS describes the absorption edges for transi
metals quite well, while the 5p partial DOS has little contri-
bution near the absorption edge.49 As an example, the shap
of the projected 4p DOS in the calculation of Elfimov
et al.30 for the manganites is very similar to that observ
experimentally.48 It is therefore a useful simplification, an
in light of the success of a number of band theory calcu
tions, probably not a bad approximation, to consider only
Mn 4p partial DOS in a tight-binding model for the rest o
this discussion.

In the paper by Elfimovet al.30 the Mn 4p DOS is very
wide, roughly 20 eV, which signifies that the states a
strongly interacting. This means the Mn 4p orbitals overlap
significantly and hence the radial extent of the Mn 4p orbit-
als must be large. The overlap with the O atoms is also la
and leads to the sensitivity of the edge position to the Mn
bond lengths as calculated.30,31 Furthermore the large ban
width also implies that the core-hole-conduction electr
Coulomb interaction is not very important, i.e., that a sm
local potential does not affect the broad 4p band. The fact
that Elfimovet al. and Benfattoet al. obtain identical results
for the effect of the Mn-O bond lengths on the respectivepx ,
py edge positions in LaMnO3 ~a shift of 2eV! supports this
notion, as the core hole is included in the multiple scatter
but not the LDA calculations.

In LaMnO3, there are rows of long Mn-O bonds along th
c axis and rows of shorter bonds along thea and b axes.
Consequently, the Mn 4p overlap will be larger along thea
andb axes than on thec axis, which leads to the 2-eV shift o
the edge of the 4p DOS along the different axes. Howeve
for the mixed compounds La12xCaxMnO3, the situation is
quite different as there can be various combinations of lo
and short bonds along a given axis. Statistically there w
only be a small number of situations where there are all lo
~i.e., three neighboring Mn atoms with J-T distortions alo
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the same axis! or all short bonds in a row, but many cas
with a mixture of long and short bonds. This will great
reduce the structure in the absorption edge—the 2-eV s
ting remains but the fraction of Mn atoms with the high-
low-energy edges is small. The large overlap also imp
that valence effects are averaged, i.e., that the differenc
the projection of 4p states onto Mn atoms that are consi
ered to be13 or 14 is small. We thus propose that the sm
amplitude in the structure in the MnK edge is a combination
of increased covalency and the net averaging over more
one Mn site as described above from band-structure effe
Because the usual approach in XANES studies is to ass
a very localized excitation, more work will be needed
determine to what extent band structure contributes.

For the CO sample there is also structure in the edge
the phase is inverted. If the above explanation for thedip-
peakstructure in the difference spectra for CMR samples
correct then it suggests that thepeak-dipfeature for the CO
sample is also produced by local distortions—but in this c
by a local distortion that starts at the charge ordering te
peratureTCO5270 K, andincreasesasT is lowered. Such a
model then provides a simple interpretation for the unus
lack of temperature dependence~reported15 but not ex-
plained! for s2 for this sample. The surprise is that at lea
the thermal phonon broadening should have caused s
increase ins2 with T. However, if there is a distortion asso
ciated with the CO state, then there must be an associ
broadening contributionsCO for the Mn-O pair distribution
function sCO

2 that is zero aboveTCO and increases asT is
lowered belowTCO . Then the total variance for the Mn-O
bondsMn2O

2 will be given by

sMn2O
2 ~T!5sphonon

2 ~T!1sCO
2 ~T!1sstatic

2 , ~1!

wheresphonon
2 (T) is the phonon contribution andsstatic

2 is a
static ~temperature-independent! contribution from disorder.
sphonon

2 (T) should be comparable to that for CaMnO3, since
we see the same phonon component for both pure CaM3
and La0.79Ca0.21MnO3 aboveTc . To makes total

2 nearly in-
dependent ofT meanssCO

2 (T) andsphonon
2 (T) almost cancel

for temperatures below 300 K.
We can extract the CO contribution following the meth

in Ref. 15 for calculatingDs2. We fit the two highest-T data
points ~from Ref. 15! to sphonon

2 (T)1sstatic
2 and then sub-

tract these contributions from the data. In Fig. 10 we plot
result of this analysis for the 65%-Ca sample. From this fi
ure, the maximum value forsCO

2 (T) is roughly 10% of that
associated with polaron formation for the CMR sampl
Such an increased distortion for charge ordered mate
makes sense—as the sample becomes charge or orbita
dered, there is more room for the longer Mn-O bonds
lengthen, which increases some of the Mn-Mn distances
shifts the corresponding 4p DOS down in energy, while for
a random arrangement of orbitals, the series of long
short Mn-O bonds are more constrained.
5-10
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B. Pre-edge region

1. Background

The preedge results provide additional information ab
the nature of the electronic states. For many of the transi
elements, one to three preedge peaks Ai , occur well below
the main edge (;15 eV below! and are assigned to trans
tions to empty states withd-like character, i.e., these are 1s
to 3d(n11) transitions50,51 wheren is the initial number ofd
electrons andn11 includes the excited electron in the fin
state. As outlined in the Introduction, these peaks are
dominantly 1s-3d transitions made weakly allowed via a
admixture of 3d and 4p states.33,32,35,37,48In the preedge re-
gion there may also be some hybridization with the Op
states. If the metal site is centrosymmetric, there is no m
ing of 3d and 4p states on the excited atom and 1s-3d
dipole transitions are strictly forbidden;33 however local dis-
tortions can make such 1s-3d transitions very weakly dipole
allowed. Three aspects need to be recognized in conside
the Mn preedge in the present study.

Quadrupole interactions.Based on recent studies on or
ented single crystals32,34–37 we estimate that quadrupole
allowed peaks will be at most 1% in powder samples, wh
is considerably smaller than the Ai peaks observed for th
substituted manganites but perhaps not negligible. A sm
quadrupole component, as seen for example in FeO,37 may
well be present.

Dipole allowed via 3d-4p mixing on the absorbing ato.
If the Mn site lacks inversion symmetry, then in princip
there will be mixing of the Mn 3d and 4p states on the
central atom. Consider a system that is nearly cubic but h
small distortion that removes the inversion symmetry, i
the metal atom is slightly displaced such that the bonds
opposite sides of the metal atom are slightly different. Th
the mixing parameter is;d l /r o and the matrix element wil
be proportional to (d l /r o)2, where d l is the difference in
opposite bond lengths andr o is the average bond length. A
example is the V site in V2O5; here the VO6 octahedron is
strongly distorted35,36and along thec axis, the two V-O bond
lengths are 1.577 and 2.791 Å , respectively. Experimentally
there is a large preedge peak for the VK edge that can be

FIG. 10. A plot ofsCO
2 (T) for the Mn-O bond as a function o

T ~65%-Ca sample!. sCO
2 (T) is extracted from thesMn2O

2 (T) data
presented in Ref. 15.TCO;270 K.
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modeled assuming 3d-4p mixing on the absorbing atom plu
the effect of a corehole.

Dipole allowed via 4p mixing with neighboring meta
atom 3d states. In several cases, a significant preedge pea
observed in a cubic crystal that can’t be explained by
above 3d-4p mixing on the excited atom. Multiscatterin
calculations for such systems often show that large clus
are needed before the preedge features are produc
scattering paths are needed that include many further ne
bors, particularly the second-neighbor metal atoms.
equivalent result emerges from band theory calculati
where the hybridization of orbitals on different atoms is im
portant. Here the dipole transition can be made allowed
mixing of the 4p state on the central atom with the 3d states
on neighboring atoms. Projections of the density of sta
with p character (p DOS! for such systems show small fea
tures at the energies of the 3d states; such features are n
observed in thep DOS when the preedge feature is a qua
rupole transition. In the limit of multiscattering calculation
with very large clusters, the two approaches~band theory and
multiscattering! should be equivalent.

To have a mixing of 3d with the 4p states~to make a
state ofp character!, one needs a combination of 3d states
that has odd parity as pointed out by Elfimovet al.30 It is
easy to obtain such a state if a linear combination ofd
states on two neighboring Mn atoms is used and the ra
extent of the Mn 4p states is large enough to overlap the
Specifically, consider three Mn atoms in a line—a cent
excited atom~0! and left (L) and right (R) atoms—with
C4p~0! being the 4p state on the central atom, an
C3d;x22y2(RR) andC3d;x22y2(RL) being the 3dx22y2 states
centered on the right and left atoms. Then a state with
symmetry about the central atom is given by

C total5aC4p~0!1
b

A2
@C3d;x22y2~RL!2C3d;x22y2~RR!#,

~2!

wherea is essentially 1.0 and we ignore the intervening
atom via which the hybridization occurs. The small para
eterb is a measure of the hybridization and is strongly d
pendent on the overlap of the 4p and 3d wave functions on
different Mn atoms, and hence on the distance between th

2. Application to the substituted manganites

The preedge for the substituted manganites follows
general trends observed for other Mn systems quite w
Three A peaks are observed for CaMnO3; A2 is larger than
the A1 peak, and the A2-A1 splitting is smaller~high valence
14! than for other samples. The LaMnO3 case is similar; the
A2-A1 splitting is largest~lower valence13! and the overall
A-peak amplitude is smallest. However, the A2 peak is larger
than expected from the literature for Mn13 states in other
compounds,33 possibly because of increased local distortio
in this compound.

However, there are difficulties with some of the earli
interpretations38,33 in which the dipole-allowed transition
are assumed to originate from a 3d-4p mixing on the exc
5-11
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F. BRIDGESet al. PHYSICAL REVIEW B 63 214405
atom. First the Ai peaks appear for both distorted and und
torted systems. Second, the amplitude~particularly for the
relatively undistorted system CaMnO3) is too large to be a
1s-3d transition made, allowed by a slight breaking of i
version symmetry about the excited Mn atom. Recen
based on the calculations of Elfimovet al.,30 we have inter-
preted A1 and A2 as dipole allowed via a mixing of Mn 4p
states with Mn 3d states on neighboring metal atoms.48 The
projectedp DOS in the calculations of Elfimovet al.30 show
two features in the preedge region that indicate that dip
allowed transitions should be present. In addition, the br
Mn 4p band obtained in that work~and implied in the cal-
culation of Benfattoet al.31! indicates that the radial exten
of the 4p states is indeed large—a necessary requiremen
mixing with the 3d states on the neighboring metal atom
Similar interpretations have been given recently for ot
transition-metal systems that are cubic or very nearly so
in FeO ~Ref. 37! and Ti in rutile.32,34 A mixing with the 3d
states on neighboring Ti atoms was also reported in the
ered disulfide TiS2.52

The calculations of Elfimovet al.also show that there is
splitting of the unfilled 3d bands. The lowest is the majorit
eg band~which may be partially filled via doping!; the next
two are the minorityeg and t2g bands that partially overlap
The coupling with thet2g is expected to be smaller sinc
these orbitals are of the formdxy , which has reduced overla
with the Mn 4p in a p bonding configuration. The splitting
of theseeg bands depends both onJH and on the degree o
covalency/hybridization.

Finally the temperature dependence of the Ai peak ampli-
tudes is still not explained. The observation that the chan
for the CO and CMR samples are inverted implies that th
changes are related to the changes in the local distortions
a detailed model is needed.

3. Other Models

Another general feature that emerges from our data is
although the main changes occur just belowTc , there is also
a gradual change to the fully ordered state as the samp
cooled well belowTc , and the local structure continues
change down to 50 K and below. Consequently there may
clusters formed atTc that grow asT is lowered. We have
interpreted our local distortion results earlier in terms o
two-component model.14 In this model, one of the compo
nents~fluids! would correspond to delocalized states—th
could be either delocalized holes or delocalized electro
We also point out that the decreasing distortions observe
extended XAFS asT is decreased belowTc and the corre-
sponding increase in resistivity suggest a changing ave
mobility of the charge carriers. Within the model we ha
suggested, the fraction of delocalized carriers would incre
asT is lowered.15 Note that Jaimeet al.53 have successfully
modeled their resistivity and thermoelectric measureme
using a two-component system of localized and itinerant c
riers. However, one of the components in our model mi
also correspond to the Mn atoms in a cluster, the position
which are dominated by small variations in dopant conc
tration or O vacancies, possibly leading to a regime w
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phase separation. Such inhomogeneities likely play an
portant role in these materials. The recent calculations us
the Kondo model54–56 also stress phase separation but it
not clear how to compare with their results.

V. CONCLUSIONS

We have addressed several issues related to the Mn
lence in the substituted LaMnO3 materials, including the na
ture of the transition and some differences between b
theory and multiple-scattering approaches. Although disc
sions of these systems often assume isolated Mn13 and
Mn14 states, we observe no change (,0.02 eV) in the av-
erage edge position through the ferromagnetic transition
the CMR systems~Ca, Ba, or Pb doped!, and in all cases the
total edge shift from 0–300 K is,0.04 eV. Although there
is no obvious step or kink in the edge, expected for t
well-defined valence states, there is a very small sh
change that can be observed by taking the difference of
files at different temperatures. A dip/peak structure devel
as T drops belowTc for the CMR samples; the dip/pea
separation is;2 eV and agrees with the 2-eV splittin
calculated30,31 for the px andpy partial DOS when the man
ganite structure changes from an undistorted to a disto
(LaMnO3) lattice. For CMR samples, such changes in t
local distortions belowTc were deduced earlier from EXAFS
data.13–16At low T the CMR samples are very well ordere
but asT increases there is a rapid increase in the local d
tortions up to T5Tc ; above Tc the change in disorde
changes slowly. The rapid change just belowTc has been
associated with the formation of polarons. These distortio
now observed in both the XANES and EXAFS data, indica
some change in the local charge distribution. However
small size of the effect in the XANES spectra needs to
understood. In part it can be attributed to covalency with
charge shared between the Mn and O atoms. However
different bond lengths should also yield structure in the ed
but experimentally it is very small. We propose that beca
of the large radial extent of Mn 4p orbitals~indicated by the
broad Mn 4p bandwidth!, the 1s-p edge transition may be
averaged as a result of band theory effects. Future XAN
studies will be necessary to evaluate this possibility m
fully.

For the CO sample we observe a similar behavior, bu
this case the structure in the difference spectra are inve
relative to that for the CMR sample. This indicates that t
local distortions increase in the CO state belowTCO .

The preedge structure provides additional informat
about the 3d bands in these materials. Two or three peaks
observed, labeled A1–A3 . A2 at 300 K is essentially inde
pendent of concentration while A1 increases slowly withx;
A3 is only observed for high-Ca concentrations. Followi
the work of Elfimov et al.30 we attribute these peak
to a hybridization of Mn 4p on the excited atom with an
ungerade combination of 3d states on neighboring Mn at
oms, i.e., they are not the result of splittings of atomic m
tiplets on the excited atom as is often assumed. Similar
planations for the preedge region have recently b
proposed for several other transition-metalK edges. Conse-
5-12
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quently the splittings observed are essentially unaffected
the presence of the core hole and should be a good mea
of the splittings of theeg bands that are influenced by th
hybridization of the Mn 3d and O 2p states. This interpre
tation of the preedge does not depend on small distortion
the crystal and therefore also provides a simple explana
for the large preedge features observed in the more ord
CaMnO3 material.

In the calculations of Elfimovet al.,30 the two lowest
empty bands are the majority- and minority-spineg bands;
the minority-spint2g band overlaps the latter but is expect
to be more weakly coupled.U andJ must be reduced slightly
to fit the experimental splitting~2 eV! of the A1 and A2
peaks; U54 andJH50.7 eV. This indicates an increase
the covalency. The additional small decrease in the A1–A2
splitting belowTc may suggest a further change in covalen
or hybridization.

Thus the picture that emerges is that there is consider
hybridization of the energy states~Mn 4p and 3d, and O
2p), with some hole density in the O bands and possi
only small differences in the charge localized on Mn ato
that have different types ofeg orbitals. The possibility of
distinct types of orbitals can lead to orbital ordering,22 with
e
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.

.
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er
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displacements of the O atoms forming J-T-like Mn-O bo
distortions when the hopping charge is localized for times
order the optical phonon periods. As a result, the possib
that part of the transport takes place via hole density in th
bands needs to be considered. Note that slowly hopp
holes on the O sites would lead to distorted Mn-O bon
while rapid hopping~faster than phonons! would leave the O
atom at an average undistorted position.
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