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We report MnK-edge x-ray absorption near edge structgf&NES) calculations of the La ,CaMnO,
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$i) local atomic distortions(ii) local magnetic ordering; andii) the charge-
transfer nature of the Mn-O bonds. The calculations are accompanied l{+édige XANES measurements in
the temperature range 30—300 K. The main features of the absorption edge can be qualitatively reproduced in
terms of single-electron multiple-scattering calculations for an 87-atom cluster. Lattice polaronic distortions in
Lay Ca aMnO; are simulated assuming a strongly distorted orthorhombic structure above and an almost
undistorted rhombohedral structure bel@w. The results roughly reproduce the energy “shift” acrdgs
observed experimentally. MK-edge spin-polarized XANES spectra of the=0, 0.3, and 1 samples are
presented. An energy splitting between the majority- and minority-spin spectra of 0.5—-1.1 eV contributes to the
total XANES broadening below the E(Curie) temperature. A small featui, standing approximately 6 eV
above the main absorption peak is beyond the scope of single-electron calculations; it is assigned to a shake-up
transition. To illustrate, the calculated Mhedge is obtained as the convolution product of the single-electron
XANES and the spectrum of many-body excitations in the Mn-O electronic states upon the sudden switching
on of the Mn & core hole. We investigate the charge-tran$fef) versus. Mott-Hubbard-type ground state
using theUy, A, and theTy, parameters determined by previous Mp 2-ray photoemission spectroscopy
measurements and find that LaMyn®Ghould be viewed as a CT-type insulator with a substantial O 2
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.
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. INTRODUCTION LaMnO; converts some of the M ions into Mrf*. Elec-
tron hopping between Mt and Mrf* neighbors through
More than 40 vyears after their discovérythe the O 2 is enhanced if the ionic spins are aligned ferromag-
La; xCaMnOs, 5 perovskites have attracted renewed inter-netically, thereby favoring low resistivity and a ferromag-
est, especially due to their interesting electronic, magnetichetic ground state at low temperatures. It has been realized
and structural properties as well as for their potential techrecently that the DERef. 5 or extended DERef. 6 and 7
nological applications. The term “colossal magnetoresismechanisms are not the only physics controlling the proper-
tance” (CMR) was introduced recently to describe the largeties of the CMR materials. Milliet al® argued that conven-
temperature and magnetic field dependences of the resistivitibnal DE is not enough to explain the resistivity data and
in La; ,AMnO3, s (A=Ca,Sr,Ba) perovskites. The de- suggested that a lattice effect must be present to reduce the
tailed phase diagram of La,CaMnO; is still not clear, kinetic energy of the carriers at the Ml transition. The atomic
presenting one of the challenges in the field. LaMn®an  displacements are implicitly included in the motigiving
antiferromagneti¢AFM) insulator with ferromagneticFM)  rise to a strong coupling of the carriers to Jahn-Teller lattice
coupling in the MnQ planes and AFM coupling between the distortions. There is also convincing experimental evidence
planes® With Ca doping (0.2:x<0.5) the system exhibits a that the strong coupling impacts both the carfi2tsand the
paramagnetic to ferromagnetic transition on cooling that idattice}?~*4The former includes, but is not limited to, a giant
accompanied by a metal to insulat@vll) transition. For isotope effec® and the sign anomaly of the Hall effelt.
higher Ca concentrations the ground state is AFR&f. 2 The latter has been established by locally sensitive tech-
and nonmetalli¢. Samples with 0.5:x<0.7 exhibit charge niques, such as extended x-ray absorption fine struciXe
ordering(C0O).>* AFS) measurement$®® and neutron diffraction pair distri-
The main focus of experimental and theoretical work hasution function(PDF) analysis:* showing the Mn-O bonds
been on the metallic CMR materials (6:2<<0.5) whose to be strongly distorted abovk, . In addition to the electron-
transport properties and FM ordering at low temperatures arkattice coupling spin-lattice coupling has been propdsenl
understood in terms of the double-exchar@E) mecha- explain the high insulatorlike resistivity above the transition
nism proposed by ZenérSubstitution of LA" by C&Z" in  temperature and the large CMR effect. Hundéal.*® have
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pointed out that the resistance relates to the magnetization asdering; andiii) Mn 3d—O 2p hybridization.
In(p)~—M. Booth et al'? found a functional relation be- Before going into details of our calculations let us briefly
tween the magnetization and the number of delocalized holesonsider the most important results in the Myedge absorp-
per Mn siteng,, In(ng)~M, suggesting that as a trapped tion measurement$?°=3 following our chosen classifica-
hole becomes delocalized it no longer contributes to thejon. Local lattice distortions as the reason for the changes in
Mn-O distortions. , _ __the MnK-edge XANES spectrum of lg«Ca, ,MnO; have

It is worth mentioning that in Zener’s picture the hopping peen discussed by Lanzaeaal®® They found a correlation
occurs through a nominally closed shelf™, i.e., the oxy-  petween the energy shift of the Mredge and the average
gen band does not play an active role in the DE. It wag,, o gistance deduced from their quantitative Mredge

e g EXAFS analysid n s paper e presen a detaed analy.
tively through the closed O shell. R-edge electron-energy- i'; ch:aﬁﬁga effects on the MrK-edge spectra of
1—X 3"

loss spectr® (EELS and x-ray absorption near edge .
structure (XANES) measurement$?® have confirmed that Mn K-edge studies were attempted to deduce the role of
the local magnetic ordering through temperature-dependent

the manganites are charge-trangfer) insulators within the : .
scheme by Zaanen, Sawatzky, and Afidrsimilar to the ~Measurements ~across the ferromagnetic-to-paramagnetic

higher-temperature Cu-based superconductors. EELS aff1ase transitioti*** and field-dependent measureméfits.
XANES spectra show an unsplit doubléET peak atE It is worth mentioning that conventional XANES is not di-
~528 eV and upper Hubbard band peakEat 530 eV) rectly sensitive to the ferromagnetic ordering or to the
corresponding to the O2unoccupied density of states. The antiferromagnetic/ferromagnetic ordering as are x-ray mag-
CT peak systematically increases in intensity within thenetic circular dichroism (XMCD) and spin-polarized
range of Sr doping untik<0.3 (Ref. 18 [x<0.4 (Ref. 20] = XANES (SPXANES. The temperature dependence of the
and presumably in the ©x<0.7 range of Ca doping in Mn K-edge spectra shows very minor changes in the Mn
LaMnO;.1° Remarkably, there is a striking correlation be- electronic states of l@Y g ¢/ Ca 2Mn0O3.*” These changes
tween EELS and resistivity data: the larger the @ tole  are expressed in terms of a chemical shift that is about one
density, the smaller the resistivity. This implies that the con-order of magnitude larger in the paramagnetic phase than in
ductivity is hole driven and the O holes contribute sig- the ferromagnetic phase. In contrast to Ref. 27, Bridetes
nificantly to the conduction mechanism, including theal.?® have reported that most of the changes in the main edge
magnetoresistanc&. Photoemission spectroscopy and O Of Lag7&Ca »MnO; occur in the temperature range below
K-edge XANES resulté support the charge-transfer-type Tc. The origin of these changes in the XANES spectra is not
model of La_,SrMnO;. The ground state of LaMnQis  specified in either work and calls for further evaluations.
found to be a mixture ofi* andd°L configurationsherelL Most XANES work is focused on the electronic states of
denotes an O ligand holeHoles doped into LaMn@spread the Mn ions, i.e., on the Mn valence problem. Sisait al?’
between the many-body configurations but they are mainljpave attempted to fit the MK-edge dataxX=0.33) to a sum

of O 2p character. of two edges: 67% of LaMn@and 33% of CaMn@ The

One of the constituents of the Mm30 2p large discrepancy between the experimental spectrum and
hybridization—the Mn valence—has been the subject ofhe model is indicative of an intermediate oxidation state for
many controversial conclusioR$This question can be wor- the Mn ion, which does not fluctuate between pure ionic
thily addressed by x-ray absorption near-edge structure spebin®* and Mrf. Only one type of manganese is present in
troscopy. Being a fast and locally sensitive techniquelai—xCaMnO;.%" Systematic shifts in the absorption posi-
XANES can provide information on local atomic and local tion of the MnK edge with doping have been reported in
electronic structures. The MK-edge XANES that is em- Refs. 12, 27 and 29. From the M@tedge XANES measure-
ployed as an experimental tool in this study is due to a dipolénents Croftet al*® have emphasized that the formal fin
transition of the & core-hole electron to thp-like unoccu- ~ and Mrf* states in La_,CaMnO; do not correspond to the
pied density of statés (DOS) projected on to the Mn ab- pure ionic 31* and 3° states. The Mn @ hole response to
sorbing site. Since theptMn states are strongly hybridized Ca substitution is delayed up to~0.2. For more highly
with O 2p and Mn 3 states of the neighboring atoms, the doped compounds @B (presumablyey) hole formation is
local p-like projected density of states is very sensitive to thestrongly suggeste®. Electron diffraction measuremefits
charge distribution and local distortions of Mn-O bonds, asgive supporting evidence for real space charge ordering in
well as to any variations in Mn@&-0 2p hybridization that the range 0.68x<0.67 at low temperature. However, Mn
is believed to form the electronic states near the Fermi enstill acts as if mixed valent on the time scale-el0”** s in
ergy. It should be noted that the electronic structure of théhe x=0.65 sample according to MK-edge datd? Very
manganites is an extraordinarily complicated many-bodyecently Qiaret al.** have come forward with the notion that
problem that is governed by a strong interplay between threg mixing of covalent Mrd configurations should be consid-
fundamental degrees of freedom: lattice, spin, ancered instead of a single Mn configurati8im order to ascer-
electronic®® In this paper we adopt a simplified approach, tain the charge/orbital ordering. From the temperature depen-
considering three pair correlatiorfaccording to the three dent Mn K, emission and Mn K-edge absorption
fundamental degrees of freedamrmamely, the electronic measurements of the=0.5 andx=0.5,0.65 samples, re-
structure of the unoccupied stat@sobed by the MrK-edge  spectively, one can infer a slight increase in the average Mn
profile) vs (i) local atomic distortions{ii) local magnetic valence at low temperatures. Changes in the balance of the
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thermal energy, Jahn-Teller,(JT) local distortion, ter. LaMnG;, 5,5=0.03 ands~0.15, exhibit antiferromag-
ferromagnetic/antiferromagnetic  ordering, and chargenetic and ferromagnetic transitions &,~140 K and T,
ordered interaction energies at fixed compositaran alter _160 K. Metallic samples wittx=0.15, 0.2, 0.3, and 0.4
the ba_llance of the Mn configurations and, therefore, alter thgpgy ferromagnetic-to-paramagnetic phase transitions on
effective average Mn valence in the systéh. warming. At the applied magnetic field of 1 kOe the esti-

ngman;mg these results, Mn fluctuatlons have. beerﬁwated transition temperatures are 170, 183, 230, and 241 K,
considered in the framework of Mnd3configurations with respectively. The magnetization of the=0.67 sample be-
different hole numbers at the Mn sit#>’~%In a wider y: g L )

Paves consistently with a charge-ordering transitiom g

sense, to the best of our knowledge, the question o : : e 3
o . ~270 K and an antiferromagnetic transition -atl40 K:

Mn 3d—-0O 2p hybridization was not thoroughly discussed . . .
b gny Pure CaMnQ is antiferromagnetic belowy~130 K. For

so far in work on the MnK edge. The O @ band was e .
completely ignored resulting in several drawbacks, which wd€SiStivity measurements several pellets were cut into bars
will discuss in Sec. VIC. Perhaps the most striking of them@nd four wires were attached with silver skin. The
is a limiting of the possible candidates for the ground state td-2.7C&.3MnOs sample showed a sharp metal-to-insulator
a mixture of Mn 31 configurations, implying an essentially Phase transition on warming af~210 K. For the
Mn 3d character of the doped states. To clarify the nature ot-20.35C8.6MnO3 sampledp(T)/dT<0 up to the maximum
valence fluctuations in the manganites we need an in-dept@vailable temperature of 400 K. However, resistivity
understanding of how the Mnd3-O 2p hybridization af- abruptly increases af~Tco in agreement with results of
fects the MnK-edge profile. If the holes predominantly re- Ref. 33
side on the O sité&2°will the Mn K-edge measurements be  Mn K-edge spectra were collected at beamlines X-19A
sensitive to this type of charge transfer? and X-18B at the National Synchrotron Radiation Light
Although previous XANES work has established generalSource using a §111) double-crystal monochromators. Ex-
trends in the composition-dependent behavior of the WIn perimental runs at X-19A and X-18B revealed essentially
edge and ruled out the pure ionic Mn valencestd, +3,  identical results for the same samples after bringing the spec-
and +4 in the doped CMR materials, several fundamentakra to an absolute energy scale. Strictly speaking, the energy
questions remain. Experimental measurements were not agesolutions were a slightly bit different, although better than
companied by any theoretical calculations. We still lack in-1 eV in both cases. For this reason we will always refer to
formation on the origin of the features arising at the KIn  the experimental data recorded at one of the beamlines: ei-
edge and their responses to changes in the electronic amder X-19A for x=0.3 or X-18B for thex=0.67 sample
local structure of the CMR materials. In this paper we reporiwhile discussing small temperature-dependence variations in
Mn K-edge XANES calculations for several members of thethe pre-edge rangeE(6542 eV). The higher-order har-
La, - ,CaMnO; family, aiming at revealing the effects G)  monics were suppressed by detuning the second crystal of
local lattice distortions(ii) local magnetic ordering, an@i)  the monochromator on its rocking curve to 50% of the maxi-
the covalent nature of the Mn-O bonds on the shape of thenum transmitted intensity at 300 eV above the edge. Spectra
Mn K-edge. Once these questions are answered, one migivere recorded simultaneously in the fluorescent yi&h)
expect to gain a better understanding of the controversiand the transmission mod€EM). In order to suppress the

issue of Mn valence from MiK-edge analysis. remaining LaL,-edge oscillations we used a 13-element Ge
detectoriCanberrawith an energy resolution of 180 eV. The
Il. EXPERIMENT Mn K, fluorescent detectionE=5.898 keV) reduces the

contribution from the Ld. edges, although the suppression is

Powder samples of La,CaMnOs, s (x=0, 0.15, 0.2, not complete because the Lg, fluorescent line is confined
0.3, 0.4, 0.5, 0.67, and 1.Qvere prepared by the standard in the energy window of the Ge detector. The sample in the
solid-state reaction at temperatures up to 1480T&€ {480 He cryostat was oriented to have the incident x-ray striking
—15) depending on composition. The firing temperaturesthe surface at 452 5° and the exit angle of the fluorescent x
were chosen to keep=0.03 all through the seriéd.Two  rays was~45°+10°. This geometry provided essentially
oxygen-rich samples of LaMnQ 5 (6~0.07 and 0.1bwere  bulk-sensitive FY measuremerifsin order to calibrate the
prepared by carrying out the two final sinterings at 1380 ananergy scale a pure Mn foil was placed between the second
1200°C. and third ion chambers as a standard. Following Qo>

X-ray powder diffraction patterns were measured from allrelative energies between different spectra were obtained by
samples using a Rigaku diffractometer. The complete pateareful comparison of the standard data. After all spectra
terns were analyzed by the Rietveld method using@dhes  were put onto the same relative scale the absolute energy
code®? All samples, except for LaMng)s, were refined in  scale was calibrated by assigniBg= 6539.1 eV to the first
terms of the orthorhombic space grolfbnm consistent inflection point of the pure Mn foil.
with previous diffraction measurements. LaMyfgbelongs Generally, from three to six scans at each temperature
to the rhombohedrak-3c space group. No secondary phasespoint for each sample were taken to improve the signal-to-
were revealed. Fluorescent microprobe analysis showedoise ratio. The total FY counts were not smaller than
good space homogeneity of the samples. (1-2)xX10° at the top of the absorption edgeE (

Magnetic properties were investigated using a commerciat- 6550—6555 eV), providing a typical error in the measured
Quantum Design quantum interference device magnetomentensity at a level below 1% for the low intense pre-edge
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FIG. 2. A comparison of the MK edges of LaMn@. The solid
line corresponds to the experimental spectrum at 300 K; dashed line
shows the result of single-electron MS calculations for the 87-atom
cluster; thin solid line with closed circles represents the convolution
of the single-electron spectrum with the excitation spectrum shown
range and 0.3% for the main edge. The typical error in thd" Fi9- 7(b) below. Applying Eq/(4) gives rise to the shake-up peak
relative energy calibration was 0.05 &Y Since the 3, lowers the |r_1tensmes of tha; andA, features, ar_1d improves
correctioi* is almost energy independent over the 6540-the a.‘gre?m,em in the extended afea 6575 ev. NOt"‘Ce that the .
6600 eV range the XANES spectra were not corrected fOEamlltonlaps parameters are taken from Ref. 22 “as they are.
urther adjustment of these parameters is expected to bring about

self-absorption. Small fluorescgnt backgrpunds W(_a're "Chetter agreement between the calculated and experimental spectra.
moved and spectra were normalized to unity approximately

100 eV above the absorption threshold.

The composition dependence of the normalized Mn To compare the calculated spectra with experimental
K-edge spectra of La,CaMnOs. s (x=0, 0.15, 0.2, 0.3, o©nes, the former were convoluted with a Lorentz function.

0.4, 0.5, 0.67, and 1)ds shown in Fig. 1. As clearly seen The broadening factor was taken as a sum of three constitu-
from the plot there is a systematic energy shift of the absorpents: core hole lifetime<0.6 eV), instrumental resolution

tion edges with doping in good agreement with previous ~1 eV with the S{111) monochromator at the MK edge
work 12:27-30 of beamline X-19A at NSL§ and the energy-dependent

photoelectron lifetime which was assumed to increase pro-
portionally from zero aEg to 1 eV at 100 eV above. Result-
ant MnK-edge XANES of LaMnQ is plotted in Fig. 2 along

To study the lattice effect in the manganites we have perwith the experimental datébackground subtractedBoth
formed single electron calculations of the M& edge in  spectra were normalized to 1.0 &t100 eV above the ab-
La;_,CaMnO; (x=0,0.3) considering the structure as the sorption threshold. As is clearly seen from the figure, the
origin of all variations in the Mn g states acting via changes positions of the features labeléd, B;, C;, andD; can be
of hybridization in a large cluster of atoms. reasonably explained in terms of single-electron multiple-

We shall start from LaMn@ The muffin-tin(MT) poten-  scattering(MS) calculations. However, the intensity of the
tials were constructed for a cluster of 142 atoms assemblepre-edge peak at 6542 eV is low and thg feature that is
using the diffraction result® The x-ray absorption cross approximately 7 eV above the main peak is missed. It should
sections were calculated in the dipole approximation for e noted that in the unbroadened XANES spectrum there is a
cluster of 87 atoms with a basis sf p, d, andf scattering weak peak near the observed. Its intensity, however, is
states at each site. Two static limits, namely, fully relaxedtoo small to contribute t®s. We will discuss the origins of
Z+1 potential and unrelaxed potential approximation®  the pre-edge and thB; features in Secs. VA and VB.
were considered. The fully relaxed potential brings about a The MS approach offers a pictorial view of the observed
rigid downward energy shift of 1 eV and slightly increasesfeatures that is briefly summarized below. We found that to
the intensity of the peaks just above the absorption thresholdeproduce thé\; andA, shoulders it is important to include
A modified DLXANES codé’”’ carrying out a direct inversion thed andf partial phase shifts, implying that these shoulders
of the scattering matrix was used. arise due to hybridization between the Mip 4nd La S

FIG. 1. Evolution of the MnK-edge spectra withx in the
La; ,CaMnO; series. Note the systematic energy shift and the
enhancement of the pre-edge featurEat6542 eV with increased
doping.

Ill. LOCAL STRUCTURE
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orbitals.B; andB, are Mn 4p states split by the crystal field. —
The main peaks arise for a cluster of seven atoms but the La,,Ca; ;MnO, (a)
form completely for a cluster of 87 atoms, showing that the — [ \
4p wave function delocalizes over the large cluster, i.e., it.2
has band character. Tk andC, features appear first when 5
the MnQ; octahedron is surrounded by eight La atoms. Ass |
with the B peaks, they tend to be fully developed for large =
clusters. Substantial differences in the calculated magnitude S
compared to experimental ones may have two sources. Firs=
the calculatedC; andC, are undersplit. This is presumably
due to the application of non-self-consistent fieBCH po-
tentials, or to some discrepancies between the model an
actual local structures in LaMnfO Second, structural and
thermal broadening seem to contribute to the smaller ob- B
served intensity. Finally, featui@ is in the extended part of -
the spectrum where the XANES matches the EXAFS spec.2 L
trum. Note the correct amplitude and phase behavior of the
calculated spectrum over this area.

In order to simulate polaronic distortions across the M
transition in Lg Ca iMnO; the XANES spectra were cal-
culated twice:(i) assumingR-3¢c symmetry of the cluster
with a single Mn-O bond R=1.96 A), and (ii) using
Pbnm symmetry of the cluster with three different Mn-O
bonds R,=1.91,R,=1.97, andR;=2.16 A). It should be " LaMnO, S (b)
mentioned that a recent EXAFS stddpf Lag 7Ca, ,gMnO5 = Foo
gave supporting evidence for polaronic distortions in the me-
tallic phase. The oxygen atomic distribution with respect to ~
the Mn site was found to be a two-peak function: four short
(~1.92 A) and two long £2.01 A) bonds. In the insula-
tor regime the system shows a three-peak distribution tha
has been interpreted as two different Mp@rtahedra. Nev-
ertheless, we still lack information about how these different 2
octahedra are matched in real space so we cannot build up <
large cluster for the MS calculations. Consequently, the ap-—
proximation chosen for cluster construction is not unique,.é’
although it involves qualitative changes in the Mn-O bond =
length distribution.

Figure 3a) shows two experimental MK-edge spectra of
Lay Ca ;MnO3 taken below and above the transition tem-
perature. We find an energy shift0.2 eV as the tempera- o e
ture increases from 30 to 260 K that is indicative of changes 6540 6550 6560
in the electronic and atomic structures. Calculated spectra ar
given in Fig. 3b). As revealed in the figure the shape of the
Mn K-edg_e XANI_ES erends dramaticglly on the local OXY- FIG. 3. () Normalized MnK edges of Lg/Ca MnO; mea-
gen atomic d',smbu“,on' In the metallic phase the edge 'Sured at 30 K(dashed lingand 260 K(solid Iihe). (b) Calculated
sharper than in the insulator phase. Thus, the MS calculaganEgs spectra showing the profound effect of local atomic distor-
tions qualitatively reproduce the observed energy shiftions on the shape of the edge: fully developegmoved distor-
which, however, would be better interpreted as spectral intions are simulated assuming orthorhombicombohedral struc-
tensity redistribution upon distortion rather than as a rigidture. For both panels note the redistribution of the spectral weight
energy shift. from the sharper main peak to the low energies that appears as the

energy shifts at the half height of the edges.

| (experimental spectra)

Normalized absorp

..................

6540 6550 6560
Energy (eV)

)

(calculated spectra)

units

(arb

sorption

=
o
e

Energy (eV)

IV. MAGNETIC ORDERING ) . ) . )
coupling in the layers and antiferromagnetic coupling be-

Since we intend to explore the effect of magnetic orderingween the layer$.Pure CaMnQ is antiferromagnetic o6
on the MnK-edge spectra rather than to refine the local magtype where each Mn magnetic moment is orientated antipar-
netic structure of La ,CaMnO; we will start from the rallel with respect to its nearest Mn neighBor.
fairly well known magnetic structures of=0, 0.3, and 1. Lay/CaMnO; exhibits a ferromagnetic-to-paramagnetic
Below the Nel temperature, the stoichiometric LaMg®@  transition on warming to the Curie temperatidig. The ab-
an antiferromagnetic insulator @f type with ferromagnetic solute value of the magnetic moment can be taken from ei-
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ther the results of Rietveld refinement of the neutron diffrac-
tion data, or dc magnetization measurements by
extrapolating the saturated magnetization to zero field.

Below we describe a procedure for a spin-dependent MT
potential construction that allows one to match the calculatec
magnetic moment to the measured one. For simplicity, we
will make some reasonable approximations, which have beet
widely used in x-ray magnetic circular dichroism
calculations’® We will preserve a spherical symmetry of the
atomic potentials and will ignore the exchange splitting of
the core levels$? assuming that the local magnetic moment at
the Mn sites is due to partially filled B orbitals. Further-
more, we will neglect the spin-orbit interaction of the photo-
electron, which is usually an order of magnitude weaker than
the exchange interaction of the photoelectron with spin-up | Ah e spin |
and spin-down densities of states. In what follows the only P
source of spin-polarized XANES is the exchange interaction
of the photoelectron with spin-upf} and spin-down ()
densities of states.

Magnetic moment matching may be conventionally di- R 4!
vided into the following step<i) Split the relativistic atomic -4 4 6
charge density at the Mn site into spin-up and spin-down Energy (eV)
densities. (i) Construct new overlapped charge densities

around each atomic site using the Mattheiss prescription. Set FIG- 4- dsé’i”'po'a]fizegd"iked :DOS of I the Orthorh(l’mlbic J
p1=p,=0.5 for all sites except the Mn one. Construct the LaMnO,; and CaMnQ for 87- and 85-atom clusters as calculate

spin-dependent MT potential using the von Barth—Hedin IO_falpplylng the local magnetic moment matching approach developed

cal density approximation(LDA) exchange-correlation in Sec. IV. Local magnetic moments on the Mn sites of LaMnO
. S . . and CaMnQ are, respectively;~3.6ug and 2. in accordance
potential®® VBH'=V(p,x). (iii) Find thed-like partial DOS, q P Yo S KB b

g - with neutron-diffraction result$Ref. 2. The vertical dashed line
and then calculate the magnetic moment at the Mn 6i#¢.  represents the estimated Fermi level. Notice a tendency towards
Compare the calculated magnetic moment with that availablgpening of the band gaps in both compounds.
from neutron diffraction and dc magnetization measure-
ments. To close the loop, one needs to repeat steps(ijom compare the observed pre-edge structuréeat6542 eV,
to (iv) assumingx as a varying parameter until a reasonablewhich is usually associated with empty M 3tates, with
agreement between the calculated and experimental matje calculated Mn @ PDOS.
netic moments is achieved. Note that this is not a self- As will be shown in the inset of Fig. 6, two features
consistent approach; we just adjust the strength of the MiabeledP; and P, clearly distinguished in LaMn@appear
3d band splitting in order to get reasonable agreement for théd correspond to thee; minority- and t,q minority-spin
local magnetic moment. states, respectively. The calculated energy split of 1.5 eV is

In this paper we will restrict ourselves to solving the stan-somewhat smaller than the2 eV value observed experi-
dard nonrelativistic Schinger equation with spin-up and mentally. The peak that could appear from m%eand eg
spin-down scattering potentials rather than solving the Diragninority-spin states is not observed experimentally. It seems
equation. The relativistic correction was found to be impor-to be obscured by the more intendg and A, features
tant for elements with large atomic numb2f! while we  ~7 eV above the absorption threshold. Pre-edge structure
calculate spin-polarized XANES for the MZ £ 25) K edge.  in CaMnO; exhibits a relatively weak shouldd?,, main
In addition, it is not the relativistic correction but the lack of peakP,, and small featuré; that we tentatively assign to
a self-consistent field cluster potential that is the leading face, majority-, t,4 minority-, ande, minority-spin peaks in the
tor limiting the accuracy of our MS calculations. We would Mn 3d PDOS. Calculations qualitatively predict an upward
like to point out that both relativistic and SCF potential cor- energy shift of theP; shoulder relative to that in LaMnO
rections have been included in a powersl INITIO FEFF-8  They also give smallelP,-P, splitting in CaMnQ in accor-
code that has become available receftlAs we shell see dance with experimental observations. However, the accurate
from the next section, in complex La,CaMnO; the position of theP, peak is missed. These interpretations are
Mn 3d—0 2p hybridization seems to have a stronger impactin line with the assignment of Bridgest al?® guided by
on the shape of the MK-edge spectra than does local mag-recent local spin density approximatiobhSDA) + U calcu-
netic ordering. lations of LaMnQ,** indicating that our simplified PDOS

Figure 4 shows the spin-polarized partial density of stategalculations have captured the essential details of the spin-
(PDOS of d type for LaMnG, and CaMnQ. The energy polarized electronic structure in La,CaMnO;.
positions of the peaks agree reasonably well with results of Ensured that we can describe the major source of mag-
self-consistent LDA calculatiorf§.Both compounds show a netic ordering in CMR compounds reasonably well, we have
clear tendency to open the gap Bt. It is interesting to  performed spin-polarized MiK-edge calculations fox=0,

CaMnO;

d-PDOS (1/eV/spin)
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4.0 £ missed.(ii) The energy shift of~5 eV between the major
c La,_ Ca MnO, peaks of LaMn@ and CaMnQ is in accord with the shift in
~35F @\ the absorption edge position reported in Refs. 12, 27 and 29.
= C Therefore, the chemical shift can be satisfactorily explained
= 30F in terms of the single-electron calculatiorii) The calcu-
'g E lated absorption edge for the=0.3 ferromagnetic sample is
25 E shifted toward higher energy by 3 eV compared to the
=) C experimental spectrum. We could not reproduce the energy
‘éZ 20 = gap in the paramagnetic= 0.3 sample. This is in spite of the
2 "k fact that the calculations were carried out for a heavily dis-
= C torted orthorhombic structure, implying three different Mn-O
2 1S bonds. Part of the discrepancy could be due to the use of
= o non-SCF potentials, but most likely it reflects an essential
g 1.0 = limitation of the single-electron approach in the vicinity of
5 E the Fermi energy. We are unaware of SCF LDA calculations
Z 05F of doped manganites that would clear up the question of
C / whether or not the onset of the structural distortions above
go et b b L b T. is sufficient to open the energy gap ofL.5 eV as ob-
6550 6560 6570 6580 6590 served in the optical conductivity measuremént¥-ray
Energy (eV) photoemission spectroscop¥PS) and soft x-ray absorption

spectroscopy(XAS) data suggest a covalent nature of the

FIG. 5. The theoretical spin-polarized MK edges forx =~ Mn-O bond in La_,SrMnO; (Refs. 18 and 20 and
=0,0.3,1 after broadening. Spectra of the0.3 andx=1 samples  La;, _,CaMn0;.2° Saitoh et al*> have reported that both
are offset by 1 and 2 for clarity. The energy shift at the half heightLaMnO; and SrMnQ should be considered as charge-
of the edge reaches a maximum of 1.1 eV in the metald0.3 transfer type compoundéike Cu and Ni oxides For both
sample. Shifts of~0.9 and~0.5 eV are found in LaMn@and  compounds the Mn &3d Coulomb repulsiorlJ is larger
CaMnG; roughly following the magnitude of the local magnetic {han the liganch to Mn 3d charge-transfer energy, which
moments observed on the Mn sites. in combination with the smalp-3d hop integral results in

opening the energy ga&p.We will consider the effect of Mn

0.3, and 1. There are energy shifts between the spin-up arg8i—0 2p hybridization, implying that a many-body descrip-
spin-down spectra for all compounds originating from thetion of electronic structure is relevant to the M&edge
spin-dependent scattering of the photoelectron in the finaKANES, in the next section.
states. Spin-up and spin-down photoelectrons experience dif-
ferent scattering potentials because of different Minspin
densities. This leads to some difference in the partial phase
shifts with the largest impact on resonahtype scattering. One important aspect of CMR perovskites that, however,
The atomic like 5—4p dipole matrix element is also spin was not sufficiently discussed in previous Mgaedge re-
dependent. The spin-up atomic cross section is shifted tosearch, is the essentially covalent character of the Mn-O
ward lower energy providing a larger relative intensity for bonds, as in the Cu-based high-temperature superconductors
low-energy peaks in the spin-up XANES. (HTSC's). O K-edge measurements show that Ca doping in-

The resulting spectra are shown in Fig. 5. Direct experitroduces holes and these holes are primarily on thepO 2
mental observation of spin-up and spin-down XANES ofrather than on the Mn @ orbitals®=2° How do the holes
CMR materials is a very sophisticated experiment that hagffect the shape of the MK edge? We can point out two
not been reported yet. Since the conventional Khedge features of the absorption edge shown in Fig. 2 that are re-
spectrum is given by a sum of spin-up and spin-down spectated to the Mn 8—0 2p hybridization: (i) a pre-edge peak
tra, I xanes(E) = 0.9 I xanesi (E) + Ixanes) (E)] the splitting  at E~6542 eV and(ii) the featureB; that is E~6 eV
for spin-up and spin-down XANES spectra will contribute to ghove the absorption maximum.
the broadening. In metallic La,CaMnO; (0.15<x<0.4),
the resultant XANES spectrum should become narrower
when crossingl. on warming. Changes in the broadening
can be monitored qualitatively, looking for the difference  The pre-edge region extends from approximately 6537 to
between two conventional XANES spectra as a function 06552 eV. It is associated with both the dipole transitions
temperature. from the X to unoccupied states having symmetry with

Comparing the calculated spin-polarized spectra withrespect to the Mn absorption site and with the direct quadru-
available data we can mention the followin@. The major  pole transition from % to the empty Mn 8 states. The di-
features of the absorption edges are well reproduced in oyole transition occurs if there is a nonzgrdike partial den-
single-electron spin-polarized MS calculations. As in thesity of states at the absorption site produced either through
case of the non-spin-polarized calculations, the pre-edgthe linear combination of neighboring Qo2orbitals due to
peaks show insufficient intensities and tBg features are the breaking of the inversion symmetry at the absorption

V. Mn 3d-0 2p HYBRIDIZATION

A. Pre-edge feature
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Oxygen excess, 8 (at x=0.) 3d and O 2 hybridization (forming the valence and con-
0.1 0.2 duction bands in the CMR materialthat is expected to ex-
—————7——% hibit the strongest variations. The energy dependence in the
P pre-edge region is controlled through unoccupied Miradd
20} L2, ,CaMnO, o 7 O 2p states, while the intensity in this region is affected both
+’ by the unoccupied density of states and by hybridization be-

tween the Mn 8 and Mn 4p states on neighboring atoms.
The former implies that the pre-edge feature inherits the en-
ergy dependence of the unoccupied band and, to a first ap-
proximation, the Mn 8 PDOS can be used to classify the
peaks at the pre-edgeec. I\V). The hybridization is ex-
pected to be strongly enhanced as the mean Mn-Mn distance
decreases with increased doping. This is exactly what is seen

Energy (eV)
6540 6544 6548
———

N

’
15k +
'

Norm. abs. (arb.u i:

Norm. integral intensity of the P peak

4 e in Fig. 6, where at least 100% incease in the intensity occurs
Jd due to the enhancement of M &nd Mn 4p hybridization.
1.0 = P I N R For this reason it is impossible to associate the changes in the
0.0 0.2 0.4 0.6 0.8 1.0 integrated pre-edge intensity with variations in the total Mn
Ca concentration, x (at 8<0.03) 3d PDOS from thex dependence. In contrast, if the Ml 3

he i di it of th doe and Mn 4p hybridization does not change, the measured in-

FIG. 6. The integrated intensity of the pre-edge feature as 3qq) intensity should be directly proportional to the total

fun_ctlon of Ca concentratlo_fclosed circlesin the Lq,XQ@MnO3 Mn 3d PDOS. Temperature-dependent variations in

series and oxygen excess in LaMnQ (8§=0.07,0.15)(triangles. l[-al CaMnO, could be satisfactory examples of those
n —X

The solid line corresponds to the merely rigid-doping enhanceme . .
of the total Mn 3 spectral weight as ionic Mnd# (with six holes changes. We will consider the temperature dependence of the
pre-edge region fox=0.3 andx=0.67 samples in Sec.

on the 3l) is converted to Mn @° (with seven holes on thed3

upon Ca doping. The evolution of the M&redge pre-edge feature VIB.
with increasingx in La; _,CaMnO; (x=0,0.3,1) is shown in the
inset. Dashed lines represent the-14p background calculated for B. Shake-up transition
a restricted basis neglecting the Md Bhase shift at all Mn sites in
the 87-atom cluster except for the absorbing atédn 4p and Mn
3d hybridization excluded Vertical bars show the upper limits
used to evaluate the integrated pre-edge intensity.

It is well known that the ground state of LaMg@an be
described as a linear combination of the many-body elec-
tronic configurations y|3d*)+ B|3d°L )+ y|3d5L?).224748
The appearance of the MrsXore hole due to thesl-4p
site® or through the linear combination of the Mrd rbit- transition results in strong perturbations in the many-body
als centered at neighboring Mn ioffsIn order to give a system. For insyance, thed3 configuration exhibits an up-
correct interpretation of the pre-edge feature one needs t§ard energy shift because osBd hole-hole repulsior@.
know which channel dominates. A raw estimate for the!© correctly account for the perturbations in the electronic
strength of the two channels is possible if one takes advarstructure upon the sudden switching on of the core hole we
tage of recent LSDA U calculations by Elfimoet al* The introduce an excitation functioB(w). Two static limits of
broadeneddue to the core hole lifetimealensity of states in the so-called fmallstat_e rules shoulq be conS|_dered. In the
LaMnO; shown in Fig. 2 of Ref. 44 reveals the roughly unrelaxedZ approximation theN-hole final state is affected

correct proportion between the intensities in the pre-edgdy the Mn Is core hole. The excitation spectru{w) is
features and in the main peak. Bearing in mind that the digiven by the sum over afith final N-hole states projected to
pole matrix element is a smooth function of energy thatthe ground staté&l-hole wave function without the core hole:

could not alter the previous result we concluded that the

dipole channel dominates in the pre-edge peak. S(w)=2, ¥ (N)|Wo(N))PS(w—E¢(N)+Eq(N)).
The integrated intensity of the pre-edge feature was nor- f

malized to the value for the stoichiometric LaMn@ample oy

and plotted againstx(d) in Fig. 6. Within the error bars, the In the fully relaxedZ+1 approximation, the Mn atom is

oxygen deficiency brings about the same number of holes ar?—zplaced by Fe, which adds one electron to the absorption

does x=24. Oxygen-deficient sgim_ples_ have a SmOOthersite creating theN — 1)-hole final state with the Mn<l.core
shape for the pre-edge peaks, indicating apparently IargeH .

structural distortions than in those stoichiometric oxygen ole

samples withx=246. Further EXAFS determinations will be

needed to verify this assignment. As is evident from Fig. 6, S(w)=>, [(¥{(N—1)|c; ,|¥o(N))PS(0—E{(N—1)
the integral spectral weight increases faster than is expected f

for rigid doping of Mn 3. To explaine this, any changes in +Eo(N)). ®)
electronic and local structure must have a much stronger im-

pact on the narrow bandsuch as Mn 8 and O ) than on  In Egs.(1) and(2) ¥ is the ground state with ener@g and
the broad(Mn 4s or Mn 4p) bands. Therefore, it is the Mn W} is thefth excited state with enerdy; referred to Hamil-
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tonians in the initialHy, and final,H;, states, respectively. 1.0
In the case of CMR compounds, the Hamiltonian is not well 5 CT-type (a)
established yet. It might be taken as a combination of the 0.8 | m
Anderson-Hasegawa Hamiltonfawith the O 2 to Mn tog i @ o
hole exchange interaction added and the Peierls-Hubbard 0.6 '_q_,:; . _D_l o
. . . . . . . — A ~ -
Hamiltonian, containing essential physics compatible with 0)/’ |
experimental observations of magnetization and transpol i Mol o o
properties:® low-temperature opticdf photoemissior? O 0.4 ™S
K-edge XAS!??° electron-energy-loss spectroscdfyand -  © G o Olo
local structure measurementts:® Here we present a simpli- 0.2 | o o |
fied calculation for the low-spin system ignoring the charge- L s = == = = -
lattice and spin-lattice couplings but retaining the proper de 1 el
scription for covalent Mn-O bonds. The electronic structure U L LA L L L DL IR B ];
will be treated in the framework of the Hubbard Hamil- i (b)
tonian, 0.8 g'l
& 0.6 £
Hozg €N o+ UdZ ni,mi,ﬁk}; €Ny & = L z
B 0.4 £
+UpD NN +Vap 20 MigNior © - 3
! (i,k)o,0’ 0.2 B
0
+Vpp > Nk,oNk’ o' — Tdp DR .
(k#k"yo,0’ (i#kyo,0’ U L T
- (c)
+H.e)—Tpy 2 (P ,Pr .o TH.C) A3 0.8 " Total S(ar8eV)
(k#k’)o’,a'/ L L
wherec creates a hole with spia at sitei (k) in the Mn 3d 0.6 - s 0.1 i
(O2p)) orbitals, respectively; ni,,,zciT,(,ci,(r and ny, - E
= ply(,pky(, and are hole number operatogs;and e, are Mn 0.4 — z s-peak
3d g; and O J| energieslJ4 andU, are Mn and O on-site = 5 I
Coulomb repulsionsVg, and V,, are off-site Mn-O and 02 b = 00 1 X
O-O Coulomb repulsions; and,, andT,, are the Mn-O and | 0.5 1.0 QU
O-0 nearest-neighbor hops. The specific point of the Hamil R
tonian (3) is the introduction of the O |2 band which we 0.0 LI L L I BRI LD SR (A I B
believe will better account for the charge transfer in CMR 0 2 4 6 & 10 12 14 16 18 20
compounds. In the final staté$;=Hy+H., whereH, is Energy (eV)

subject to the §-3d interhole Coulomb repulsio.

The final state ruf® has been developed from model cal-  FIG. 7. The excitation spectra of LaMp@s a function of Mn
culations of the dynamic response of the conduction elecls-3d Coulomb repulsion:(@ Q=5, (b) Q=7.8, and(c) Q
trons to the suddenly switched on core hole potential. Thesg 10 eV. The excitation spectra are calculated inZr@pproxima-
model calculations may be applicable directly to simple metfion for & four-hole wave function in a 12-atom cluster, )@,
als, but in more complex systems the final state rules propshown in the inset of(a. U4=7.8, A=45, and fdo)
ably need to be systematically tested. Such tests are beyorg~ 1-8 €V are taken from Ref. 22. Spectral weights of the main
the scope of the present paper. We will employ Ehep- peak @), flrst_ satellite €), and other peaks altogether @ are
proximation to illustrate several important aspectsSo{) plotted in the insets oft) and (c).
behavior as a function of the Hamiltonian parameters. What-
ever the approxima’[ions, thé.edge XANES spectrum can The Lanczos technique was employed for numerical diago-
be obtained as a convolution product of the single-electromalization and spectral calculation d(w) in a two-
transition from the § core level to the unoccupied electron- dimensional cluster of 12 atoms. The cluster consisting of
ics stated (w) and theS(w),*° four Mn and eight O atoms with periodic boundary condi-

tions is shown in the inset of Fig(d). The total number of
holes for LaMnQ is 4. One more question to be addressed
U(G)ZJ' S(w)l(w—€)de, (4 pefore discussing the results of our computation is that of
static versus dynamic valence fluctuations. In the framework
which is valid as long as the interaction betwelrhole  of exact diagonalization one deals with the stationary Hamil-
states and thepl photoelectron can be neglectddw) was  tonian(3). That means that the dynamic effects are averaged
calculated for the cluster of 87 atoms as described in Sec. llland spread over a cluster of finite size, so they appear as
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static effects. Actually, it is not so bad an approximation as it 10
may appear at first. A fast XANES picture of the local va- )
lence statéslower than 1014 s) has to be averaged over all i MH-type
possible space realizations, since the Kiedge XANES is a 0.8
bulk-sensitive technique. If the ergodic hypothesis is true on~
. >
local length scales and the average over space is equal to tt » 0.6 —
average over time then XANES is not sensitive to the static = L
versus dynamic valence fluctuations. This justifies applying 3 4
the stationary Hamiltonian to our analyses. &
For simplicity we retain only three parameters in the
Hamiltonian:Uq, A, andTg,. Saitohet al?? have analyzed
Mn 2p XPS spectra using the cluster model. From the fit to
the experimental data they fourd,=7.8, A=4.5, and the 0.0 N L L B B ) B RO DL
p-d transfer integral fdo)=—1.8 eV [T4p=3|(pdo)]]. 6 2 4 6 8 10 12 14 16 18 20
The energy gap is the difference between the first electror .Energy (eV)

addition and removal statesEg=E(N+1)+E(N—1) _ o
FIG. 8. The theoretical excitation spectrum of LaMn€alcu-

—2E(N). For a four-hole wave function in the M@®g clus- lated using thdJ,, A, and (pdo) from Ref. 48, implying a Mott-

ter, Eg~1.6 eV. The hole occupation numbers are found toHubbard-type insulator. The magnitude of the calculated satsllite

,be 0,'62 and 0.19 at the Mn.and O sites, respectlvely. Th'rﬁeak is too small to substantially contribute to the shake-up peak

implies an electron occupation number on the Mn site Ofypserved experimentally. Comparing tBéw) functions depicted

4.36, i.e., larger than the nominal 4.0 value expected for afh this plot with those in Fig. 7 we conclude that LaMa® a

ionic Mn 3d* configuration. charge-transfer-type insulator rather than a Mott-Hubbard-type in-
We treat the repulsion between the Ma dore hole and  sulator.

2d holes as a local Coulomb potenti@ on the absorbing

site. For Mn 2 XPS simulations the Coulomb repulsion is tional broadening(ii) rescales the absolute energy, diid

usually 30% larger thabl4.%” Since the & core is screened Improves the overall agreement. In particular, the shake-up

by the closed B shell the E-3d repulsion should be smaller P€akBs appears. _

than the »-3d one. ConsequentlyQ=1.3Uy may be It is worth mentioning thgt there is another setlgf, A,

viewed as an upper limit in our computation. Figuréa-19 and (pdo) pa_ramt_atersgaﬂsfymg the Mnp2XPS data on

show the excitation spectra calculated @5, 7.8, and 10 I:aMnO3. Chainaniet al. ™ found Ug=4, A=5, and pdo)

eV, respectively. For a four-hole wave function in the 12-site —2.2 eV, assuming t_hat L.aMnQs a Mott-Hubbard-type

cluster withS,=0 the total number of peaks is 4356. How- compound. To verify this we have perform&w) calcula-

. . tions using the parameters of Chainatial. and assumin
ever, only a few of them contribute & ). The major peak g P g

d th I ked dsin Fig. 7 d Q=Uqy. The excitation spectrum is shown in Fig. 8. The
an tle sate4|te,1 mar el man53|nl '9. (@), are due to satellite peak arises approximately 7 eV above the main
the 1s*-.-3d%4p* and Is*- - -3d°L4p- final states reached

. : - X peak, in good agreement with the relative position of Bae
in x-ray absorption. The position of thepeak is almosQ  ith respect to thdd, peak in the experimental Mi-edge

independent because the holes pushed from the absorptiQRectrum. However, the calculated intensity of the satellite
site are redlstrl_buted over cher at_oms in the 12-site clustebeak (1.6%) lies far below the level that would provide a
By means of direct simulation, using EG) we made sure reasonable magnitude for tily feature. In attempts to gain
that in order to be distinguished as the shake-up jaéle |arger satellite intensityA was allowed to vary, staying
level of broadening i (w) of ~2 eV] thes peak inS(w)  within the Mott-Hubbard(MH) regime. The estimated 6%
must have at least 6% (0.06 eV) spectral intensity. The threshold for speak spectral weight was crossed far
inset of Fig. Tb) shows the intensities of the ands peaks >11 eV (at Q=Uy) and A>7 eV (at Q=1.3Uy)—both
vs Q/Uyq, from which one find€9Q~0.9U, as a low limit for ~ values seem to be too large to be meaningful. From these
the 1s-3d repulsion that would yet provide sufficient mag- results we conclude that Saitehal. parameters provide bet-
nitude for the shake-up peak. The total intensity of higherter agreement with the experimental Mredge of LaMnQ.
energy satellites¢>8 eV) increases rapidly wit) and at  Thus, LaMnQ is in the CT-type rather than in the MH-type
Q~1.1U, it exceeds the intensity of trepeak as shown in regime.
the inset of Fig. 7). For the specified set of Hamiltonian =~ The shake-up peak in the MrK-edge spectra of
parameters the two-shell absorption based on the simplea;_,CaMnOs is not so distinct as, for example, in the Cu
cluster modett is no longer valid because of the limitation of K edge of the La ,Sr,CuO, superconductor. There might
its basis. be three reasons for this. First, HTSC's have a strong anisot-
The resultant MrK-edge XANES spectrum, calculated as ropy of the electronic and local structure in the Gythanes
the convolution product of the single-electron absorption anénd in the direction perpendicular to the plane. Polarized Cu
many-body excitations, is plotted in Fig. 2 along with the K-edge XANES measurements witf||ab (x-ray polariza-
purely single-electron and the experimental spectra. The intion vectorE is in the CuQ planeg show a pronounced
clusion of the excitation spectrurfi) introduces the addi- shake-up pea® providing supporting evidence for the pre-

0.2+
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dominantly in-plane character of the doped holes. Although 0.15 . T T y
La;_,CaMnO; is also strongly aniso.tropic,l the character of o I La, ;5Caq  MnO,

the doped holes seems to be three dimensional. Secondly, tr= - ' '

CMR materials are characterized by a much more distortec_z 0.10 I
local structure compared to that in the HTSC's. As shown in §
Secs. lll and IV, both structural and spin-polarized-driven =
components of the broadening can reduce the contrast of thZ -
weak peaks, including the shake-up peak. Thirdly, and prob-g 0-05
ably most important, the CMR materials are not such well 5
defined CT-type compounds as the HTSC's. At approxi-<
mately similar values ofy,, Ug—A is ~6 and~3 eV in
cuprates and manganites, respectively. A stronger O 2
character of the doped holes in cuprates results in the mor.2 .
distinct shake-up peak. Apparently, the near relation of the AU R R S —

0.15

10.10

0.00

10.05

rmalize

La0.7Ca0.3M nO3 l

: 0.00
CMR compounds to MH typéor their not well defined CT- 6536 6538 6540 6542 6544 6546
type naturg promotes the onset of magnetic ordering in the Energy (eV)

d04ped compounds. Through a certa_in admixture of the M_n FIG. 9. Mn K-edge pre-edge feature of 4£a MnO; and

3d” to the grounq state the_ conv.entlonal DE mgchanlsm 1$ 2, 3:Ca cMNO; measured at 50 Kdashed linesand at 300 K
allowed. This regime also gives rise to substantial exchangpsoﬁd lineg. Notice that the temperature dependence of xhe
interaction between the O p2ligand holes and the localized =0.67 sample is almost the reversed of that of the0.3 sample.
spins of the Mn atoms, thereby enhancing the hopping of the

holes Ty, andT,, in the Hamiltoniaj upon onset of the FM A. Temperature dependence of the MrK edge

order. Since the ground state of doped manganites is mostly of x=0.3 andx=0.67

O 2p-like’®~2° (CMR materials are CT type, although not  The Mn K edge can be conventionally divided into the
well defined the exchange between the ligand holes and there-edge(Sec. V A) and the main edge. We shall start from
localized spins must govern the electronic properties at lovihe former. Figure 9 shows the temperature dependencies of
temperatures. It is worth mentioning that Alexandrov andthe Mn K edge of LgCa MnO; and La 3La ¢MnOs;.
Bratkovsky? have recently explained the resistivity peak andThe trend of the thermal changes both of the pre-edge and of
the colossal magnetoresistance of doped manganites as a 8¢ main edgenot shown for the x=0.67 sample is re-
sult of carrier density collapse that is driven by the exchangersed from that observed for the=0.3 sample, although

interaction of polaronic carriers with the localized spins. ~ the former sample shows a weaker temperature dependence.
Spectral transfer from high to low energy in thxe=0.3

sample aflf<T. is in qualitative agreement with the results
of optical absorption measurements for the Lgr,MnO;
(x=0.175) metallic sampfé which exhibits a gradual filling

We must first establish the relative orders of magnitude obf the pseudogap as the temperature decreases. These results
the effects governing the fine details of the main peaks of tha@long with the temperature-dependent resonance photoemis-
Mn K edge considered in Secs. IlI-V. Below they are listedsion spectroscopfRPES of Lay ¢ Ca 3dMINnO3 provide sup-
from largest to smallest dimensiofi)} The covalent nature of porting evidence for the narrowing of the charge-transfer gap
the Mn-O bond: Expected corrections in the energy scale arémaybe a pseudogajpelow T.. A similar trend is clearly
about 6 eV, provided that the higher-energy excitation chanseen for the temperature dependence of the low-energy
nels have negligible spectral weights) Local structure dis- empty states in the=0.67 sampleP; is pulled down above
tortions can bring about a 1.5 eV spectral weight redistribu-T o which would reduce the gap. RPES data will be needed
tion if one considers the transition from fully developed JTto make an accurate assignment.
distortions to an almost undistorted rhombohedral structure A slight increase in the average Mn valence for 0.5
in LaMnQ;. (iii ) Local spin ordering, which seems to maxi- and x=0.67 at low temperature has been put forward
mize atx~0.3, could manifest itself as-1 eV splitting of  recently® to explain the temperature dependence of these
the Mn 4p states due to spin polarization of the Md Band.  edges. As revealed from Fig. 9, the integrated intensity of the

Local orbital ordering and charge ordering are not considpre-edge peak appears to decrease whetoves from 50 to
ered here. Local orbital ordering may be viewed as one pos300 K. Similar tends are clearly seen for tke-0.5, 0.67
sible type of local charge ordering. In general, the CO isspectra in Ref. 30. A visible reduction of the intensity in the
coupled with local structure distortions, which presumablyP,-feature region, with little change at thf and P peaks,
stabilize charge redistribution. Any “structural” CO would indicates a lowering of the unoccupied density of states be-
essentially interfere with the charge disproportionationlow T5. A smaller fraction of unoccupied states means a
emerging from the Mn 8-O 2p hybridization. A combina- smaller Mn 3 hole density, and, therefore, the formal Mn
tion of at least two but most likely three “simple” compo- valence seems to go down at low temperatures. As we shall
nents constituent in CO takes it beyond the scope of théiscuss in Sec. VI B, that is consistent with predominant hole
present paper. ordering on the O R rather than on the Mn @ orbital.

VI. DISCUSSION
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Next, we shall consider the temperature dependence adfx=C;(x)+C,(x). Since Us>A then C,>C,; at a low
the main edge E~6546-6580 eV). The main-peak struc- level of doping. As the holes keep filling the Op 2rbitals,
ture of thex= 0.3 sample gets broader. As we have discussethey often encounter one another. Oxygen on-ditg) (and
in Sec. IV, ferromagnetic ordering brings about its ownoxygen-oxygen nearest-neighbor ;) Coulomb repulsions
mechanism for the broadening, which, however, appears tbecome players in the energy balance governing the charge
be weaker than the structural broadening considered in Sedistribution.C; will grow faster at the expense @,; nev-

[ll. As for the x=0.67 sample, within the accuracy of our ertheless, the presence of the oxygen component of the
measurements the spectrum collected at 300 K is as broad elRarge disproportionation seems to all@y>C, over a

that collected at 50 K. Generally, XANES spectra becomebroad range of Ca doping, possibly unii=1. Indeed,
broader as temperature increases because of thermal motiad. K -edge measurement€® provide an experimental probe

It is also remarkable that the stoichiometric LaMp@hich  of the unoccupied O 2 states in La ,CaMnOj3. The spec-

has substantial static broadening associated with the JT dissa show a pre-edge peak Bt~529 eV just above the ab-
tortions of the MnQ octahedra, exhibits a smaller broaden-sorption threshold which systematically increases with in-
ing than the Lgs;La MnO; sample as temperature in- creasing Ca doping in accordance with the predominant
creases from 50 to 300 K. We speculate that such an unusu@ 2p character of added carriers. Patkal 1° found that the
temperature dependence might be understood by assumingabsorption spectrum of the doped sample could be approxi-
partial reduction of the local distortions aboveg. Al- mated by a linear combination of the LaMgp@nd CaMnQ
though detailed local structure is unavailable yet, the diffracspectra, assuming a linear dependence of the spectral fea-
tion data capturing an averaged picture of the local distortures on Ca substitution. This implies a linear dependence of
tions do support a partial reduction of the distortions abovehe pre-edge integrated intensity x;sso that sinceC,~1 at

Tco for x=0.5 (Ref. 4 andx=0.67 (Ref. 33 samples. Fur- low x C,=1—-C,~0 over the whole range of doping. An
ther experimental probes of the local structurexef0.67  independent probe oE,(x) is not easily accessible through
sample are clearly motivated by this work. The onset of thehe MnK-edge measurements because of the stroagpen-
weak ferromagnetic interaction could contribute to the totaldence of Mn 3—Mn 4p hybridization. However, at fixes,
broadening above 5. However, magnetization measure- the temperature dependence of the pre-edge integrated inten-
ments imply a very small variation acro¥go, so we do not  sity is a signature of the variations in the M DOS, as
expect substantial changes in the spin-up and spin-dowive argued in Sec. VIA. Consequently, a slight decrease in
scattering potentials. As a consequence, the total XANES$he integral intensity of the pre-edge peak of
(taken as a sum of spin-up and spin-down speatiitl be  La, 3{Ca) MNnO; as the temperature falls from 300 to 50 K
almost unchanged. Our estimates show that structural varighows a slight redistribution of the holes from Md Bward
tions of 0.1 A affect the MrK edge to a larger extent than O 2p, giving supporting evidence for charge ordering at
magnetization variation does. oxygen sites.

Forx=0.3 and 0.67 the changes in the total Mah Spec- Another argument for charge ordering on the oxygen sites
tral weight estimated from Fig. 9 are relatively small. Con-instead of the manganese sites comes from the type of lattice
sequently, to the first approximation, a minor variation in thedistortion observed upon the onset of CO. Ground state en-
excitation spectrum will have a small impact on the shape oérgies of several strongly correlated systems with lattice de-
the MnK edge as prescribed by E@). grees of freedom have been evaluated numeriéafi§>>To

To summarize the observed temperature dependencies ghin energy, the holes introduced with doping couple either
the main edge in the=0.3 and 0.67 samples, we have con-with oxygen displacing modes or with ferroelectric modes
sidered three mechanisms governing the shape of theferred to the metal site via a moderate electron-phonon
XANES spectra and found that the lattice effect is mostinteraction. To the best of our knowledge, ferroelectriclike
likely to dominate in the temperature dependencies adrpss displacements of Mn atoms have not been observed experi-
andT¢o. mentally. On the other hand, there are plenty of diffraction
data onx=0.5 (Ref. 4 andx=0.65 (Ref. 33 compounds;
indicating marked displacements of oxygen atoms below
Tco- Although these data differ in the magnitudes and com-

Qian et al™ have argued for a slight increase in the av-ponents of oxygen atom displacements they do agree on two
erage Mn valence in the=0.5 and 0.67 compounds at low issuesii) the MnQ; octahedra get more distorted afiid the
temperatures, which implies an increase in the unoccupieMn-O distortions are mostly of the breathing type when the
Mn 3d states(i.e., larger hole density at MndJ. However,  structures are compared at room and at helium temperatures.
the onset of the charge ordering state is not necessarily aérom these data we suggest the CO to be associated with the
companied by charge ordering in the Md 3tates. Because oxygen sites.
of the covalent nature of the Mn-O bond the holes are spread
between the Mn 8 and O 2 states and the charge ordering
at the oxygen sites is another possibility to consider.

The hole occupation number on the Mn site appears to be Finally, we shall discuss briefly the Mn valence states in
in a delicate balance with hole occupation nung§eon the  manganites. The results of spectroscopic stddifésshow
oxygen sité€s). At the level of dopingx, the nextAx holes that the ground state electronic configurations in LaMnO
added are distributed between the Mh@&d O 2 orbitals: and CaMnQ are not the ionic ones (MA and Mr?™) but

B. Charge ordering in Lag 3dCapMnO 5
|.30

C. Microscopic Mn valence
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@1|3d%) + a,|3d°L) + a5|3d°L2) and B,|3d3)+3,|3d*L)  tionatelocally, consistent with local lattice distortions and
+ B3|3d°L?), respectively. For intermediate doped com-local magnetic order. However, since the @ Band is ex-
pounds we suggest the ground state to be a superposition diuded, the average Mn valence is always prescribed by the
the end member electronic configurations with possible dislevel of dopingx. Restriction of the basic Eq5) to a mix-
proportionations of 8°L—0.5(3d°+3d°L?) and 3L ture of Mn 3d configurations
—0.5(3d*+3d*L?) in the distorted lattice®* In real CMR . .
systems every many-body electronic configuration carries [Wo)= 60130, 01 {Ryi}) + 62[3d", 02 {Rai})
additional spin and site indices, showing that it is spin and 3 _
local structure dependent. Mathematically, one needs to find * 05[3%, 03, {Rai}) ©
the expansion coefficienty; = y,(o; ,R;), implicitly assumes a Mott-Hubbard-type material according
to the Zaanen-Sawatzky-Allen classificatfdn.
|Wo)= 71130 01, {Ryi}) + 72|3d* 05 {Ryi}) Our detailed analysis of the Mk edgeﬂ;gg}ctra along with
2 the O K- and Mn L;edge results"™ shows that
+73[3d°L, 05 {Rai}) + 74 3d°L%, 4 {Rai}) La; _,CaMnO; is in the charge-transfer-type regime in the

+ v5|3d%,05,{Rsi}) + v6|3d*L, 06 . {Rsi}) range fromx=0 at least untix=0.67. In theZ approxima-
5 5 " tion a CT-type model shows a larger magnitude of the
+v73d°L%07 {Rai}) + v5|3d*L7, 05 . {Rai}), shake-up peak than a MH-type model, providing better

(5) agreement with the experimental data in LaMnOhe
shake-up pealB; is also clearly seen in the MK-edge
and minimize them with respect to spin and local displaceXANES of thex=0.67 sample. It is more interesting, how-
ment degrees of freedom. In the relati) we listed the ever, to trace the temperature dependence of the pre-edge
electronic and local displaced configurations explicitly, while peak acros3 o as shown in Fig. 9, which is in good agree-
keeping the configuration-dependent spin indices unspecment with all previous XANES dat®:* Assuming the re-
fied. Note that the above formulation is equivalent to findingstricted basig6) to be sufficient to discribe the ground state
the ground state energy and corresponding wave functioty CMR materials, it seems to be difficult to explain why the
which is well known to be a complete description of a quan-system undergoes a transition to~a0.1-0.2 eV higher
tum mechanical system at zero temperature. Therefore, miground” state with decreasing temperature. To reconcile
croscopic solution of the Mn valence would reveal localthe onset of the CO states with the experimentally observed
structural distortions and local magnetic structure. increase in ground state energy, we expand the basis, sug-
If | W) is the ground state wave function, then the micro-gesting not3d3+3d* o ,{R;}), but=,|3d“L™, oy {Ri}) [as
scopic Mn valence at thith site is an occupation number: jn relation (5) with k=4,5 andm= 1,2] to dominate in the
Nio(ry=(Polc] ,Ci | ¥o), wherec! , (c;,) createsanni-  ground state of the lgCayeMNO;. The |3d<L™) elec-
hilateg a hole in Mn 31 with spin and the local Mn-O dis- tronic degree of freedom seems to be lowered €fl ¢ in
placed configuratiodR;}. The macroscopic valence probed order to balance the total energy. Thg|3d“L™, o ,{R})
by conventional XANES is given by a superimposed averagstate does not appear as a peak in the Wedge pre-edge
of the microscopic states taken over all possible local andbecause the Mn is at the point of the inversion symmetry.
spin configurations. Spin-polarized XANES and anomalousHowever, the hole localization on Op2alters the Mn 8
diffraction XANES (DANES) are expected to be able to cap- hole occupation number, which manifests itself as a small
ture the microscopic valences associated with majority<ecrease in the integrated intensity of the pre-edge. The char-
(minority-)spin orientations and specific atomic sités. acter of the atomic distortiof$is consistent with charge
A single “intermediate” Mn valence as suggested in Ref. ordering on the O sites rather than on the Mn sites, as we
27 would mean only oné-functional peak in the excitation discussed in Sec. VI C. These results implymcharacter of
spectrum Eq(1). Subaset al. mentioned that Mn ions could the doped states in kasfa sMnOs, indicating that this
be spread over a narrow range of energy because of differeabmpound is still in the CT state and that the ba§js ig-
local environments in doped samples, still forming the onenoring the O  states, is not tenable. It is also very unlikely
type of Mn detected by MiK-edge XANES. Notice that the that, being of CT type ak=0 and 0.67, La ,CaMnO;
peaks in our excitation spectrum are spread over more thanwould turn out to be of MH type in the intermediate com-
10 eV range. The separation between the main and shake-gpunds. Indeed, a proportional increase of the first peak in
channels -6 eV) is larger than the observed chemical shiftthe O K edge is not accompanied by any discernible
(~4.2 eV) asxgoes from 0 to 1. The one-type-Mn valence changes in thd ;, edge spectra within the EELS energy
model fails to reproduce the shake-up feature in the XANESresolution'®  Higher-resoluton ~ Mn L, XANES
It assumes a structureless XPS spectrum, and gradual hateeasurement$ of La,_,SL,MnO; (x=0.18-0.4) show a
filling on Mn 3d* states upon doping, both inconsistent with very smalldecreaseof the total MnL 5 count asx goes from
experimental observation&2°?2Again, it seems to be diffi- 0.18 to 0.4 that is not completely understood yet. In any case,
cult to reconcile a unique Mn valence with observations ofcombining the analysis of the ®&- with the Mn L;-edge
the CO states for 05x<0.73*and different types of MnQ  data®%° provides supporting evidence for tpecharacter of
octahedra acrosB, (Ref. 13 or T¢o.**3In a model assum- doped carriers, disfavoring the restricted basis
ing a mixture of Mn 31" and Mn 3" "1 with different num- The basig5) satisfied a broad range of experimental ob-
bers of holes at Mn site¥,the Mn valence can dispropor- servations including the present XANES study, although it is
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much more complex. This problem has not been solved fobroadening below the ¢ (Curie) temperature. The energy
the manganites so far, as far as we know. That is also not shift reaches a maximum of 1.1 eV in the metaltie 0.3
purpose of this paper, other than to point out two endemicample. In LaMn@ and CaMnQ it is found to be~0.9 and
properties of the Mn 8-O 2p hybridization, stimulate a ~0.5 eV, respectively. We anticipate that experimental Mn
wider discussion on the issue, and appeal to further experk-edge SPXANES will be reported soon which would open
ments in this direction. First, there is no unique “intermedi-the way for direct comparison of calculated and measured
ate” Mn state in manganites as was proposed edfi@he  spectra.
Mn valence may be understood as a mixture of many-body A small featureB; at approximately 6 eV above the main
electronic configurations with an essential  @omponent absorption peak is beyond the scope of single-electron cal-
over the ground state, and, therefore, the CMR materialsulations including spin-polarized ones. It should be as-
should be viewed as charge-transfer-type insulators in aigned to a shake-up transition. A genuinely many-body ap-
broad range of doping. Secondly, hybridization in stronglyproach for calculations of the excitation spectrum has been
correlated compounds is not merely an electrdoicspec- developed and successfully tested. The inclusiorS@b)
troscopig issue. It is docal effectgoverned by competition introduces additional broadening, rescales the absolute en-
between the different CT many-body electronic configura-ergy, and improves the overall agreement, in particular, giv-
tions coupled with spin and lattice degrees of freedom. Weng rise to the shake-up pedls. We investigate the charge-
expect that the problerfEq. (5)] might be essentially sim- transfer vs Mott-Hubbard-type ground state usinglhe A,
plified by imposing constraints on the possible local dIStOI’-ande parameters as determined by previous MnxX2ray
tions and local magnetic ordering as they are derived fronphotoem|ss|on spectroscopy measurenféfifand find that
measurements. The former would be accessible through dgaMnO; should be viewed as a CT-type insulator with a
tailed EXAFS and neutron-diffraction PDF analyses thatsybstantial O p component in the ground state.
would be able to reconstruct a realistic Mn-O pair distribu-  The relative orders of magnitude of the three effects gov-
tion function. The latter would be possible from NMR and erning the MnK-edge profile are established. Charge transfer
muon spin-rotation measurements. Contact with experimerin the Mn-O system has the largest impact on the shape of
tal data will lead to a better understanding of local energythe Mn K edge compared to the results of the conventional
balances and effective interactions between the carriers in theingle-electron MS calculation. It leads to corrections in the
manganites. energy scale larger than 6 eV with 14% of the spectral
weight transferred to the higher-energy satellite peaks in
LaMnG;. Local structure distortions in LaMnOcan bring
VII. CONCLUSION about a 1.5 eV spectral weight redistribution if one considers
We have reported a study of the MK edge of the transition from fully developed JT distortions to an al-
La; _,CaMnO; CMR materials, considering three pair cor- most undistorted structure. The smallest of the three, the lo-
relations, according to the three fundamental degrees of freeal magnetic ordering, manifests itself ad.1 eV splitting
dom governing the unusual electronic properties of mangamef the Mn 4p states in thex=0.3 sample.
ites, namely, the electronic structure of the unoccupied states In light of these findings the controversial issue of the Mn
probed by the MrK-edge profile vgi) local atomic distor- valence states in the manganites is critically reexamined. The
tions; (i) local magnetic ordering; andiii) the charge- model implying “intermediate” Mn valence is clearly
transfer nature of the Mn-O bonds. The calculations are acsversimplified: it has no potential to reproduce the shake-up
companied by MnK-edge XANES measurements in the feature in the MrK-edge XANES and rich satellite structure
temperature range 30—300 K. in the Mn 2p XPS spectra. It assumes a gradual hole filling
The MnK edge in La_,CaMnOj; is dominated by the on Mn 3d* states upon doping, inconsistent with - and
dipole 1s—4p transition. The main features at the absorp-Mn L3 ~edge measurement?° Finally, it seems to be dif-
tion edge can be qualitatively reproduced in terms of singleficult to reconcile a single Mn valence with observations of
electron MS calculations for a large cluster of atoms. TheCO states for 0.5x<0.73* and different types of Mn@
main edge profile is found to be very sensitive to distortionsoctahedra acros3,,?° or T¢o.*3® The widely accepted
of the MnQ; octahedra ax goes from O to 1. Lattice po- model assuming a mixture of Mnd8 and Mn 31* with
laronic distortions in Lg:Ca sMnO; can be simulated by different numbers of holes at the Mn sites depending on local
assuming a strongly distorted orthorhombic structure abovéattice distortions and local magnetic ordering, or in a wider
and an almost undistorted rhombohedral structure b@lgw  sense, the Mott-Hubbard-type of ground state, in manganites
To simulate the effects of magnetic orderingkis 0, 0.3,  removes many but not all of the above questions. In particu-
and 1 compounds we have developed a local magnetic mdar, the 31 character of the ground state contradicts thé&<©
ment matching approach, relying on knowledge of the magand MnL; redge EELS?® In the framework of MnK-edge
netic structure of the compounds. Although several approxispectroscopy, the MH-type model cannot describe the
mations are made in the calculations, the spin-polarizedhake-up peak in LaMnQand the unusual temperature de-
PDOS's ofd-type of LaMnG; and CaMnQ@ agree reason- pendence of the pre-edge peak ingh#a sMnO;. The
ably well with results of self-consistent LDA calculatiots. logical consequence of this model would be hole localization
Spin-dependent scattering of the photoelectron in the finabn the Mn 3 orbitals belowT - implying an increase of the
state results in an energy shift between the majority- and/n 3d occupation number that is not observed experimen-
minority-spin spectra that contributes to the total XANEStally by our MnK-edge measurements. A small reduction of
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the integral intensity of the pre-edge peak indicates a detally. The success of the present simple pair correlation

crease of the Mn & occupation number aT<T.q and,
therefore, a predominant hole localization on the @ &-

analysis indicates that MiK-edge x-ray absorption near edge
structure spectroscopy is a promising tool to study the elec-

bitals. We argue that the disproportionation may be undertronic structure of the unoccupied states of complex materi-
stood as a mixture of charge-transfer many-body electronig|s.

configurations coupled with spin and lattice degrees of free-

dom, expression(5). This approach would explain the
shake-up peak in the MiK-edge XANES of La_,CaMnOg
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