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Mn K-edge XANES study of the La1ÀxCaxMnO3 colossal magnetoresistive manganites
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We report MnK-edge x-ray absorption near edge structure~XANES! calculations of the La12xCaxMnO3

manganites considering three pair correlations, according to the three fundamental degrees of freedom gov-
erning their unusual electronic properties, namely, the electronic structure of the unoccupied states probed by
the Mn K-edge profile versus~i! local atomic distortions;~ii ! local magnetic ordering; and~iii ! the charge-
transfer nature of the Mn-O bonds. The calculations are accompanied by MnK-edge XANES measurements in
the temperature range 30–300 K. The main features of the absorption edge can be qualitatively reproduced in
terms of single-electron multiple-scattering calculations for an 87-atom cluster. Lattice polaronic distortions in
La0.7Ca0.3MnO3 are simulated assuming a strongly distorted orthorhombic structure above and an almost
undistorted rhombohedral structure belowTc . The results roughly reproduce the energy ‘‘shift’’ acrossTc

observed experimentally. MnK-edge spin-polarized XANES spectra of thex50, 0.3, and 1 samples are
presented. An energy splitting between the majority- and minority-spin spectra of 0.5–1.1 eV contributes to the
total XANES broadening below the Ne´el ~Curie! temperature. A small featureB3 standing approximately 6 eV
above the main absorption peak is beyond the scope of single-electron calculations; it is assigned to a shake-up
transition. To illustrate, the calculated MnK edge is obtained as the convolution product of the single-electron
XANES and the spectrum of many-body excitations in the Mn-O electronic states upon the sudden switching
on of the Mn 1s core hole. We investigate the charge-transfer~CT! versus. Mott-Hubbard-type ground state
using theUd , D, and theTdp parameters determined by previous Mn 2p x-ray photoemission spectroscopy
measurements and find that LaMnO3 should be viewed as a CT-type insulator with a substantial O 2p
component in the ground state. In light of these results the controversial issue of Mn valence states in the
manganites is critically reexamined. We argue that the disproportionation may be understood as a mixture of
the CT many-body electronic configurations coupled with spin and lattice degrees of freedom.

DOI: 10.1103/PhysRevB.64.014413 PACS number~s!: 78.70.En, 61.10.Ht, 78.70.Dm, 75.70.Pa
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I. INTRODUCTION

More than 40 years after their discovery1 the
La12xCaxMnO31d perovskites have attracted renewed int
est, especially due to their interesting electronic, magne
and structural properties as well as for their potential te
nological applications. The term ‘‘colossal magnetores
tance’’ ~CMR! was introduced recently to describe the lar
temperature and magnetic field dependences of the resis
in La12xAxMnO31d (A5Ca,Sr,Ba) perovskites. The de
tailed phase diagram of La12xCaxMnO3 is still not clear,
presenting one of the challenges in the field. LaMnO3 is an
antiferromagnetic~AFM! insulator with ferromagnetic~FM!
coupling in the MnO2 planes and AFM coupling between th
planes.2 With Ca doping (0.2,x,0.5) the system exhibits a
paramagnetic to ferromagnetic transition on cooling tha
accompanied by a metal to insulator~MI ! transition. For
higher Ca concentrations the ground state is AFM~Ref. 2!
and nonmetallic.1 Samples with 0.5,x,0.7 exhibit charge
ordering~CO!.3,4

The main focus of experimental and theoretical work h
been on the metallic CMR materials (0.2,x,0.5) whose
transport properties and FM ordering at low temperatures
understood in terms of the double-exchange~DE! mecha-
nism proposed by Zener.5 Substitution of La31 by Ca21 in
0163-1829/2001/64~1!/014413~16!/$20.00 64 0144
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LaMnO3 converts some of the Mn31 ions into Mn41. Elec-
tron hopping between Mn31 and Mn41 neighbors through
the O22 is enhanced if the ionic spins are aligned ferroma
netically, thereby favoring low resistivity and a ferroma
netic ground state at low temperatures. It has been real
recently that the DE~Ref. 5! or extended DE~Ref. 6 and 7!
mechanisms are not the only physics controlling the prop
ties of the CMR materials. Milliset al.8 argued that conven
tional DE is not enough to explain the resistivity data a
suggested that a lattice effect must be present to reduce
kinetic energy of the carriers at the MI transition. The atom
displacements are implicitly included in the model9 giving
rise to a strong coupling of the carriers to Jahn-Teller latt
distortions. There is also convincing experimental eviden
that the strong coupling impacts both the carriers10,11and the
lattice.12–14The former includes, but is not limited to, a gia
isotope effect10 and the sign anomaly of the Hall effect.11

The latter has been established by locally sensitive te
niques, such as extended x-ray absorption fine structure~EX-
AFS! measurements12,13 and neutron diffraction pair distri-
bution function~PDF! analysis,14 showing the Mn-O bonds
to be strongly distorted aboveTc . In addition to the electron-
lattice coupling spin-lattice coupling has been proposed15 to
explain the high insulatorlike resistivity above the transiti
temperature and the large CMR effect. Hundleyet al.16 have
©2001 The American Physical Society13-1
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pointed out that the resistance relates to the magnetizatio
ln(r);2M. Booth et al.12 found a functional relation be
tween the magnetization and the number of delocalized h
per Mn sitendh , ln(ndh);M, suggesting that as a trappe
hole becomes delocalized it no longer contributes to
Mn-O distortions.

It is worth mentioning that in Zener’s picture the hoppin
occurs through a nominally closed shellO22, i.e., the oxy-
gen band does not play an active role in the DE. It w
pointed out by Pickett and Singh17 that the Mnd–O p hy-
bridization is much too strong to be considered pertur
tively through the closed O shell. OK-edge electron-energy
loss spectra18 ~EELS! and x-ray absorption near edg
structure~XANES! measurements19,20 have confirmed tha
the manganites are charge-transfer~CT! insulators within the
scheme by Zaanen, Sawatzky, and Allen,21 similar to the
higher-temperature Cu-based superconductors. EELS
XANES spectra show an unsplit doublet~CT peak atE
;528 eV and upper Hubbard band peak atE;530 eV)
corresponding to the O 2p unoccupied density of states. Th
CT peak systematically increases in intensity within t
range of Sr doping untilx,0.3 ~Ref. 18! @x,0.4 ~Ref. 20!#
and presumably in the 0,x,0.7 range of Ca doping in
LaMnO3.19 Remarkably, there is a striking correlation b
tween EELS and resistivity data: the larger the O 2p hole
density, the smaller the resistivity. This implies that the co
ductivity is hole driven and the O 2p holes contribute sig-
nificantly to the conduction mechanism, including t
magnetoresistance.18 Photoemission spectroscopy and
K-edge XANES results22 support the charge-transfer-typ
model of La12xSrxMnO3. The ground state of LaMnO3 is
found to be a mixture ofd4 andd5L configurations~hereL
denotes an O ligand hole!. Holes doped into LaMnO3 spread
between the many-body configurations but they are ma
of O 2p character.

One of the constituents of the Mn 3d–O 2p
hybridization—the Mn valence—has been the subject
many controversial conclusions.23 This question can be wor
thily addressed by x-ray absorption near-edge structure s
troscopy. Being a fast and locally sensitive techniq
XANES can provide information on local atomic and loc
electronic structures. The MnK-edge XANES that is em-
ployed as an experimental tool in this study is due to a dip
transition of the 1s core-hole electron to thep-like unoccu-
pied density of states24 ~DOS! projected on to the Mn ab
sorbing site. Since the 4p Mn states are strongly hybridize
with O 2p and Mn 3d states of the neighboring atoms, th
local p-like projected density of states is very sensitive to
charge distribution and local distortions of Mn-O bonds,
well as to any variations in Mn 3d–O 2p hybridization that
is believed to form the electronic states near the Fermi
ergy. It should be noted that the electronic structure of
manganites is an extraordinarily complicated many-bo
problem that is governed by a strong interplay between th
fundamental degrees of freedom: lattice, spin, a
electronic.25 In this paper we adopt a simplified approac
considering three pair correlations~according to the three
fundamental degrees of freedom!, namely, the electronic
structure of the unoccupied states~probed by the MnK-edge
profile! vs ~i! local atomic distortions;~ii ! local magnetic
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ordering; and~iii ! Mn 3d–O 2p hybridization.
Before going into details of our calculations let us brie

consider the most important results in the MnK-edge absorp-
tion measurements12,26–30 following our chosen classifica
tion. Local lattice distortions as the reason for the change
the Mn K-edge XANES spectrum of La0.75Ca0.25MnO3 have
been discussed by Lanzaraet al.26 They found a correlation
between the energy shift of the MnK-edge and the averag
Mn-O distance deduced from their quantitative MnK-edge
EXAFS analysis.13 In this paper we present a detailed ana
sis of lattice effects on the MnK-edge spectra of
La12xCaxMnO3.

Mn K-edge studies were attempted to deduce the role
the local magnetic ordering through temperature-depend
measurements across the ferromagnetic-to-paramag
phase transition12,27,28 and field-dependent measurements27

It is worth mentioning that conventional XANES is not d
rectly sensitive to the ferromagnetic ordering or to t
antiferromagnetic/ferromagnetic ordering as are x-ray m
netic circular dichroism ~XMCD! and spin-polarized
XANES ~SPXANES!. The temperature dependence of t
Mn K-edge spectra shows very minor changes in the
electronic states of La0.6Y0.07Ca0.33MnO3.27 These changes
are expressed in terms of a chemical shift that is about
order of magnitude larger in the paramagnetic phase tha
the ferromagnetic phase. In contrast to Ref. 27, Bridgeset
al.28 have reported that most of the changes in the main e
of La0.79Ca0.21MnO3 occur in the temperature range belo
Tc . The origin of these changes in the XANES spectra is
specified in either work and calls for further evaluations.

Most XANES work is focused on the electronic states
the Mn ions, i.e., on the Mn valence problem. Subı´asat al.27

have attempted to fit the MnK-edge data (x50.33) to a sum
of two edges: 67% of LaMnO3 and 33% of CaMnO3. The
large discrepancy between the experimental spectrum
the model is indicative of an intermediate oxidation state
the Mn ion, which does not fluctuate between pure io
Mn31 and Mn41. Only one type of manganese is present
La12xCaxMnO3.27 Systematic shifts in the absorption pos
tion of the Mn K edge with doping have been reported
Refs. 12, 27 and 29. From the MnK-edge XANES measure
ments Croftet al.29 have emphasized that the formal Mn31

and Mn41 states in La12xCaxMnO3 do not correspond to the
pure ionic 3d4 and 3d3 states. The Mn 3d hole response to
Ca substitution is delayed up tox;0.2. For more highly
doped compounds 3d ~presumablyeg) hole formation is
strongly suggested.29 Electron diffraction measurements3

give supporting evidence for real space charge ordering
the range 0.63,x,0.67 at low temperature. However, M
still acts as if mixed valent on the time scale of;10215 s in
the x50.65 sample according to MnK-edge data.12 Very
recently Qianet al.30 have come forward with the notion tha
a mixing of covalent Mnd configurations should be consid
ered instead of a single Mn configuration30 in order to ascer-
tain the charge/orbital ordering. From the temperature dep
dent Mn Kb emission and Mn K-edge absorption
measurements of thex50.5 andx50.5,0.65 samples, re
spectively, one can infer a slight increase in the average
valence at low temperatures. Changes in the balance o
3-2
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thermal energy, Jahn-Teller,~JT! local distortion,
ferromagnetic/antiferromagnetic ordering, and char
ordered interaction energies at fixed compositionx can alter
the balance of the Mn configurations and, therefore, alter
effective average Mn valence in the system.30

Summarizing these results, Mn fluctuations have b
considered in the framework of Mn 3d configurations with
different hole numbers at the Mn sites.12,27–30 In a wider
sense, to the best of our knowledge, the question
Mn 3d–O 2p hybridization was not thoroughly discusse
so far in work on the MnK edge. The O 2p band was
completely ignored resulting in several drawbacks, which
will discuss in Sec. VI C. Perhaps the most striking of the
is a limiting of the possible candidates for the ground state
a mixture of Mn 3d configurations, implying an essentiall
Mn 3d character of the doped states. To clarify the nature
valence fluctuations in the manganites we need an in-d
understanding of how the Mn 3d–O 2p hybridization af-
fects the MnK-edge profile. If the holes predominantly re
side on the O sites18–20will the Mn K-edge measurements b
sensitive to this type of charge transfer?

Although previous XANES work has established gene
trends in the composition-dependent behavior of the MnK
edge and ruled out the pure ionic Mn valences of12, 13,
and 14 in the doped CMR materials, several fundamen
questions remain. Experimental measurements were no
companied by any theoretical calculations. We still lack
formation on the origin of the features arising at the MnK
edge and their responses to changes in the electronic
local structure of the CMR materials. In this paper we rep
Mn K-edge XANES calculations for several members of
La12xCaxMnO3 family, aiming at revealing the effects of~i!
local lattice distortions,~ii ! local magnetic ordering, and~iii !
the covalent nature of the Mn-O bonds on the shape of
Mn K-edge. Once these questions are answered, one m
expect to gain a better understanding of the controver
issue of Mn valence from MnK-edge analysis.

II. EXPERIMENT

Powder samples of La12xCaxMnO31d (x50, 0.15, 0.2,
0.3, 0.4, 0.5, 0.67, and 1.0! were prepared by the standa
solid-state reaction at temperatures up to 1480 °C (T51480
2150x) depending on composition. The firing temperatu
were chosen to keepd50.03 all through the series.31 Two
oxygen-rich samples of LaMnO31d (d;0.07 and 0.15! were
prepared by carrying out the two final sinterings at 1380 a
1200°C.

X-ray powder diffraction patterns were measured from
samples using a Rigaku diffractometer. The complete p
terns were analyzed by the Rietveld method using theGSAS

code.32 All samples, except for LaMnO3.15, were refined in
terms of the orthorhombic space groupPbnm, consistent
with previous diffraction measurements. LaMnO3.15 belongs
to the rhombohedralR-3c space group. No secondary phas
were revealed. Fluorescent microprobe analysis sho
good space homogeneity of the samples.

Magnetic properties were investigated using a commer
Quantum Design quantum interference device magneto
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ter. LaMnO31d ,d50.03 andd;0.15, exhibit antiferromag-
netic and ferromagnetic transitions atTN;140 K and Tc

;160 K. Metallic samples withx50.15, 0.2, 0.3, and 0.4
show ferromagnetic-to-paramagnetic phase transitions
warming. At the applied magnetic field of 1 kOe the es
mated transition temperatures are 170, 183, 230, and 24
respectively. The magnetization of thex50.67 sample be-
haves consistently with a charge-ordering transition atTCO

;270 K and an antiferromagnetic transition at;140 K.3

Pure CaMnO3 is antiferromagnetic belowTN;130 K. For
resistivity measurements several pellets were cut into b
and four wires were attached with silver skin. Th
La0.7Ca0.3MnO3 sample showed a sharp metal-to-insula
phase transition on warming atT;210 K. For the
La0.33Ca0.67MnO3 sampledr(T)/dT,0 up to the maximum
available temperature of 400 K. However, resistiv
abruptly increases atT;TCO in agreement with results o
Ref. 33

Mn K-edge spectra were collected at beamlines X-1
and X-18B at the National Synchrotron Radiation Lig
Source using a Si~111! double-crystal monochromators. Ex
perimental runs at X-19A and X-18B revealed essentia
identical results for the same samples after bringing the sp
tra to an absolute energy scale. Strictly speaking, the en
resolutions were a slightly bit different, although better th
1 eV in both cases. For this reason we will always refer
the experimental data recorded at one of the beamlines
ther X-19A for x50.3 or X-18B for thex50.67 sample
while discussing small temperature-dependence variation
the pre-edge range (E;6542 eV). The higher-order har
monics were suppressed by detuning the second crysta
the monochromator on its rocking curve to 50% of the ma
mum transmitted intensity at 300 eV above the edge. Spe
were recorded simultaneously in the fluorescent yield~FY!
and the transmission modes~TM!. In order to suppress the
remaining LaL1-edge oscillations we used a 13-element
detector~Canberra! with an energy resolution of 180 eV. Th
Mn Kg fluorescent detection (E55.898 keV) reduces the
contribution from the LaL edges, although the suppression
not complete because the LaLg fluorescent line is confined
in the energy window of the Ge detector. The sample in
He cryostat was oriented to have the incident x-ray strik
the surface at 45°65° and the exit angle of the fluorescent
rays was;45°610°. This geometry provided essential
bulk-sensitive FY measurements.34 In order to calibrate the
energy scale a pure Mn foil was placed between the sec
and third ion chambers as a standard. Following Croftet al,29

relative energies between different spectra were obtained
careful comparison of the standard data. After all spec
were put onto the same relative scale the absolute en
scale was calibrated by assigningE56539.1 eV to the first
inflection point of the pure Mn foil.

Generally, from three to six scans at each tempera
point for each sample were taken to improve the signal
noise ratio. The total FY counts were not smaller th
(1 –2)3105 at the top of the absorption edge (E
;6550–6555 eV), providing a typical error in the measur
intensity at a level below 1% for the low intense pre-ed
3-3
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range and 0.3% for the main edge. The typical error in
relative energy calibration was 0.05 eV.29 Since the
correction34 is almost energy independent over the 654
6600 eV range the XANES spectra were not corrected
self-absorption. Small fluorescent backgrounds were
moved and spectra were normalized to unity approxima
100 eV above the absorption threshold.

The composition dependence of the normalized
K-edge spectra of La12xCaxMnO31d (x50, 0.15, 0.2, 0.3,
0.4, 0.5, 0.67, and 1.0! is shown in Fig. 1. As clearly see
from the plot there is a systematic energy shift of the abso
tion edges with doping in good agreement with previo
work.12,27–30

III. LOCAL STRUCTURE

To study the lattice effect in the manganites we have p
formed single electron calculations of the MnK edge in
La12xCaxMnO3 (x50,0.3) considering the structure as t
origin of all variations in the Mn 4p states acting via change
of hybridization in a large cluster of atoms.

We shall start from LaMnO3. The muffin-tin~MT! poten-
tials were constructed for a cluster of 142 atoms assem
using the diffraction results.35 The x-ray absorption cros
sections were calculated in the dipole approximation fo
cluster of 87 atoms with a basis ofs, p, d, and f scattering
states at each site. Two static limits, namely, fully relax
Z11 potential and unrelaxedZ potential approximations,36

were considered. The fully relaxed potential brings abou
rigid downward energy shift of 1 eV and slightly increas
the intensity of the peaks just above the absorption thresh
A modified DLXANES code37 carrying out a direct inversion
of the scattering matrix was used.

FIG. 1. Evolution of the MnK-edge spectra withx in the
La12xCaxMnO3 series. Note the systematic energy shift and
enhancement of the pre-edge feature atE;6542 eV with increased
doping.
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To compare the calculated spectra with experimen
ones, the former were convoluted with a Lorentz functio
The broadening factor was taken as a sum of three cons
ents: core hole lifetime (;0.6 eV), instrumental resolution
@;1 eV with the Si~111! monochromator at the MnK edge
of beamline X-19A at NSLS#, and the energy-dependen
photoelectron lifetime which was assumed to increase p
portionally from zero atEF to 1 eV at 100 eV above. Result
ant MnK-edge XANES of LaMnO3 is plotted in Fig. 2 along
with the experimental data~background subtracted!. Both
spectra were normalized to 1.0 at;100 eV above the ab
sorption threshold. As is clearly seen from the figure,
positions of the features labeledAi , Bi , Ci , andDi can be
reasonably explained in terms of single-electron multip
scattering~MS! calculations. However, the intensity of th
pre-edge peak at 6542 eV is low and theB3 feature that is
approximately 7 eV above the main peak is missed. It sho
be noted that in the unbroadened XANES spectrum there
weak peak near the observedB3. Its intensity, however, is
too small to contribute toB3. We will discuss the origins of
the pre-edge and theB3 features in Secs. V A and V B.

The MS approach offers a pictorial view of the observ
features that is briefly summarized below. We found that
reproduce theA1 andA2 shoulders it is important to include
thed andf partial phase shifts, implying that these shoulde
arise due to hybridization between the Mn 4p and La 5d

e

FIG. 2. A comparison of the MnK edges of LaMnO3. The solid
line corresponds to the experimental spectrum at 300 K; dashed
shows the result of single-electron MS calculations for the 87-a
cluster; thin solid line with closed circles represents the convolut
of the single-electron spectrum with the excitation spectrum sho
in Fig. 7~b! below. Applying Eq.~4! gives rise to the shake-up pea
B3, lowers the intensities of theA1 andA2 features, and improves
the agreement in the extended areaE56575 eV. Notice that the
Hamiltonian’s parameters are taken from Ref. 22 ‘‘as they ar
Further adjustment of these parameters is expected to bring a
better agreement between the calculated and experimental spe
3-4
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orbitals.B1 andB2 are Mn 4p states split by the crystal field
The main peaks arise for a cluster of seven atoms but
form completely for a cluster of 87 atoms, showing that t
4p wave function delocalizes over the large cluster, i.e.
has band character. TheC1 andC2 features appear first whe
the MnO6 octahedron is surrounded by eight La atoms.
with the B peaks, they tend to be fully developed for lar
clusters. Substantial differences in the calculated magnitu
compared to experimental ones may have two sources. F
the calculatedC1 andC2 are undersplit. This is presumab
due to the application of non-self-consistent field~SCF! po-
tentials, or to some discrepancies between the model
actual local structures in LaMnO3. Second, structural an
thermal broadening seem to contribute to the smaller
served intensity. Finally, featureD is in the extended part o
the spectrum where the XANES matches the EXAFS sp
trum. Note the correct amplitude and phase behavior of
calculated spectrum over this area.

In order to simulate polaronic distortions across the
transition in La0.7Ca0.3MnO3 the XANES spectra were cal
culated twice:~i! assumingR-3c symmetry of the cluster
with a single Mn-O bond (R51.96 Å), and ~ii ! using
Pbnm symmetry of the cluster with three different Mn-
bonds (R151.91,R251.97, andR352.16 Å). It should be
mentioned that a recent EXAFS study13 of La0.75Ca0.25MnO3
gave supporting evidence for polaronic distortions in the m
tallic phase. The oxygen atomic distribution with respect
the Mn site was found to be a two-peak function: four sh
(;1.92 Å) and two long (;2.01 Å) bonds. In the insula
tor regime the system shows a three-peak distribution
has been interpreted as two different MnO6 octahedra. Nev-
ertheless, we still lack information about how these differ
octahedra are matched in real space so we cannot build
large cluster for the MS calculations. Consequently, the
proximation chosen for cluster construction is not uniq
although it involves qualitative changes in the Mn-O bo
length distribution.

Figure 3~a! shows two experimental MnK-edge spectra o
La0.7Ca0.3MnO3 taken below and above the transition tem
perature. We find an energy shift;0.2 eV as the tempera
ture increases from 30 to 260 K that is indicative of chan
in the electronic and atomic structures. Calculated spectra
given in Fig. 3~b!. As revealed in the figure the shape of t
Mn K-edge XANES depends dramatically on the local ox
gen atomic distribution. In the metallic phase the edge
sharper than in the insulator phase. Thus, the MS calc
tions qualitatively reproduce the observed energy sh
which, however, would be better interpreted as spectral
tensity redistribution upon distortion rather than as a ri
energy shift.

IV. MAGNETIC ORDERING

Since we intend to explore the effect of magnetic order
on the MnK-edge spectra rather than to refine the local m
netic structure of La12xCaxMnO3 we will start from the
fairly well known magnetic structures ofx50, 0.3, and 1.
Below the Néel temperature, the stoichiometric LaMnO3 is
an antiferromagnetic insulator ofA type with ferromagnetic
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coupling in the layers and antiferromagnetic coupling b
tween the layers.2 Pure CaMnO3 is antiferromagnetic ofG
type where each Mn magnetic moment is orientated antip
rallel with respect to its nearest Mn neighbor2

La0.7Ca0.3MnO3 exhibits a ferromagnetic-to-paramagne
transition on warming to the Curie temperatureTc . The ab-
solute value of the magnetic moment can be taken from

FIG. 3. ~a! Normalized MnK edges of La0.7Ca0.3MnO3 mea-
sured at 30 K~dashed line! and 260 K~solid line!. ~b! Calculated
XANES spectra showing the profound effect of local atomic dist
tions on the shape of the edge: fully developed~removed! distor-
tions are simulated assuming orthorhombic~rhombohedral! struc-
ture. For both panels note the redistribution of the spectral we
from the sharper main peak to the low energies that appears a
energy shifts at the half height of the edges.
3-5
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ther the results of Rietveld refinement of the neutron diffr
tion data, or dc magnetization measurements
extrapolating the saturated magnetization to zero field.

Below we describe a procedure for a spin-dependent
potential construction that allows one to match the calcula
magnetic moment to the measured one. For simplicity,
will make some reasonable approximations, which have b
widely used in x-ray magnetic circular dichrois
calculations.38 We will preserve a spherical symmetry of th
atomic potentials and will ignore the exchange splitting
the core levels,39 assuming that the local magnetic moment
the Mn sites is due to partially filled 3d orbitals. Further-
more, we will neglect the spin-orbit interaction of the phot
electron, which is usually an order of magnitude weaker th
the exchange interaction of the photoelectron with spin
and spin-down densities of states. In what follows the o
source of spin-polarized XANES is the exchange interact
of the photoelectron with spin-up (↑) and spin-down (↓)
densities of states.

Magnetic moment matching may be conventionally
vided into the following steps.~i! Split the relativistic atomic
charge density at the Mn site into spin-up and spin-do
densities. ~ii ! Construct new overlapped charge densit
around each atomic site using the Mattheiss prescription.
r↑5r↓50.5r for all sites except the Mn one. Construct th
spin-dependent MT potential using the von Barth–Hedin
cal density approximation~LDA ! exchange-correlation
potential:40 Vex

BH5V(r,x). ~iii ! Find thed-like partial DOS,
and then calculate the magnetic moment at the Mn site.~iv!
Compare the calculated magnetic moment with that availa
from neutron diffraction and dc magnetization measu
ments. To close the loop, one needs to repeat steps from~i!
to ~iv! assumingx as a varying parameter until a reasona
agreement between the calculated and experimental m
netic moments is achieved. Note that this is not a s
consistent approach; we just adjust the strength of the
3d band splitting in order to get reasonable agreement for
local magnetic moment.

In this paper we will restrict ourselves to solving the sta
dard nonrelativistic Schro¨dinger equation with spin-up an
spin-down scattering potentials rather than solving the D
equation. The relativistic correction was found to be imp
tant for elements with large atomic numberZ,41 while we
calculate spin-polarized XANES for the Mn (Z525) K edge.
In addition, it is not the relativistic correction but the lack
a self-consistent field cluster potential that is the leading f
tor limiting the accuracy of our MS calculations. We wou
like to point out that both relativistic and SCF potential co
rections have been included in a powerfulAB INITIO FEFF-8
code that has become available recently.42 As we shell see
from the next section, in complex La12xCaxMnO3 the
Mn 3d–O 2p hybridization seems to have a stronger imp
on the shape of the MnK-edge spectra than does local ma
netic ordering.

Figure 4 shows the spin-polarized partial density of sta
~PDOS! of d type for LaMnO3 and CaMnO3. The energy
positions of the peaks agree reasonably well with results
self-consistent LDA calculations.43 Both compounds show a
clear tendency to open the gap atEF . It is interesting to
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compare the observed pre-edge structure atE;6542 eV,
which is usually associated with empty Mn 3d states, with
the calculated Mn 3d PDOS.

As will be shown in the inset of Fig. 6, two feature
labeledP1 and P2 clearly distinguished in LaMnO3 appear
to correspond to theeg

2 minority- and t2g minority-spin
states, respectively. The calculated energy split of 1.5 eV
somewhat smaller than the;2 eV value observed experi
mentally. The peak that could appear from theeg

1 and eg
2

minority-spin states is not observed experimentally. It see
to be obscured by the more intenseA1 and A2 features
;7 eV above the absorption threshold. Pre-edge struc
in CaMnO3 exhibits a relatively weak shoulderP1, main
peakP2, and small featureP3 that we tentatively assign to
eg majority-, t2g minority-, andeg minority-spin peaks in the
Mn 3d PDOS. Calculations qualitatively predict an upwa
energy shift of theP1 shoulder relative to that in LaMnO3.
They also give smallerP1-P2 splitting in CaMnO3 in accor-
dance with experimental observations. However, the accu
position of theP2 peak is missed. These interpretations a
in line with the assignment of Bridgeset al.28 guided by
recent local spin density approximation~LSDA! 1 U calcu-
lations of LaMnO3,44 indicating that our simplified PDOS
calculations have captured the essential details of the s
polarized electronic structure in La12xCaxMnO3.

Ensured that we can describe the major source of m
netic ordering in CMR compounds reasonably well, we ha
performed spin-polarized MnK-edge calculations forx50,

FIG. 4. Spin-polarizedd-like PDOS of the orthorhombic
LaMnO3 and CaMnO3 for 87- and 85-atom clusters as calculat
applying the local magnetic moment matching approach develo
in Sec. IV. Local magnetic moments on the Mn sites of LaMn3

and CaMnO3 are, respectively,;3.6mB and 2.3mB in accordance
with neutron-diffraction results~Ref. 2!. The vertical dashed line
represents the estimated Fermi level. Notice a tendency tow
opening of the band gaps in both compounds.
3-6
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0.3, and 1. There are energy shifts between the spin-up
spin-down spectra for all compounds originating from t
spin-dependent scattering of the photoelectron in the fi
states. Spin-up and spin-down photoelectrons experience
ferent scattering potentials because of different Mn 3d spin
densities. This leads to some difference in the partial ph
shifts with the largest impact on resonantd-type scattering.
The atomic like 1s→4p dipole matrix element is also spi
dependent. The spin-up atomic cross section is shifted
ward lower energy providing a larger relative intensity f
low-energy peaks in the spin-up XANES.

The resulting spectra are shown in Fig. 5. Direct expe
mental observation of spin-up and spin-down XANES
CMR materials is a very sophisticated experiment that
not been reported yet. Since the conventional MnK-edge
spectrum is given by a sum of spin-up and spin-down sp
tra, I XANES(E)50.5@ I XANES↑(E)1I XANES↓(E)# the splitting
for spin-up and spin-down XANES spectra will contribute
the broadening. In metallic La12xCaxMnO3 (0.15,x,0.4),
the resultant XANES spectrum should become narro
when crossingTc on warming. Changes in the broadenin
can be monitored qualitatively, looking for the differen
between two conventional XANES spectra as a function
temperature.

Comparing the calculated spin-polarized spectra w
available data we can mention the following.~i! The major
features of the absorption edges are well reproduced in
single-electron spin-polarized MS calculations. As in t
case of the non-spin-polarized calculations, the pre-e
peaks show insufficient intensities and theB3 features are

FIG. 5. The theoretical spin-polarized MnK edges for x
50,0.3,1 after broadening. Spectra of thex50.3 andx51 samples
are offset by 1 and 2 for clarity. The energy shift at the half hei
of the edge reaches a maximum of 1.1 eV in the metallicx50.3
sample. Shifts of;0.9 and;0.5 eV are found in LaMnO3 and
CaMnO3 roughly following the magnitude of the local magnet
moments observed on the Mn sites.
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missed.~ii ! The energy shift of;5 eV between the majo
peaks of LaMnO3 and CaMnO3 is in accord with the shift in
the absorption edge position reported in Refs. 12, 27 and
Therefore, the chemical shift can be satisfactorily explain
in terms of the single-electron calculations.~iii ! The calcu-
lated absorption edge for thex50.3 ferromagnetic sample i
shifted toward higher energy by;3 eV compared to the
experimental spectrum. We could not reproduce the ene
gap in the paramagneticx50.3 sample. This is in spite of th
fact that the calculations were carried out for a heavily d
torted orthorhombic structure, implying three different Mn-
bonds. Part of the discrepancy could be due to the us
non-SCF potentials, but most likely it reflects an essen
limitation of the single-electron approach in the vicinity
the Fermi energy. We are unaware of SCF LDA calculatio
of doped manganites that would clear up the question
whether or not the onset of the structural distortions ab
Tc is sufficient to open the energy gap of;1.5 eV as ob-
served in the optical conductivity measurements.45 X-ray
photoemission spectroscopy~XPS! and soft x-ray absorption
spectroscopy~XAS! data suggest a covalent nature of t
Mn-O bond in La12xSrxMnO3 ~Refs. 18 and 20! and
La12xCaxMnO3.19 Saitoh et al.22 have reported that both
LaMnO3 and SrMnO3 should be considered as charg
transfer type compounds~like Cu and Ni oxides!. For both
compounds the Mn 3d-3d Coulomb repulsionUd is larger
than the ligandp to Mn 3d charge-transfer energyD, which
in combination with the smallp-3d hop integral results in
opening the energy gap.21 We will consider the effect of Mn
3d–O 2p hybridization, implying that a many-body descrip
tion of electronic structure is relevant to the MnK-edge
XANES, in the next section.

V. Mn 3 d–O 2p HYBRIDIZATION

One important aspect of CMR perovskites that, howev
was not sufficiently discussed in previous MnK-edge re-
search, is the essentially covalent character of the Mn
bonds, as in the Cu-based high-temperature supercondu
~HTSC’s!. O K-edge measurements show that Ca doping
troduces holes and these holes are primarily on the Op
rather than on the Mn 3d orbitals.18–20 How do the holes
affect the shape of the MnK edge? We can point out two
features of the absorption edge shown in Fig. 2 that are
lated to the Mn 3d–O 2p hybridization:~i! a pre-edge peak
at E;6542 eV and~ii ! the featureB3 that is E;6 eV
above the absorption maximum.

A. Pre-edge feature

The pre-edge region extends from approximately 6537
6552 eV. It is associated with both the dipole transitio
from the 1s to unoccupied states havingp symmetry with
respect to the Mn absorption site and with the direct quad
pole transition from 1s to the empty Mn 3d states. The di-
pole transition occurs if there is a nonzerop-like partial den-
sity of states at the absorption site produced either thro
the linear combination of neighboring O 2p orbitals due to
the breaking of the inversion symmetry at the absorpt

t

3-7
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A. YU. IGNATOV, N. ALI, AND S. KHALID PHYSICAL REVIEW B 64 014413
site46 or through the linear combination of the Mn 3d orbit-
als centered at neighboring Mn ions.44 In order to give a
correct interpretation of the pre-edge feature one need
know which channel dominates. A raw estimate for t
strength of the two channels is possible if one takes adv
tage of recent LSDA1U calculations by Elfimovet al.44 The
broadened~due to the core hole lifetime! density of states in
LaMnO3 shown in Fig. 2 of Ref. 44 reveals the rough
correct proportion between the intensities in the pre-e
features and in the main peak. Bearing in mind that the
pole matrix element is a smooth function of energy th
could not alter the previous result we concluded that
dipole channel dominates in the pre-edge peak.

The integrated intensity of the pre-edge feature was n
malized to the value for the stoichiometric LaMnO3 sample
and plotted against (x,d) in Fig. 6. Within the error bars, the
oxygen deficiency brings about the same number of hole
does x52d. Oxygen-deficient samples have a smooth
shape for the pre-edge peaks, indicating apparently la
structural distortions than in those stoichiometric oxyg
samples withx52d. Further EXAFS determinations will be
needed to verify this assignment. As is evident from Fig.
the integral spectral weight increases faster than is expe
for rigid doping of Mn 3d. To explaine this, any changes
electronic and local structure must have a much stronger
pact on the narrow bands~such as Mn 3d and O 2p) than on
the broad~Mn 4s or Mn 4p) bands. Therefore, it is the Mn

FIG. 6. The integrated intensity of the pre-edge feature a
function of Ca concentration~closed circles! in the La12xCaxMnO3

series and oxygen excess in LaMnO31d (d50.07,0.15)~triangles!.
The solid line corresponds to the merely rigid-doping enhancem
of the total Mn 3d spectral weight as ionic Mn 3d4 ~with six holes
on the 3d) is converted to Mn 3d3 ~with seven holes on the 3d)
upon Ca doping. The evolution of the MnK-edge pre-edge featur
with increasingx in La12xCaxMnO3 (x50,0.3,1) is shown in the
inset. Dashed lines represent the 1s→4p background calculated fo
a restricted basis neglecting the Mn 3d phase shift at all Mn sites in
the 87-atom cluster except for the absorbing atom~Mn 4p and Mn
3d hybridization excluded!. Vertical bars show the upper limit
used to evaluate the integrated pre-edge intensity.
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3d and O 2p hybridization ~forming the valence and con
duction bands in the CMR materials! that is expected to ex
hibit the strongest variations. The energy dependence in
pre-edge region is controlled through unoccupied Mn 3d and
O 2p states, while the intensity in this region is affected bo
by the unoccupied density of states and by hybridization
tween the Mn 3d and Mn 4p states on neighboring atoms
The former implies that the pre-edge feature inherits the
ergy dependence of the unoccupied band and, to a first
proximation, the Mn 3d PDOS can be used to classify th
peaks at the pre-edge~Sec. IV!. The hybridization is ex-
pected to be strongly enhanced as the mean Mn-Mn dista
decreases with increased doping. This is exactly what is s
in Fig. 6, where at least 100% incease in the intensity occ
due to the enhancement of Mn 3d and Mn 4p hybridization.
For this reason it is impossible to associate the changes in
integrated pre-edge intensity with variations in the total M
3d PDOS from thex dependence. In contrast, if the Mn 3d
and Mn 4p hybridization does not change, the measured
tegral intensity should be directly proportional to the to
Mn 3d PDOS. Temperature-dependent variations
La12xCaxMnO3 could be satisfactory examples of tho
changes. We will consider the temperature dependence o
pre-edge region forx50.3 and x50.67 samples in Sec
VI B.

B. Shake-up transition

It is well known that the ground state of LaMnO3 can be
described as a linear combination of the many-body e
tronic configurations gu3d4&1bu3d5L&1gu3d6L2&.22,47,48

The appearance of the Mn 1s core hole due to the 1s→4p
transition results in strong perturbations in the many-bo
system. For instance, the 3d4 configuration exhibits an up
ward energy shift because of 1s-3d hole-hole repulsion-Q.
To correctly account for the perturbations in the electro
structure upon the sudden switching on of the core hole
introduce an excitation functionS(v). Two static limits of
the so-called final state rules should be considered. In
unrelaxedZ approximation theN-hole final state is affected
by the Mn 1s core hole. The excitation spectrumS(v) is
given by the sum over allf th final N-hole states projected to
the ground stateN-hole wave function without the core hole

S~v!5(
f

z^C f~N!uC0~N!& z2d„v2Ef~N!1E0~N!….

~1!

In the fully relaxedZ11 approximation, the Mn atom is
replaced by Fe, which adds one electron to the absorp
site creating the (N21)-hole final state with the Mn 1s core
hole:

S~v!5(
f

z^C f~N21!uci ,suC0~N!& z2d„v2Ef~N21!

1E0~N!…. ~2!

In Eqs.~1! and~2! C0 is the ground state with energyE0 and
C f is the f th excited state with energyEf referred to Hamil-
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Mn K-EDGE XANES STUDY OF THE La12xCaxMnO3 . . . PHYSICAL REVIEW B 64 014413
tonians in the initial,H0, and final,H f , states, respectively
In the case of CMR compounds, the Hamiltonian is not w
established yet. It might be taken as a combination of
Anderson-Hasegawa Hamiltonian6 with the O 2p to Mn t2g

hole exchange interaction added and the Peierls-Hubba49

Hamiltonian, containing essential physics compatible w
experimental observations of magnetization and trans
properties,16 low-temperature optical,45 photoemission,22 O
K-edge XAS,19,20 electron-energy-loss spectroscopy,18 and
local structure measurements.12,13 Here we present a simpli
fied calculation for the low-spin system ignoring the charg
lattice and spin-lattice couplings but retaining the proper
scription for covalent Mn-O bonds. The electronic structu
will be treated in the framework of the Hubbard Ham
tonian,

H05(
i ,s

e ini ,s1Ud(
i

ni ,↑ni ,↓1(
k,s

eknk,s

1Up(
i

nk,↑nk,↓1Vdp (
^ i ,k&s,s8

ni ,snk,s8

1Vpp (
^kÞk8&s,s8

nk,snk8,s82Tdp (
^ iÞk&s,s8

~ci ,s
† pk,s8

1H.c.!2Tpp (
^kÞk8&s,s8

~pk,s
† pk8,s81H.c.! ~3!

wherec creates a hole with spins at sitei ~k! in the Mn 3d
(O 2pi) orbitals, respectively; ni ,s5ci ,s

† ci ,s and nk,s

5pk,s
† pk,s and are hole number operators;e i andek are Mn

3d eg and O 2pi energies;Ud andUp are Mn and O on-site
Coulomb repulsions;Vdp and Vpp are off-site Mn-O and
O-O Coulomb repulsions; andTdp andTpp are the Mn-O and
O-O nearest-neighbor hops. The specific point of the Ham
tonian ~3! is the introduction of the O 2p band which we
believe will better account for the charge transfer in CM
compounds. In the final statesH f5H01Hc , where Hc is
subject to the 1s-3d interhole Coulomb repulsionQ.

The final state rule36 has been developed from model ca
culations of the dynamic response of the conduction e
trons to the suddenly switched on core hole potential. Th
model calculations may be applicable directly to simple m
als, but in more complex systems the final state rules pr
ably need to be systematically tested. Such tests are be
the scope of the present paper. We will employ theZ ap-
proximation to illustrate several important aspects ofS(v)
behavior as a function of the Hamiltonian parameters. Wh
ever the approximations, theK-edge XANES spectrum ca
be obtained as a convolution product of the single-elect
transition from the 1s core level to the unoccupied electro
ics statesI (v) and theS(v),50

s~e!5E S~v!I ~v2e!de, ~4!

which is valid as long as the interaction betweenN-hole
states and the 4p photoelectron can be neglected.I (v) was
calculated for the cluster of 87 atoms as described in Sec
01441
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II.

The Lanczos technique was employed for numerical dia
nalization and spectral calculation ofS(v) in a two-
dimensional cluster of 12 atoms. The cluster consisting
four Mn and eight O atoms with periodic boundary cond
tions is shown in the inset of Fig. 7~a!. The total number of
holes for LaMnO3 is 4. One more question to be address
before discussing the results of our computation is that
static versus dynamic valence fluctuations. In the framew
of exact diagonalization one deals with the stationary Ham
tonian~3!. That means that the dynamic effects are avera
and spread over a cluster of finite size, so they appea

FIG. 7. The excitation spectra of LaMnO3 as a function of Mn
1s-3d Coulomb repulsion:~a! Q55, ~b! Q57.8, and ~c! Q
510 eV. The excitation spectra are calculated in theZ approxima-
tion for a four-hole wave function in a 12-atom cluster, Mn4O8,
shown in the inset of ~a!. Ud57.8, D54.5, and (pds)
521.8 eV are taken from Ref. 22. Spectral weights of the m
peak (m), first satellite (s), and other peaks altogether vsQ are
plotted in the insets of~b! and ~c!.
3-9
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A. YU. IGNATOV, N. ALI, AND S. KHALID PHYSICAL REVIEW B 64 014413
static effects. Actually, it is not so bad an approximation a
may appear at first. A fast XANES picture of the local v
lence state~slower than 10214 s) has to be averaged over a
possible space realizations, since the MnK-edge XANES is a
bulk-sensitive technique. If the ergodic hypothesis is true
local length scales and the average over space is equal t
average over time then XANES is not sensitive to the st
versus dynamic valence fluctuations. This justifies apply
the stationary Hamiltonian to our analyses.

For simplicity we retain only three parameters in t
Hamiltonian:Ud , D, andTdp . Saitohet al.22 have analyzed
Mn 2p XPS spectra using the cluster model. From the fit
the experimental data they foundUd57.8, D54.5, and the
p-d transfer integral (pds)521.8 eV @Tdp53u(pds)u#.
The energy gap is the difference between the first elec
addition and removal states,Eg5E(N11)1E(N21)
22E(N). For a four-hole wave function in the Mn4O8 clus-
ter, Eg;1.6 eV. The hole occupation numbers are found
be 0.62 and 0.19 at the Mn and O sites, respectively. T
implies an electron occupation number on the Mn site
4.36, i.e., larger than the nominal 4.0 value expected for
ionic Mn 3d4 configuration.

We treat the repulsion between the Mn 1s core hole and
2d holes as a local Coulomb potentialQ on the absorbing
site. For Mn 2p XPS simulations the Coulomb repulsion
usually 30% larger thanUd .47 Since the 1s core is screened
by the closed 2p shell the 1s-3d repulsion should be smalle
than the 2p-3d one. Consequently,Q51.3Ud may be
viewed as an upper limit in our computation. Figures 7~a–c!
show the excitation spectra calculated forQ55, 7.8, and 10
eV, respectively. For a four-hole wave function in the 12-s
cluster withSz50 the total number of peaks is 4356. How
ever, only a few of them contribute toS(v). The major peak
and the satellite, marked asm ands in Fig. 7~a!, are due to
the 1s1

•••3d44p1 and 1s1
•••3d5L4p1 final states reached

in x-ray absorption. The position of thes peak is almostQ
independent because the holes pushed from the absor
site are redistributed over other atoms in the 12-site clus
By means of direct simulation, using Eq.~4! we made sure
that in order to be distinguished as the shake-up peak@at a
level of broadening inI (v) of ;2 eV# the s peak inS(v)
must have at least 6% (0.06 eV21) spectral intensity. The
inset of Fig. 7~b! shows the intensities of them ands peaks
vs Q/Ud , from which one findsQ;0.9Ud as a low limit for
the 1s-3d repulsion that would yet provide sufficient ma
nitude for the shake-up peak. The total intensity of high
energy satellites (v.8 eV) increases rapidly withQ and at
Q;1.1Ud it exceeds the intensity of thes peak as shown in
the inset of Fig. 7~c!. For the specified set of Hamiltonia
parameters the two-shell absorption based on the sim
cluster model51 is no longer valid because of the limitation o
its basis.

The resultant MnK-edge XANES spectrum, calculated a
the convolution product of the single-electron absorption a
many-body excitations, is plotted in Fig. 2 along with t
purely single-electron and the experimental spectra. The
clusion of the excitation spectrum~i! introduces the addi-
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tional broadening,~ii ! rescales the absolute energy, and~iii !
improves the overall agreement. In particular, the shake
peakB3 appears.

It is worth mentioning that there is another set ofUd , D,
and (pds) parameters satisfying the Mn 2p XPS data on
LaMnO3. Chainaniet al.48 found Ud54, D55, and (pds)
522.2 eV, assuming that LaMnO3 is a Mott-Hubbard-type
compound. To verify this we have performedS(v) calcula-
tions using the parameters of Chainaniet al. and assuming
Q5Ud . The excitation spectrum is shown in Fig. 8. Th
satellite peak arises approximately 7 eV above the m
peak, in good agreement with the relative position of theB3
with respect to theB2 peak in the experimental MnK-edge
spectrum. However, the calculated intensity of the sate
peak (1.6%) lies far below the level that would provide
reasonable magnitude for theB3 feature. In attempts to gain
larger satellite intensity,D was allowed to vary, staying
within the Mott-Hubbard~MH! regime. The estimated 6%
threshold for s-peak spectral weight was crossed forD
.11 eV ~at Q5Ud) and D.7 eV ~at Q51.3Ud)—both
values seem to be too large to be meaningful. From th
results we conclude that Saitohet al.parameters provide bet
ter agreement with the experimental MnK edge of LaMnO3.
Thus, LaMnO3 is in the CT-type rather than in the MH-typ
regime.

The shake-up peak in the MnK-edge spectra of
La12xCaxMnO3 is not so distinct as, for example, in the C
K edge of the La22xSrxCuO4 superconductor. There migh
be three reasons for this. First, HTSC’s have a strong ani
ropy of the electronic and local structure in the CuO2 planes
and in the direction perpendicular to the plane. Polarized
K-edge XANES measurements withEiab ~x-ray polariza-
tion vector E is in the CuO2 planes! show a pronounced
shake-up peak,52 providing supporting evidence for the pre

FIG. 8. The theoretical excitation spectrum of LaMnO3 calcu-
lated using theUd , D, and (pds) from Ref. 48, implying a Mott-
Hubbard-type insulator. The magnitude of the calculated satellis
peak is too small to substantially contribute to the shake-up p
observed experimentally. Comparing theS(v) functions depicted
in this plot with those in Fig. 7 we conclude that LaMnO3 is a
charge-transfer-type insulator rather than a Mott-Hubbard-type
sulator.
3-10
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dominantly in-plane character of the doped holes. Althou
La12xCaxMnO3 is also strongly anisotropic, the character
the doped holes seems to be three dimensional. Secondly
CMR materials are characterized by a much more disto
local structure compared to that in the HTSC’s. As shown
Secs. III and IV, both structural and spin-polarized-driv
components of the broadening can reduce the contrast o
weak peaks, including the shake-up peak. Thirdly, and pr
ably most important, the CMR materials are not such w
defined CT-type compounds as the HTSC’s. At appro
mately similar values ofTdp , Ud2D is ;6 and;3 eV in
cuprates and manganites, respectively. A stronger Op
character of the doped holes in cuprates results in the m
distinct shake-up peak. Apparently, the near relation of
CMR compounds to MH type~or their not well defined CT-
type nature! promotes the onset of magnetic ordering in t
doped compounds. Through a certain admixture of the
3d4 to the ground state the conventional DE mechanism
allowed. This regime also gives rise to substantial excha
interaction between the O 2p ligand holes and the localize
spins of the Mn atoms, thereby enhancing the hopping of
holes (Tdp andTpp in the Hamiltonian! upon onset of the FM
order. Since the ground state of doped manganites is mo
O 2p–like18–20 ~CMR materials are CT type, although n
well defined! the exchange between the ligand holes and
localized spins must govern the electronic properties at
temperatures. It is worth mentioning that Alexandrov a
Bratkovsky53 have recently explained the resistivity peak a
the colossal magnetoresistance of doped manganites as
sult of carrier density collapse that is driven by the excha
interaction of polaronic carriers with the localized spins.

VI. DISCUSSION

We must first establish the relative orders of magnitude
the effects governing the fine details of the main peaks of
Mn K edge considered in Secs. III–V. Below they are list
from largest to smallest dimension:~i! The covalent nature o
the Mn-O bond: Expected corrections in the energy scale
about 6 eV, provided that the higher-energy excitation ch
nels have negligible spectral weights.~ii ! Local structure dis-
tortions can bring about a 1.5 eV spectral weight redistri
tion if one considers the transition from fully developed
distortions to an almost undistorted rhombohedral struc
in LaMnO3. ~iii ! Local spin ordering, which seems to max
mize atx;0.3, could manifest itself as;1 eV splitting of
the Mn 4p states due to spin polarization of the Mn 3d band.

Local orbital ordering and charge ordering are not cons
ered here. Local orbital ordering may be viewed as one p
sible type of local charge ordering. In general, the CO
coupled with local structure distortions, which presuma
stabilize charge redistribution. Any ‘‘structural’’ CO woul
essentially interfere with the charge disproportionat
emerging from the Mn 3d–O 2p hybridization. A combina-
tion of at least two but most likely three ‘‘simple’’ compo
nents constituent in CO takes it beyond the scope of
present paper.
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A. Temperature dependence of the MnK edge
of xÄ0.3 andxÄ0.67

The Mn K edge can be conventionally divided into th
pre-edge~Sec. V A! and the main edge. We shall start fro
the former. Figure 9 shows the temperature dependencie
the Mn K edge of La0.7Ca0.3MnO3 and La0.33Ca0.67MnO3.
The trend of the thermal changes both of the pre-edge an
the main edge~not shown! for the x50.67 sample is re-
versed from that observed for thex50.3 sample, although
the former sample shows a weaker temperature depende
Spectral transfer from high to low energy in thex50.3
sample atT,Tc is in qualitative agreement with the resul
of optical absorption measurements for the La12xSrxMnO3
(x50.175) metallic sample45 which exhibits a gradual filling
of the pseudogap as the temperature decreases. These r
along with the temperature-dependent resonance photoe
sion spectroscopy~RPES! of La0.67Ca0.33MnO3 provide sup-
porting evidence for the narrowing of the charge-transfer g
~maybe a pseudogap! below Tc . A similar trend is clearly
seen for the temperature dependence of the low-ene
empty states in thex50.67 sample.P1 is pulled down above
TCO which would reduce the gap. RPES data will be need
to make an accurate assignment.

A slight increase in the average Mn valence forx50.5
and x50.67 at low temperature has been put forwa
recently30 to explain the temperature dependence of th
edges. As revealed from Fig. 9, the integrated intensity of
pre-edge peak appears to decrease whenT moves from 50 to
300 K. Similar tends are clearly seen for thex50.5, 0.67
spectra in Ref. 30. A visible reduction of the intensity in t
P1-feature region, with little change at theP2 andP3 peaks,
indicates a lowering of the unoccupied density of states
low TCO. A smaller fraction of unoccupied states means
smaller Mn 3d hole density, and, therefore, the formal M
valence seems to go down at low temperatures. As we s
discuss in Sec. VI B, that is consistent with predominant h
ordering on the O 2p rather than on the Mn 3d orbital.

FIG. 9. Mn K-edge pre-edge feature of La0.7Ca0.3MnO3 and
La0.33Ca0.67MnO3 measured at 50 K~dashed lines! and at 300 K
~solid lines!. Notice that the temperature dependence of thex
50.67 sample is almost the reversed of that of thex50.3 sample.
3-11
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Next, we shall consider the temperature dependenc
the main edge (E;6546–6580 eV). The main-peak stru
ture of thex50.3 sample gets broader. As we have discus
in Sec. IV, ferromagnetic ordering brings about its ow
mechanism for the broadening, which, however, appear
be weaker than the structural broadening considered in
III. As for the x50.67 sample, within the accuracy of ou
measurements the spectrum collected at 300 K is as broa
that collected at 50 K. Generally, XANES spectra beco
broader as temperature increases because of thermal mo
It is also remarkable that the stoichiometric LaMnO3, which
has substantial static broadening associated with the JT
tortions of the MnO6 octahedra, exhibits a smaller broade
ing than the La0.33Ca0.67MnO3 sample as temperature in
creases from 50 to 300 K. We speculate that such an unu
temperature dependence might be understood by assum
partial reduction of the local distortions aboveTCO. Al-
though detailed local structure is unavailable yet, the diffr
tion data capturing an averaged picture of the local dis
tions do support a partial reduction of the distortions abo
TCO for x50.5 ~Ref. 4! andx50.67 ~Ref. 33! samples. Fur-
ther experimental probes of the local structure ofx50.67
sample are clearly motivated by this work. The onset of
weak ferromagnetic interaction could contribute to the to
broadening aboveTCO. However, magnetization measur
ments imply a very small variation acrossTCO, so we do not
expect substantial changes in the spin-up and spin-d
scattering potentials. As a consequence, the total XAN
~taken as a sum of spin-up and spin-down spectra! will be
almost unchanged. Our estimates show that structural va
tions of 0.1 Å affect the MnK edge to a larger extent tha
magnetization variation does.

For x50.3 and 0.67 the changes in the total Mn 3d spec-
tral weight estimated from Fig. 9 are relatively small. Co
sequently, to the first approximation, a minor variation in t
excitation spectrum will have a small impact on the shape
the Mn K edge as prescribed by Eq.~4!.

To summarize the observed temperature dependencie
the main edge in thex50.3 and 0.67 samples, we have co
sidered three mechanisms governing the shape of
XANES spectra and found that the lattice effect is m
likely to dominate in the temperature dependencies acrosTc
andTCO.

B. Charge ordering in La0.33Ca0.67MnO3

Qian et al.30 have argued for a slight increase in the a
erage Mn valence in thex50.5 and 0.67 compounds at lo
temperatures, which implies an increase in the unoccup
Mn 3d states~i.e., larger hole density at Mn 3d). However,
the onset of the charge ordering state is not necessarily
companied by charge ordering in the Mn 3d states. Because
of the covalent nature of the Mn-O bond the holes are spr
between the Mn 3d and O 2p states and the charge orderin
at the oxygen sites is another possibility to consider.

The hole occupation number on the Mn site appears to
in a delicate balance with hole occupation number~s! on the
oxygen site~s!. At the level of dopingx, the nextDx holes
added are distributed between the Mn 3d and O 2p orbitals:
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Dx5C1(x)1C2(x). Since Ud.D then C2.C1 at a low
level of doping. As the holes keep filling the O 2p orbitals,
they often encounter one another. Oxygen on-site (Up) and
oxygen-oxygen nearest-neighbor (Vpp) Coulomb repulsions
become players in the energy balance governing the ch
distribution.C1 will grow faster at the expense ofC2; nev-
ertheless, the presence of the oxygen component of
charge disproportionation seems to allowC2.C1 over a
broad range of Ca doping, possibly untilx51. Indeed,
O K-edge measurements19,20 provide an experimental prob
of the unoccupied O 2p states in La12xCaxMnO3. The spec-
tra show a pre-edge peak atE;529 eV just above the ab
sorption threshold which systematically increases with
creasing Ca doping in accordance with the predomin
O 2p character of added carriers. Parket al.19 found that the
absorption spectrum of the doped sample could be appr
mated by a linear combination of the LaMnO3 and CaMnO3
spectra, assuming a linear dependence of the spectral
tures on Ca substitution. This implies a linear dependenc
the pre-edge integrated intensity vsx, so that sinceC2;1 at
low x C1512C2;0 over the whole range of doping. A
independent probe ofC1(x) is not easily accessible throug
the MnK-edge measurements because of the strongx depen-
dence of Mn 3d–Mn 4p hybridization. However, at fixedx,
the temperature dependence of the pre-edge integrated i
sity is a signature of the variations in the Mn 3d PDOS, as
we argued in Sec. VI A. Consequently, a slight decrease
the integral intensity of the pre-edge peak
La0.33Ca0.67MnO3 as the temperature falls from 300 to 50
shows a slight redistribution of the holes from Mn 3d toward
O 2p, giving supporting evidence for charge ordering
oxygen sites.

Another argument for charge ordering on the oxygen s
instead of the manganese sites comes from the type of la
distortion observed upon the onset of CO. Ground state
ergies of several strongly correlated systems with lattice
grees of freedom have been evaluated numerically.49,54,55To
gain energy, the holes introduced with doping couple eit
with oxygen displacing modes or with ferroelectric mod
referred to the metal site via a moderate electron-pho
interaction. To the best of our knowledge, ferroelectricli
displacements of Mn atoms have not been observed exp
mentally. On the other hand, there are plenty of diffracti
data onx50.5 ~Ref. 4! and x50.65 ~Ref. 33! compounds;
indicating marked displacements of oxygen atoms be
TCO. Although these data differ in the magnitudes and co
ponents of oxygen atom displacements they do agree on
issues:~i! the MnO6 octahedra get more distorted and~ii ! the
Mn-O distortions are mostly of the breathing type when t
structures are compared at room and at helium temperatu
From these data we suggest the CO to be associated wit
oxygen sites.

C. Microscopic Mn valence

Finally, we shall discuss briefly the Mn valence states
manganites. The results of spectroscopic studies19,22 show
that the ground state electronic configurations in LaMn3
and CaMnO3 are not the ionic ones (Mn41 and Mn31) but
3-12
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a1u3d4&1a2u3d5L&1a3u3d6L2& and b1u3d3&1b2u3d4L&
1b3u3d5L2&, respectively. For intermediate doped com
pounds we suggest the ground state to be a superpositio
the end member electronic configurations with possible
proportionations of 3d5L→0.5(3d513d5L2) and 3d4L
→0.5(3d413d4L2) in the distorted lattice.54 In real CMR
systems every many-body electronic configuration car
additional spin and site indices, showing that it is spin a
local structure dependent. Mathematically, one needs to
the expansion coefficients,g i5g i(s i ,Ri),

uC0&5g1u3d5,s1 ,$R1i%&1g2u3d4,s2 ,$R2i%&

1g3u3d5L,s3 ,$R3i%&1g4u3d6L2,s4 ,$R4i%&

1g5u3d3,s5 ,$R5i%&1g6u3d4L,s6 ,$R6i%&

1g7u3d5L2,s7 ,$R7i%&1g8u3d4L2,s8 ,$R8i%&,

~5!

and minimize them with respect to spin and local displa
ment degrees of freedom. In the relation~5! we listed the
electronic and local displaced configurations explicitly, wh
keeping the configuration-dependent spin indices unsp
fied. Note that the above formulation is equivalent to findi
the ground state energy and corresponding wave func
which is well known to be a complete description of a qua
tum mechanical system at zero temperature. Therefore,
croscopic solution of the Mn valence would reveal loc
structural distortions and local magnetic structure.

If uC0& is the ground state wave function, then the mic
scopic Mn valence at thei th site is an occupation numbe
Ni ,s,$Ri %

5^C0uci ,s
† ci ,suC0&, whereci ,s

† (ci ,s) creates~anni-

hilates! a hole in Mn 3d with spin and the local Mn-O dis
placed configuration$Ri%. The macroscopic valence probe
by conventional XANES is given by a superimposed aver
of the microscopic states taken over all possible local
spin configurations. Spin-polarized XANES and anomalo
diffraction XANES~DANES! are expected to be able to ca
ture the microscopic valences associated with major
~minority-!spin orientations and specific atomic sites.56

A single ‘‘intermediate’’ Mn valence as suggested in R
27 would mean only oned-functional peak in the excitation
spectrum Eq.~1!. Subı́aset al.mentioned that Mn ions could
be spread over a narrow range of energy because of diffe
local environments in doped samples, still forming the o
type of Mn detected by MnK-edge XANES. Notice that the
peaks in our excitation spectrum are spread over more th
10 eV range. The separation between the main and shak
channels (;6 eV) is larger than the observed chemical sh
(;4.2 eV) asx goes from 0 to 1. The one-type-Mn valenc
model fails to reproduce the shake-up feature in the XANE
It assumes a structureless XPS spectrum, and gradual
filling on Mn 3d4 states upon doping, both inconsistent w
experimental observations.18,20,22Again, it seems to be diffi-
cult to reconcile a unique Mn valence with observations
the CO states for 0.5,x,0.7,3,4 and different types of MnO6
octahedra acrossTc ~Ref. 13! or TCO.4,33 In a model assum-
ing a mixture of Mn 3dn and Mn 3dn11 with different num-
bers of holes at Mn sites,30 the Mn valence can dispropor
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tionate locally, consistent with local lattice distortions an
local magnetic order. However, since the O 2p band is ex-
cluded, the average Mn valence is always prescribed by
level of dopingx. Restriction of the basic Eq.~5! to a mix-
ture of Mn 3d configurations

uC0&5u1u3d5,s1 ,$R1i%&1u2u3d4,s2 ,$R2i%&

1u3u3d3,s3 ,$R3i%& ~6!

implicitly assumes a Mott-Hubbard-type material accordi
to the Zaanen-Sawatzky-Allen classification.21

Our detailed analysis of the MnK edge spectra along with
the O K- and Mn L3,2-edge results18,20 shows that
La12xCaxMnO3 is in the charge-transfer-type regime in th
range fromx50 at least untilx50.67. In theZ approxima-
tion a CT-type model shows a larger magnitude of t
shake-up peak than a MH-type model, providing bet
agreement with the experimental data in LaMnO3. The
shake-up peakB3 is also clearly seen in the MnK-edge
XANES of thex50.67 sample. It is more interesting, how
ever, to trace the temperature dependence of the pre-
peak acrossTCO as shown in Fig. 9, which is in good agre
ment with all previous XANES data.28,30 Assuming the re-
stricted basis~6! to be sufficient to discribe the ground sta
in CMR materials, it seems to be difficult to explain why th
system undergoes a transition to a;0.1–0.2 eV higher
‘‘ground’’ state with decreasing temperature. To reconc
the onset of the CO states with the experimentally obser
increase in ground state energy, we expand the basis,
gesting notu3d313d4,s i ,$Ri%&, but (ku3dkLm,s i ,$Ri%& @as
in relation ~5! with k54,5 andm51,2# to dominate in the
ground state of the La0.33Ca0.67MnO3. The u3dkLm& elec-
tronic degree of freedom seems to be lowered atT,TCO in
order to balance the total energy. The(ku3dkLm,s i ,$Ri%&
state does not appear as a peak in the MnK-edge pre-edge
because the Mn is at the point of the inversion symme
However, the hole localization on O 2p alters the Mn 3d
hole occupation number, which manifests itself as a sm
decrease in the integrated intensity of the pre-edge. The c
acter of the atomic distortions33 is consistent with charge
ordering on the O sites rather than on the Mn sites, as
discussed in Sec. VI C. These results imply a 2p character of
the doped states in La0.33Ca0.67MnO3, indicating that this
compound is still in the CT state and that the basis~6!, ig-
noring the O 2p states, is not tenable. It is also very unlike
that, being of CT type atx50 and 0.67, La12xCaxMnO3
would turn out to be of MH type in the intermediate com
pounds. Indeed, a proportional increase of the first pea
the O K edge is not accompanied by any discernib
changes in theL3,2 edge spectra within the EELS energ
resolution.18 Higher-resolution Mn L3,2 XANES
measurements20 of La12xSrxMnO3 (x50.18–0.4) show a
very smalldecreaseof the total MnL3 count asx goes from
0.18 to 0.4 that is not completely understood yet. In any ca
combining the analysis of the OK- with the Mn L3-edge
data18,20 provides supporting evidence for thep character of
doped carriers, disfavoring the restricted basis~6!.

The basis~5! satisfied a broad range of experimental o
servations including the present XANES study, although i
3-13
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much more complex. This problem has not been solved
the manganites so far, as far as we know. That is also n
purpose of this paper, other than to point out two ende
properties of the Mn 3d–O 2p hybridization, stimulate a
wider discussion on the issue, and appeal to further exp
ments in this direction. First, there is no unique ‘‘interme
ate’’ Mn state in manganites as was proposed earlier.27 The
Mn valence may be understood as a mixture of many-b
electronic configurations with an essential O 2p component
over the ground state, and, therefore, the CMR mater
should be viewed as charge-transfer-type insulators i
broad range of doping. Secondly, hybridization in stron
correlated compounds is not merely an electronic~or spec-
troscopic! issue. It is alocal effectgoverned by competition
between the different CT many-body electronic configu
tions coupled with spin and lattice degrees of freedom.
expect that the problem@Eq. ~5!# might be essentially sim
plified by imposing constraints on the possible local dist
tions and local magnetic ordering as they are derived fr
measurements. The former would be accessible through
tailed EXAFS and neutron-diffraction PDF analyses th
would be able to reconstruct a realistic Mn-O pair distrib
tion function. The latter would be possible from NMR an
muon spin-rotation measurements. Contact with experim
tal data will lead to a better understanding of local ene
balances and effective interactions between the carriers in
manganites.

VII. CONCLUSION

We have reported a study of the MnK edge of
La12xCaxMnO3 CMR materials, considering three pair co
relations, according to the three fundamental degrees of f
dom governing the unusual electronic properties of mang
ites, namely, the electronic structure of the unoccupied st
probed by the MnK-edge profile vs~i! local atomic distor-
tions; ~ii ! local magnetic ordering; and~iii ! the charge-
transfer nature of the Mn-O bonds. The calculations are
companied by MnK-edge XANES measurements in th
temperature range 30–300 K.

The Mn K edge in La12xCaxMnO3 is dominated by the
dipole 1s→4p transition. The main features at the abso
tion edge can be qualitatively reproduced in terms of sing
electron MS calculations for a large cluster of atoms. T
main edge profile is found to be very sensitive to distortio
of the MnO6 octahedra asx goes from 0 to 1. Lattice po
laronic distortions in La0.7Ca0.3MnO3 can be simulated by
assuming a strongly distorted orthorhombic structure ab
and an almost undistorted rhombohedral structure belowTc .

To simulate the effects of magnetic ordering inx50, 0.3,
and 1 compounds we have developed a local magnetic
ment matching approach, relying on knowledge of the m
netic structure of the compounds. Although several appro
mations are made in the calculations, the spin-polari
PDOS’s of d-type of LaMnO3 and CaMnO3 agree reason
ably well with results of self-consistent LDA calculations.43

Spin-dependent scattering of the photoelectron in the fi
state results in an energy shift between the majority-
minority-spin spectra that contributes to the total XANE
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broadening below the Ne´el ~Curie! temperature. The energ
shift reaches a maximum of 1.1 eV in the metallicx50.3
sample. In LaMnO3 and CaMnO3 it is found to be;0.9 and
;0.5 eV, respectively. We anticipate that experimental M
K-edge SPXANES will be reported soon which would op
the way for direct comparison of calculated and measu
spectra.

A small featureB3 at approximately 6 eV above the ma
absorption peak is beyond the scope of single-electron
culations including spin-polarized ones. It should be
signed to a shake-up transition. A genuinely many-body
proach for calculations of the excitation spectrum has b
developed and successfully tested. The inclusion ofS(v)
introduces additional broadening, rescales the absolute
ergy, and improves the overall agreement, in particular, g
ing rise to the shake-up peakB3. We investigate the charge
transfer vs Mott-Hubbard-type ground state using theUd , D,
andTdp parameters as determined by previous Mn 2p x-ray
photoemission spectroscopy measurements22,48 and find that
LaMnO3 should be viewed as a CT-type insulator with
substantial O 2p component in the ground state.

The relative orders of magnitude of the three effects g
erning the MnK-edge profile are established. Charge trans
in the Mn-O system has the largest impact on the shap
the Mn K edge compared to the results of the conventio
single-electron MS calculation. It leads to corrections in t
energy scale larger than 6 eV with 14% of the spec
weight transferred to the higher-energy satellite peaks
LaMnO3. Local structure distortions in LaMnO3 can bring
about a 1.5 eV spectral weight redistribution if one consid
the transition from fully developed JT distortions to an a
most undistorted structure. The smallest of the three, the
cal magnetic ordering, manifests itself as;1.1 eV splitting
of the Mn 4p states in thex50.3 sample.

In light of these findings the controversial issue of the M
valence states in the manganites is critically reexamined.
model implying ‘‘intermediate’’ Mn valence27 is clearly
oversimplified: it has no potential to reproduce the shake
feature in the MnK-edge XANES and rich satellite structur
in the Mn 2p XPS spectra. It assumes a gradual hole filli
on Mn 3d4 states upon doping, inconsistent with OK- and
Mn L3,2-edge measurements.18,20 Finally, it seems to be dif-
ficult to reconcile a single Mn valence with observations
CO states for 0.5,x,0.7,3,4 and different types of MnO6
octahedra acrossTc ,26 or TCO.4,33 The widely accepted
model assuming a mixture of Mn 3d3 and Mn 3d4 with
different numbers of holes at the Mn sites depending on lo
lattice distortions and local magnetic ordering, or in a wid
sense, the Mott-Hubbard-type of ground state, in mangan
removes many but not all of the above questions. In parti
lar, the 3d character of the ground state contradicts the OK-
and MnL3,2-edge EELS.18 In the framework of MnK-edge
spectroscopy, the MH-type model cannot describe
shake-up peak in LaMnO3 and the unusual temperature d
pendence of the pre-edge peak in La0.33Ca0.67MnO3. The
logical consequence of this model would be hole localizat
on the Mn 3d orbitals belowTCO implying an increase of the
Mn 3d occupation number that is not observed experim
tally by our MnK-edge measurements. A small reduction
3-14
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the integral intensity of the pre-edge peak indicates a
crease of the Mn 3d occupation number atT,TCO and,
therefore, a predominant hole localization on the O 2p or-
bitals. We argue that the disproportionation may be und
stood as a mixture of charge-transfer many-body electro
configurations coupled with spin and lattice degrees of fr
dom, expression~5!. This approach would explain th
shake-up peak in the MnK-edge XANES of La12xCaxMnO3
as well as the unusual temperature dependence of the
edge feature in La0.33Ca0.67MnO3. It satisfies a wide range o
experimental observations, including spectroscopic,18,20,22

transport,18 and structural data.4,13,33 From a practical point
of view, only three configurations seem to contribute to
ground state of LaMnO3 (g2;0.5, g3;0.4, andg4;0.1)
and CaMnO3 (g5;0.4,g6;0.5, andg7;0.1).22 Which con-
figurations are essential in doped manganites still remain
question to be examined both theoretically and experim
01441
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tally. The success of the present simple pair correlat
analysis indicates that MnK-edge x-ray absorption near edg
structure spectroscopy is a promising tool to study the e
tronic structure of the unoccupied states of complex mat
als.
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