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We present MnK-edge x-ray absorption near-edge structf&NES) data for a number of manganite
systems as a function of temperature. Theabsorption edge for the Ca-substituted samples is very sharp,
almost featureless, and shifts uniformly upwards with increasing Ca content. The interpretation of this result is
controversial because the lack of structure appears difficult to reconcile with a mixture'dfavid Mr"# ions
or with several different Mn-O bond lengths at hifhWe propose a possible solution in terms of covalency
and considerable overlap of the Nirstates(mostly Mn 4p). The manganite preedge structure is quite similar
to that for a large number of other Mn compounds, with two or three small peaks that are ascrilse8dto 1
weakly allowed dipole transitions plus possibly a small quadrupole component. The weak dipole transitions are
explained as arising from a hybridization of the Mip 4tate of the excited atom with an odd symmetry
combination of Mn 3l states on adjacent Mn atoms. The first preedge peakas a small shift to higher
energy with increasing valence while the next pegksfnearly independent of dopant concentration at 300 K.
However, for the colossal magnetoresistafC¥R) samples the A preedge peak shifts to a lower energy
below the ferromagnetic transition temperatilige resulting in a decrease in the#\; splitting by ~0.4 eV.

This indicates a change in the higher-energlyldands, most likely the minority spig,, plus some change in
covalency. In addition, the amplitudes are temperature dependent for the CMR materials, with the change in
A;, A, correlated with the change in sample magnetization. For the charge ol@®edample, the analysis
suggests that the change in the preedge is produced by a distortion that increaseBlgeldMe discuss these
results in terms of some of the theoretical models that have been proposed and other recent XANES studies.
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I. INTRODUCTION out over several unit cells for CMR samples.
In the paramagnetic state aboVe for CMR samples,

The La_,A,MnO;, 5 systems exhibit a wide range of there is a significant increase in the distortions about the Mn
phenomena depending on the divalent atok) ¢oncentra- atoms compared to the low-temperature data’ This dis-
tion, x, (A=Ca, Ba, Sr, Pb, etg.and the O concentration. tortion is generally attributed to the charge carriers becoming
These include ferromagnetism, antiferromagnetism, chargeartially localized on the Mn atoms. However, mobile holes
ordering, a metal-insulator transition, and large magnetorecould also be located more on the O atoms as is the case for
sistance effects™® For x in the range~0.2-0.5, these sys- Cuprates® Consequently, there might be very little change in
tems have a ferromagnetic transition at a temperafgrea  the charge localized on the Mn atoms above and belgw
metal/insulator transitiofMI) at T=T,,,, and a “colossal” This raises the question as to how the energy shlf_t of the
magnetoresistand€MR) that reaches its maximum &, s fabsorptlon edge relates to valence and t‘he Ipc_al e:nwronment
with Ty ~Tyr~T. in many cases. The substitution of a in these materials. Is there a mixture of “ionicliket3 and

. . +4 states, an average valence, as in a metal where all Mn
divalent ion for La 2 formally changes the average Mn va- 9

. ; . atoms are equivalent, or something in between? Do band-
lence to 3+ x (the Mn valence ist-3 in LaMnO; and +4 in structure effects play a role?

CaMnGQ;) and is usually thought to introduce holes ir_1t(_) the Experimentally'>1° the Mn K-edge for the Ca-
narrowey band of Mn 31 electrons that are also hybridized gpiituted manganites is sharp, with relatively little struc-
with O 2p states. It is the changing occupation of this hy-yre, and shifts almost uniformly with dopant concentration,
bridized band withx that leads to many of the observed ¢onsistent with an average valence statevef3+x. The
properties. Excess O in LaMnQ; (actually Mn and La va-  sharpness of the edge is suggestive of a transition into a Mn
cancieg or La vacancies can also increase the formal Mnstate that is uniform throughout the sample, and previously
valence, thereby adding carriers to the system. we and others have interpreted this result to mean that all Mn
The coupling between charge and magnetism has beesites have comparable local charge densiié&® This
modeled using the double exchange mechafiSnplus  sharpness is difficult to reconcile with the usual assumption
strong electron-phonon couplifd:*? In the ferromagnetic of a mixture of purelylocal ionic Mn*3 and Mn"* sites. For
metallic state, well belowl;, the charge carriers are as- example, we show explicitlySec. IV A) that the observel
sumed to be highly delocalize@arge polaronsand spread edge cannot be modeled as a weighted sum of the edges of
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the end compounds LaMnCand CaMnQ for the CO ma-  hybridization between @ states and @ states. Although the
terial with 65% Ca. A similar result has already been notedatter are assumed to be dominant, the interpretation of the
for CMR materials® In addition, Tysoret al?® have inves- A, peaks is still controversidf. Two important issues ar@)
tigated theK ; emission that probes MndBstates through the how large is the quadrupole contribution and when it is im-
3p-1s decay, and they report that these spectra for the sukportant and2) how are the dipole transitions made allowed
stituted manganite materials can be modeled as a weighteghen in many instances the local environment has inversion
sum of the end compounds although the shifts with valencéymmetry, and in that ca$kthe transition is symmetry for-
are rather small. bidden. There have been a large number of papers in the last
Pickett and Singh using the local spin-densityfive years addressing these issues for many of the transition
approximatioA' (LSDA mode) suggest that these systems metals, not all of which are in agreement. However some
are half metallic, with a gap between the O band and #uestions have been answered. Since quadrupole-allowed
minority-spind band. They also point out that near 25% Ca,preedge features have a strong angular dependence, in con-
all Mn sites could be essentially identicalvhich would trast to the dipole-allowed transitions, measurements on
agree with the variou&-edge studiesif the Ca were uni- single crystals as a function of angle can separate the two
formly distributed such that there are two Ca and six Lacontributions. Such studies have shown that quadrupole tran-
second neighbors to each Mn. Thus for the concentratiositions contribute to the Apeaks in TF#34V,35%N;ij,3" and
range 20-30%, the local environment for each Mn may bde3’ with the largest contribution at the lowest energies of
very similar. Anisimovet al?? and Mizokawaet al>® sug-  the preedge. The amplitude can be as large-4$6 of the
gest that a large fraction of thekelectrons are found on the absorption edge height for some systems at optimum orien-
Mn atoms rather than transferred to the O atom as in an ionitations; but more generally it is of the order 1%, and would
solid (thereby leaving holes in the O band’hese calcula- be smaller in powdered samples that are orientational aver-
tions yield similar electron densities on each Mn atom forages. The dipole-allowed Apeaks are often in the 5-15%
sites associated with formal MA and Mn™* valences. range and often do dominate, but not always. For example,
Other recent pape?s 2’ have also stressed the importance offor Ti in rutile (TiO,), the small A peak appears to be
0, and the question of charge localization on the O at®ms primarily a quadrupole featur®.
or on the Mn atoms has been considered. Early Mn XANES work®3® assumed that the AA,
However, there remains a problem in understanding theplitting is produced by the crystal-field parameter, often
edge, because there are significant changes in the local struzalled the 10q parameter, which splits thg, ande, states.
ture of the CMR materials. When the bond length of a mol-These investigations did not consider the possibility of a
ecule lengthens, the position of the edge shifts to lowetarge on-site Coulomb tertd. Recent work, using the LSDA
energy?® this effect has been observed in many polarizedor the local-density approximatioftDA) with and without
x-ray-absorption fine-structulXAFS) experiments. For the U, and including the Hund'’s rule exchange paramé&igr
magnitude of the distortions present in the manganites, botfind a Coulomb splitting of both the,; and ey states, with
Elfimov et al** and Benfatteet al>* calculate using different the e, states further split by the Jahn-Telle{J-T)
methods that the edge should shift about 2 eV between thiateraction®®
long and short bonds. Thus from this perspective there Some promising calculations for considering the preedge
should be structure in the edge indicative of two eddes  features are those of Elfimcat al3° These calculations in-
long and short bondsand this structure should change with dicate that in addition to U and,,, there are appreciable
T. However, we find no net shift of the edge through thehigher-order Coulomb terms that must be included and that
transition to within 0.04 eV for any of the samples. strong hybridization occurs between the Mp drbitals and
We will show using a careful subtraction technique, thatthe Mn 3d states on neighboring Mn atoms. The resulting
there is in fact a tiny structural change that correlates Wjth  splitting of the majority and minoritg, spin states results in
for CMR samples, and hence with changes in the local struca splitting of the Mn preedge features. We consider these
ture, but the reason why it is nearly averaged out is not cleacalculations together with some of the new results on
We propose, based on recent calculatibhthat this is a  preedges in the discussion section.
result of the strong overlap of Mp stategdominated by the In this paper we also investigate the preedge structure
Mn 4p band within a tight-binding modght the absorption using a subtraction technique and find a temperature depen-
edge, which averages over several Mn atoms as a result dence that correlates wifh, for all CMR samples and with
band-structure effects. Since such effects are usually ignoreTi., for the CO sample. The structure in the difference data
in studies of the absorption edge, we describe this approador the CO sample is again inverted relative to the CMR
in more detail in the Sec. IV. A similar subtraction analysissamples. The splitting of the preedge peaks decreases in the
of the CO sample data shows that the structure in the differferromagnetic phase for the CMR samples, which may indi-
ence data is inverted relative to the CMR samples, and henasate a change in covalency.
suggests an increased distortion for this sample bdlgy. In Sec. Il we summarize the samples and experimental
The preedge structure for the M&redge consists of two  setup; some details were given earfigThen in Sec. IIl, we
or three small peaks labeled;AA;, which have Mn 3 provide a more extensive discussion of the shift of theW4n
character. These features are observed for all the transiticgdge as a function of concentration and temperature. Here we
metals and are generally ascribed to mixturess8tl quad-  also present the preedge results. We consider the implica-
rupole and %-3d dipole transitions(weakly allowed by a tions of these results in Sec. IV.
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Il. EXPERIMENTAL DETAILS insulating material can then be understood from chemical

N . reasoning to be Mi® (square pyramidsand Mn™# (octahe-
Many samples are used in this study, with the average My, -~ Some further justification for this assignment comes

valence changed in a'variety of ways: divalent.substitution:?rom the compound GMnO; s, which is all Mn™2 and has
for La*® and changes in the ' or O concentrations. Pow- only square pyramids with vacancies in the Mn@anes; it
der samples of La ,A,MnO; were prepared by solid-state is an ordered superstructure of the single-layer compétind.
reaction of LaOz, MnO,, and a dopant compound CagO SrMn,0Og 55 was synthesized by firing a stoichiometric mix-
PbO, BaO for various divalent atomds Ca substitutions are ture of SrCQ and MnQ, at 1650 °C for 12 h followed by
x=0.0, 0.12, 0.21, 0.25, 0.3, 0.65, and 1.0, and Ba and PEpid quenching into dry ice. This procedure is essential to
are 0.33. Several firings with repeated grindings were carrie@revent decomposition inte-SpMnO, and SEMn30;4 on

out using temperatures up to 1400 °C, with in some cases §2°ling and to prevent oxidation to $34n,07. The oxygen

final slow cool at 1 °C per minute. The dc magnetization waontent was measured independently by iodometric titration

measured using a commercial superconducting quantum i ind by thermogravimetric analysis, b.Oth techniques yielding
.551) oxygen atoms per formula unit.

terference devicgSQUID) magnetometer. _The end COM= All XAFS data were collected at the Stanford Synchrotron
pouan CaMn@ and LaMnQ qo5 Show gntlferromagnetlc Radiation Laboratory. Most MiK-edge data were collected
transitions at~130 and 125 K, respectively, while the on beam line 2-3 using 120) double monochromator crys-
tals for all samples. Some data were collected on beam line

tion at 270 K and an antiferromagnetic transition at : ;
- . 4-3 using Si111) crystals, while most of the MK-edge data
~140 K>°sSimilar measurements on the substituted mangar. g SiL1Y cry :

T ; or the Ba-substituted sample were collected on beam line
nites indicate that they are all orthorhombic. The average M using SiL11) and (220). The manganite powders were
valence for several Ca-substituted samples was also det '

. e qréground, passed through a 400-mesh sieve, and brushed
fmulr?r?gr té)étgt”rsnon(Sec. Il A). See Refs. 14,15 and 40 for onto scotch tape. Layers of tape were stacked to obtain ab-

L sorption length t~1 is the Mn contribution to the
The LaMnG, o5 sample was prepared by grinding sto- o gthuynt ~1 (o | U

ichi ; fL 4 M q i absorption coefficient antlthe sample thickneggor each
Ic |om(_atr|c amounts of 12D, and MnG; under acgtonf !mt' sample. Samples were placed in an Oxford LHe flow cry-
well mixed. The powder sample was formed intozain.

: X . ) . ostat, and temperatures were regulated to within 0.1 K. All
diameter pellet using uniaxial presufg000 I and fired in

.~ data were collected in transmission mode. A powdered Mn
an Al,O5 boat under pure oxygen for 12 h at 1200-1250°C.a1a) sample was used as an energy reference for each scan.

Next the sample was cooled to 800°C, reground, repelletrhe preedge absorptiofabsorption from other excitations
ized, and refired at 1200-1250°C for an additional 24 hy55 removed by fitting the data to a Victoreen formula, and

This process was repeated until a single phase, rhombohedrglsimme cubic spliné7 knots at constant intervals 140 eV

x-ray diffraction trace was obtained. The reground powdef, £y'\yas used to simulate the embedded-atom absorption
was placed in an AD3 boat and post annealed in ultra-high 1o above the edge.

purity Ar at 1000°C for 24 h. The oxygen partial pressure’ “the edge shifts are reported relative to a Mn powdered
was about 60 ppridetermined using an Ametek OXygen metq| foil for which we took the position of the first inflec-

analyzeJ. The sample was then quenched to room tempergjon point to be 6537.4 eV For each scan, the position of

ture. Diffraction, titratic_)n,_ and thermogravimetric analysis the reference edge was determined by fitting the edge to that
(TGA) measurements indicated that this sample was essegy 4 figucial scan. This provided a correction to the relative

tially stoichiometric, with an oxygen content of 3.006. edge position consistent withit:0.015 eV (see the next
Additional LaMnG;,, specimens with various average section.

Mn vajences were prep_argd at 13000(; _in air, fol!owed bY In the preedge region there is a remnant of thella
three intermediate regrindings. The original specimen Wagars that must be considered; the oscillation amplitude is
removed from the furnace at 1300 °C and had a Mn valencgyq,t 0.3% of the Mn step height just before the preedge.
of 3.150. A piece of this specimen was reacted overnight afj,vever. the LaK-edge XAFS showed that there is a
1000 °C and removed from the furnace, producing a samplep gt in,the XAFS from about 8.4—10 AL which for the
with an average Mn valence of 3.206. A nearly stoichio—l_al_I XAFS corresponds to the range of the Mn XANES. In
metric specimen with an average Mn valence of 3.063 Wagis heat region the La, XAFS is reduced by another factor
prepared at temperatures up to 1350 °C with four intermedipt 4. thys the La oscillations underlying the Mn XANES
ate regrindings in flowing helium gas. Finally, the nonsto-egion has an amplitude of about 0.08%, much smaller than
ichiometric La MnO; specimen was prepared at tempera-jhe changes we investigated. In addition, this oscillation
tures of up to 1BSQ C_W|th three |nt§rmed|ate regrindings. ”slowly varies with energy, and would have at most produced
was slow cooled in air at 1.5°C/min to room temperatureg slowly varying background. Consequently any remaining

and had an average Mn valence of 3.312. For each of thegg, L, XAFS is not a problem for the Mn XANES study.
samples the valence was determined by titration.

A sample that should have isolated Mhand Mn"* spe- IIl. NEAR-EDGE RESULTS
cies is also needed for comparison purposes; such a material
is SEMn,0455.** The two species are due to the oxygen
defect structure that puts vacancies into the Mipnes to In Fig. 1 we show the Mn absorptioiK edge for
form mixtures of square pyramids and octahedra. This highlseveral concentrations of Ca, 33% Ba and Pb,

A. Main edge
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T T T determined by several factors and using the Mn valence and
— CaMnOs a) O-content obtained from TGA may not be sufficient.
o In contrast to the Ca-substituted materials, Ba and Pb sub-

1.5

Eo LaMnO,
1 - LagrsCaossMnOs 3 stitution results in a significantly broader. edg&ﬁmore compa-
L b0 ; rable to the edges of other Mn oxid&§>4¢ and the
05 E- Bogs™-Boes NV ] S1Mn,0g 55 Sample. There is relatively more weight in the
L e o SraMng0Oess . lower part of the edge.

In addition to the shift of the inflection point position on
the edge with Ca concentration, as noted above, the region of

05 shift with concentratiot®>*¢*°Our data and that of Sids

et al® have the same edge shift per valence unit, while the
0 i e SRR P RR U IR shift reported by Crofiet al!® is smaller. This may be the
result of different O content in the samples.

To obtain a better estimate of the average edge shift with
concentration (at room temperatuje we have fit the
LaMnO; edge datdor the CaMnQ data to that for each of
the other samples over the main part of the e@dmve the
preedge structujeln this procedure it is important that when
the absorption from other atoms is removed, the data base-
g™ ‘ line below the preedge structure be at zero. Each edge is also
8530 6540 6550 6560 normalized using some feature of the data; for the data at
different concentrations, we normalized over a range of en-
ergies well above the edge, where the XAFS oscillations are

FIG. 1. The MnK-edges for a number of similar manganite small. Similarly we fit the corresponding reference edges
systems, corrected for energy shifts of the monochrométee  (Mn foil) to a reference scan to obtain a net overall edge
text). shift. Several examples of these fits are shown in Fig. 2.
Although there is a change in shape between Lalyaéd
CaMnG;, the relative shifts determined with either end com-
pound are nearly identical—less than 0.02 eV difference
over the entire concentration range.

. o In Fig. 3(a) we plot the relative shifts obtained from fits to
For the Ca substituted samples this figure shows (that LaMnO; at room temperature. The shift withis roughly

to first order the main absorption edgegnoring preedge linear with concentration, with a net shift from 0—-100 % Ca

structures for now have almost the same shape for eachy 3 gy This is considerably smaller than the value 4.2

dopant concentration and shift nearly rigidly to higher en-gptained from the derivative pe® and illustrates the ef-
ergy as the concentration is increased), the edges for the - ect of the shift of the inflection point relative to the half
manganite samples are very sharp, roughly half as wide agejght. However, over the straight part of the plot fram
the edge for the $Mn,0q 55 sample,(3) there is no obvious  =(.3-1.0, the slope is 3.3 eV/valence unit, quite close to the
kink or structure in the sharp edges for the substituted 5 ev/valence unit obtained by Ressktral®’ for MnO,
(La,Ca manganite samples that would indicate a simplemn,0;, and MnG. The point atx=0.12 is anomalous, but
mixture of Mn"3 and Mn"* ions, and(4) there is a tiny titration measurements give about the same Mn valence for
shape change, however, visible in Fig. 1 for samples of difthe 12 and 21% samples, which agrees with the comparable
ferent concentrations, that shifts thesitionof the inflection  edge shifts observed. Figure 3b shows that the variation with
point on the edge relative to the half height position. valence is smoother, but slightly nonlinear. The different val-
The data for the LgsPry 35Ca MnO5 sample looks very ues for the titrated valence, compared to the value expected
similar to that for Lg Ca 3MnO;3 indicating that replacing from the Ca concentration, likely indicates an O content
some of the La by Pr does not change the local electronivariation.
configuration on the Mn. The O-excess and La-deficient We have also used a similar analysis to investigate any
samples show a similar edge shape to LaNnaut the edge possible edge shift as a function of temperature by fitting the
shift is considerably smaller than expected based on the Mantire edge of the 50 K data for a given sample to all the
valence obtained from TGA. The shifts for the O-excess dathigher-temperature data files. Two examples are shown in
are inconsistent with data from other grotit and are in- Figs. 2c) and 2d). The figures show that changes in the
cluded here to show the sharpness of the edge. Howeveshape of the main edge above and beliware quite small
such data suggest that the position of the Mredge is (although measurableThe largest relative change is in the

§ [ LagssProssCaosMnO, steepest slope is also quite broad. Consequently using the
= F position of the peak in the first derivative curve as a measure
a, Cooe Lape:PboaaMnOs ¥y - .

£ C SO i of the average edge positiqas we and others have done

S TF 7 LaoerBagssMnOs ] previously is only an approximate measure of the average
& [ - LagwCagaMnO, . edge shift. Using the derivative peak yields a roughly linear
= o5k 3

g C ]

5 C

S I

T

=
o
=
=]
(@

3
[¢]

~

""" LaMnOg 75
- LaMnOg 3

e LaggMnOg
0.5

LZNLL I I L L B B

X-ray energy (eV)

Lag 3dP15.3sCa sMNO;, a SgMn,0g 55 sample that should
have a nearly uniform mixture of ionic Mi# and Mn'*4,
some O-excess samples, and a La-deficient sample.
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FIG. 2. Fits of absorption edges to each other@nand(b) we
show fits of the LaMn@ edge(solid curve to the 25 and 100% Ca
samples. In(c) and(d) we show fits of the 50 K datésolid curve
to high-temperature data for two different samples. Corrections
from the Mn-foil reference not included.

Edge shift (eV)

o |
preedge peaks, to be discussed later. In Fig. 4 we show the P S ‘3'6' : '3’8' — i
shift of the edge position as a function of temperature up to 8 82 i 84 ' '

320 K for several sets of sampléVe have similar data out Titrated Valence

to nearly 500 K for the Ba sample and CaMpnOVariations FIG. 3. The shift of the MrK edge with(a) Ca concentration

in the fit values of the net shifiE, for several traces at the 4nq (p) titrated valence for La ,CaMnOs. Note we do not have
same temperature are less tha0.02 eV, and fluctuations iration data forx=0.30. The relative errors are edge shift,

about the small average shift with are comparable for a +0.02 eV, and smaller than symbols; Mn valenc8.02 units and
given experimental run. Differences between experimentadlightly larger than symbols. In this and several following figures,
setups or using Si111> or Si<220> monochromators are the lines are a guide for the eye only.
less than 0.1 eV. For less than 300 K, the net shift for each _
sample is very smallless than 0.04 e but nearly all ap- Fi9- 6 we compare the data for the 30%-Ca CMR sample
pear to have a slight decrease at high with the SEMn,Og 55 sample and also show the preedge for
the Pb sample, all on a more expanded scale.

Note that all the preedge features start at very nearly the
same position regardless of doping, and the amplitude of the

In Fig. 5 we plot the preedge region as a function ofpreedge features labeled A increases with average Mn va-
temperature on an expanded scale for Caljn® CMR lence (Ca concentration as observed in other Mn
sample with 21% Ca, and the 33%-Ba sample. Data focompound® and in a previous manganite stutijThere are,
LaMnOs;, a CO sample with 65% Ca, and another CMR however, small shifts of these features with Ca concentration
sample have recently been publisffeith a short paper. For as shown in Fig. 7. The Apeak energy increases slightly
these systems the main features are the lower three peak®m LaMnO,; to CaMnQ;, and the A-A, splitting decreases
labeled A—A; (near 6539, 6541, and 6544 p¥nd the B from 2.2—1.8 eV(The exception is the 65% sample, but here
peak. The lower two peaks;fand A, are common to all the A peaks are poorly resolvedFor the substituted
materials although not resolved for the 33%-Ba data colsamples, the leading edge of the peak remains steep for
lected using Sil11) crystals that have a lower-energy reso- all concentrations except the 65% sample. Consequently, the
lution. The comparison of the two Ba data sets in this figurepreedge for the intermediate concentrati¢@8/R samples
illustrate the importance of using high-energy resolution.cannot be modeled as a simple weighted sum of the end
The Ag peak is not obviously present in most samples. Incompounds LaMn@ and CaMnQ. Note that the leading

B. Preedge region

214405-5



F. BRIDGESet al. PHYSICAL REVIEW B 63 214405

L s e e e B ML B o o e
E ! ‘ —e—‘CaMnOa‘ R
0.1 | 2) b LaggsCagesMn0;
F -~ 0~ LapCaosMnO; ]
0 -
01k =
g | | | | | | ] g
. S
E b) —6— LagCagasMnOg E o
0.1 ~ ot LaggsCag2Mn0; ] ;'o"
£ 3 0
C i 2
OF ] <
RS o E
Ry S T E T S
] £ —6— LaMnO; s ] 0
< 0.1:—0) ot LaMnOg os — PN T SO NN N TN NS W A S NS S NN S
oF - LaMnOgoq ] 6535 6540 6545 6550
; a- I AN - - N - IC E 0.3 T T T [ T T T T I T T ‘ H T
01 @--"" =N 3 -1 - 4
: ! | N i DRt - Y ]
-0.2 C 1 L J‘ : : ‘l L J‘ Lt Ll .l | 11t L1 1| L] i
E T T ‘ ‘ T T } T T T ] L ‘ L ‘ T E i Lao-7gcao.21Mnoa ]
01 d) —a— SraMng0gs5 A 50K
E g LaggPboagMnOs ] “ 02— 100K =
0L = o i 220K |
E E B[ e
01 F 3 g _
E ! ! ! ! ! e 2 i
_0.2 T I I - I I S ] I ] I L —
0 50 100 150 200 250 300 g 0.1

Temperature (K)

FIG. 4. The shift of the absorption edge for each sample relative
to the low-temperature data. In pané&8—(c), one of the curves N T
(squaresis shifted downward by 0.1 eV for clarity. Relative errors 6535 6540 6545 6550
are £0.015 eV and+0.03 eV for LaMnQ 3.

03 I T T T T | H ¥ T T |
edge for the SMn,0455 sample(see Fig. 6 is broader, L °) Baw . MnO
consistent with a mixture of Mi® and Mn"* ions, and also - SLl(al"f'{) BosstiTs
has a significant Apeak. The latter is not present in the data
for 30% Ca. The Ba and Pb preedges are slightly different;
the Ba preedge features are not as well resolved even for the
higher-energy resolution data while the peak is largest for
the Pb samplécompare Fig. 6 with Fig. 6

The most striking feature in Figs. 5 and 6 is the variation

in the intensity of the preedge peaks and the shift 9BAT

50K
............... 300K
400K

0.2 —

0.1

Absorption

Si(220)

increases througfi, for the CMR samples. In contrast, the & ¢ .. égg 1

change for LaMn@is small up to 300 K For the 21%-Ca N

sample in Fig. 5 the Apeak decreases in amplitude while 0 R
6535 6540 6545 6550

the A, and B peaks increase with increasifigthe A, peak
is sharpest at 300 K and clearly shifts downward belbw Energy (eV)
(0.4-0.5 eV, depending on the background function used

See the solid triangles in Fig. 7. The change in the A peak%a
for the 33%-Ba sampléusing the high-resolution monochro-

FIG. 5. The temperature dependence of the preedge region for
MnG;, 21% Ca, and 33% Ba; note different temperature ranges.

The CaMnQ sample shows little change of the preedge region

mato) appear to follow the Sa”_‘e trend as observed for th%elow 300 K while the A and A, peaks are temperature dependent

Ca data(Fig. 6) but the A peak is not as vyell resolved. for the CMR samples. The Ba preedge data, collected using
The largest temperature dependence is observed for th§o0, are much sharper than data collected using S crys-

CaMnQ; sample above 300 Ksee Fig. §a)], with the larg- (515 and show a splitting of the A peak. Note that the data collected

est increase occurring for the B peak. Also, the amplitude of;sing s{220) in (c) have been shifted down by 0.15 eV for clarity.
the peak at the top of the edge, commonly called the “white

line,” [see Fig 1c) at 6554 eV, for exampledecreases

slightly at highT. These effects become much larger at only
slightly higher temperatures and will be treated in a separate More detailed information can be obtained by examining
paper. For the CMR samples, we associate the temperaturtiie change in the shape of the XANES region as a function
dependent changes in the amplitude of the preedge feature$ temperature. The files are first shifted to correct for any
with changes in charge localization/hybridization. small changes in the energy of the monochromator and all

C. Difference Spectra
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i 0 0.2 0.4 0.6 0.8 1
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1 FIG. 7. The positions of the preedge features as a function of Ca
| concentration; open symbols; and solid circles, 300 K. The error in
0.05 7 peak position is=0.1 eV. For the CMR samples, the, deak is
1 shifted to a lower energy fof <T.. The filled triangles are for
F ] 50 K.
0 =l 1 1 | I Il 1 | 1 1 1 J 1 1 Il ‘ 1 1 L K ] I =

6536 6538 6540 6542 6544 6546 6548 . . .
largest peak in the difference spectra occurtim@jweenA,

Energy (eV) and Ag. This suggests that there are in reality more than three

FIG. 6. The temperature dependence of the preedge region f(Rreedge Peaks- . . .
LagCaMnOs, SEMN,Ouss, and the 33%-Pb samples up to There is also well-defined structure in the difference spec-

roughly 300 K. The leading edge of the, eak is broader for tra over the energy range of the main edge, although it is
Sr;Mn,0 55 than for the 30%-Ca sample it@). In (b) the Pb  only a few percent of the edge in amplitude. For LaMnO
samples have the largest, Aveak at lowT. Note that the scale is there is a broad feature over most of the edge region that
expanded compared to the previous figures and the B peak is nicreases a$ is lowered. CaMn@ has a similar feature but
shown. it is larger and narrowefFig. 8@]. Both appear to corre-
spond to the temperature-dependent peak near the top of the
h%dge(the “white line” mentioned earlier, which is sharpest
i . . low T. For the CMR samples, there is additional structure
iference Specs, are siened oy suiacing e ot ot o of s b sk i at 6551 and  pek G552
. . . . eV (2 eV apart. Another dip/peak occurs just above the edge
given sample. This approach was used originally to_lnvestlét 6555—-6556.5 eV. The CO sample also shows structure
gate the preedge region for the 21% sanffleut consider-  oyer this energy range but again the phase is inverted relative
able structure was found at energies corresponding to thg ihe cMR sample§.e., a peak/dip at 6552 and 6554 )eV

main edge for both the CMR and CO0.65) samples. This phase inversion thus extends over the entire near-edge
Several examples of these difference spectra are shown fagion.

Fig. 8 for LaMnQ; and CaMnQ, and the 21, 30, and 65%
Ca-substituted samples.

In the preedge region, the temperature variation of the A
and A, peaks for the 21 and 30% Q&MR) samples is very A. Main edge

clearly visible in Figs. &) and &d); it begins atT,, with For Mn atoms the mairK-absorption edge represents
most of the change occurring over a 60-K range just belowansitions mainly from the atomicsistate to the empty Mn
Tc. The temperature-dependent changes of the preedge giepands. The XANES results show that this edge is very
comparable in both samples, with the magnitude of thesharp for the Ca-substituted samples, the O-excess samples,
change of the Apeak being roughly 50-70 % that of the A and the La-deficient sample. The width of the edgeighly
peak. For the 65%-Ca sample, changes of thevkh T are  5-6 e\} is narrower than the edge for most other Mn com-
also observed in the difference spectra, but the amplitudgsounds and the average shift in edge position & eV for

are considerably smaller, and interestingly, the phase ia valence change of1. No obvious indication of a step or
inverted—the A difference peak decreases instead of in-double edge structure is present that would indicate two dis-
creasing. For the LaMn®sample[Fig. 8a)] there is essen- tinct valence states. If completely localized Mhand Mn"4
tially no structure in the difference spectra over the preedg@ns were present on time scales of 19 sec, the edge
energy range, but surprisingly there are small peaks in thishould have a smaller average slope and generally be
range for CaMn@ [see the lower part of Fig.(8)], with the  broader, as would be expected for a mixture of fine powders

spectra are carefully normalized as discussed earlier. T

IV. DISCUSSION
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FIG. 8. The difference spectra as a function of temperature for 21, 30, and 65% Ca, and the end compounds. The main edge is included
above each set of tracésultiplied by 0.03 to fit on the graphio show where the structure is located relative to the edge. Note the inversion
of the structure for the CO sampib) (T¢co=270 K), compared to the CMR samplés (21% Ca,T.~190 K) and(d) (30% Ca,T.
~260 K).

of LaMnO; and CaMnQ. To model this explicitly, we com- ~10 eV. There is also a change of slope of the main edge
pare in Fig. 9 the experimental edge for the 65%{C®)  for this sample that is consistent with two valence states, but
sample and a weighted sum of the3 and +4 end com- the shape is more complicated. Note that a combination of
pounds; clearly the experimental edge is much sharper aso edges each-5-eV wide, separated by-3 eV (the
noted previously for CMR samplés® separation for a valence change ofwlould yield an edge of

In contrast to the Ca-doped samples, the edge fowidth ~8-9 eV. Thus the width and structure of the
Sr;Mn,04 55 Is much broadefFig. 1(a)], with a width of  SiMn,0Og 55 edge are both consistent with the expectation
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g sumption, the amplitude of the peak in the difference spectra

n would be proportional to the energy shift of the edge. The

| additional structure observed in the difference spectra indi-

Simulation =~ e P cates there is a shape change rather than an overall edge
4 = shift.

The structure in the difference spectiég. 8) is clearly
correlated withT.. For the CMR samples, the dip-peak
structure, superimposed on the peak observed for the end
compounds, begins to be observable rieaand grows rap-
idly in the 60—100 K range just belov.. This structure
means that compared to the edge at low temperatureis-
torted Mn-O bonds the edge abovel. (distorted Mn-O

- bonds has the upper part of the edge shifted upward in en-
T O O B S I ergy while the lower part is shifted downwards. The separa-
6530 6540 6550 6560 tion between the dip-peak structure is about 2(e¥e verti-
Energy (eV) cal dotted lines
. This brings us to the questions raised in the
_FIG. 9. A comparison of the data for the 65%-Ca sample and gy, ction—is there a mixture of 3 and+4 sites as usu-
simulation obtained from a 35—65 % weighted sum of the LaiInO Ilv assumed? If so. whv is the edge structure so small? One
and CaMnQ end compounds. The experimental edge is signifi-a y assumed: , why - €dg 19.20 . .
possibility is that the system is more covafertf1®?°and
cantly sharper. . .
that there are some partial holes in the @ 2and that are
hybridized with the Mn 8 states. This is supported by sev-
that two valence states are present in this sample,®md  eral calculations and by the observation of holes in thepO 2
Mn™4. Similarly our data for MgO,, which has a mixture of band in absorption studié& Such holes may play an impor-
+2 and+3 valence states, has a very broad edge of 13—1#ant role in the unusual transport of these materials. In cal-
eV (not shown. culations, Anisimovet al?? and Mizokawa and Fujimait

The edges for the Ba and Pb samples are also broadesbtain two types of Mrey configurations with almost iden-
they have a break in slope and more amplitude in the lowetical local charge densities. From this perspective, the charge
part of the edge that might suggest two valence states. This a&dded via Ca doping is spread over several atoms and the
quite different from the Ca-substituted samples for which thevariation of the local charge on different Mn atoms may be
shape of the main edge for the CMR samples does namall. Thus covalency can partially explain the lack of struc-
change much from that of LaMnO In addition, the net ture in the edge, while at the same time the average edge
shifts of the edges for the 33%-Ba and Pb samples arposition increases roughly linearly with dopant concentra-
smaller than expected; the additional structure near 6546tion. The recent calculations of Elfimat al*° are also rel-
6552 eV shifts the lower part of the edge down in energyevant in this regard. To fit the observed splittings of the A
while the top of the edge is close to the position of thepeaks(2.2 eV for LaMnQ and 1.8 eV for CaMng), U and
30%-Ca samples. The net result is a very small overall averd, had to be lowered from the values in the first calculafion
age edge shift compared to LaMgOThus the presence of to 4 and 0.7 eV, respectivef§,which implies higher cova-

Ba or Pb is directly affecting the Mn absorption edge al-lency.
though the average valence should be the same. However, many experiments also show that the CMR

We have also shown by fitting over most of the edge, thasamples are distorted aboig but ordered at lowT. Since
there is no significant change in the average edge position fdong and short bond lengths generally correspond to different
any of the substituted manganite samples n€ar This edge positiond® why does that not produce a significant
agrees with our earlier restitin which we averaged data change in the shape of the edge with temperature—i.e., why
points above and below,. The new analysis also indicates is the tiny structure observed so small? In the calculations
that there is consistently a slight decrease in edge position atentioned above there are also distortions of the Mn-O bond
the highest temperatures that is largest for CaMradd  distances. For example, in the calculation of Anisimov
SKEMN,0g 5. The reason for this downward shift is not yet et al,?? one configuration is symmetric in theb plane with
clear but may be related to the temperature dependence &fur small equal lobes directed towards O while the other has
the B peak(since an increase in the B-peak intensity effec-two large (and two small lobes, again directed towards O
tively shifts the lower section of the edge to lower engrgy atoms in theab plane, which leads to two distinct Mn-O

However, the lack of any temperature dependence belowistances. The more symmetric case has been associated with
T. disagrees slightly with the earlier work of Sabet al.,*®*  a formal Mn™* site and the other state with MA.
who report a small 0.1-eV decrease in edge position UR.to For the manganites, both Elfimet al*° using LSDA and
for Lag gY .07Ca 3dMNO; and then a 0.09-eV increase up to Benfatto et al3! using multiple-scattering calculations have
210 K. The small change in the shape of the main edge ishown explicitly that the MrK-edge is bond-length depen-
Fig. 8 provides a partial explanation for this discrepancydent. It occurs at a lower energy when the Mn-O bond
Subas et al. assumed no change in edge shape and calcuengthens p, orbitals in Ref. 30 ang, orbitals in Ref. 31
lated difference spectra for each temperature. Under this agnd is at a higher energy for shorter bond lengths, with a

T T T ] T

LagsCapesMNn0; —

Absorption

0.5
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separation of about 2 eV, which is about 70% that expectethe same axjsor all short bonds in a row, but many cases
for a full valence shift of 1 unit. The experimental dip-peak with a mixture of long and short bonds. This will greatly
splitting is also about 2 eV; in light of the fact that both reduce the structure in the absorption edge—the 2-eV split-
calculations give the same value, we propose that the struting remains but the fraction of Mn atoms with the high- or
ture we observe is direct evidence for this splitting in thelow-energy edges is small. The large overlap also implies
manganites. However, the unanswered question is why thgat valence effects are averaged, i.e., that the difference in
amplitude is so small. The experimental dip-peak structurgnhe projection of 4 states onto Mn atoms that are consid-
has an amplitude of only-2%, whereas a similar measure- gred to be+3 or +4 is small. We thus propose that the small
ment for the difference between the simulation and the datﬁmplitude in the structure in the Mg edge is a combination

in Fig. 9 would have an amplitude over 3((%(')1d the differ- ot increased covalency and the net averaging over more than
gngf 1”()50219 the simulation in Ref. 16 for 33% Ca would begne Mp site as described above from band-structure effects.
v .

. . . . Because the usual approach in XANES studies is to assume
Since the distortions are well verified, can the small am-

litude of the struct b din the diff ir ba very localized excitation, more work will be needed to
pitude of the structure observed In the diierence Spectra b o mine to what extent band structure contributes.

; . A : :
explamed In some other. way: Here we first need to digress For the CO sample there is also structure in the edge but
briefly to describe the situation more carefully. The db- o .

the phase is inverted. If the above explanation for dipe

sorption edge is a transition into statespéymmetry that _ . .
become a continuum well above the edge. Many inVestigapeakstructure in the difference spectra for CMR samples is

tors, including those of Refs. 30 and 31, attributekhedge  COTeCt then it suggests that theak-dipfeature for the CO
absorption to Mn $-4p transitions(broadened by the core- sample is algo prc_)duced by local distortions—but in t.hIS case
hole lifetimg, but in principle many othep states could by a local distortion that _starts at the _charge ordering tem-
contribute and are included automatically in the multiple-PeraturélTco=270 K, andincreasesasT is lowered. Such a
scattering approach. In band-structure calculations the Mmodel then provides a simple interpretation for the unusual
partial p density of state¢DOS) can be projected out. The lack of temperature dependendeeported® but not ex-

4p partial DOS describes the absorption edges for transitioplained for o2 for this sample. The surprise is that at least
metals quite well, while the j» partial DOS has little contri- the thermal phonon broadening should have caused some
bution near the absorption edéfeAs an example, the shape increase ino? with T. However, if there is a distortion asso-

of the projected # DOS in the calculation of Elfimov ciated with the CO state, then there must be an associated
et al*® for the manganites is very similar to that observedbroadening contributiomr g for the Mn-O pair distribution
experimentally’® It is therefore a useful simplification, and function Uéo that is zero abovd@ ¢, and increases & is

in light of the success of a number of band theory calculajgyered belowT.o. Then the total variance for the Mn-O
tions, probably not a bad approximation, to consider only thg, U%‘A o will be given by
ne

Mn 4p partial DOS in a tight-binding model for the rest of
this discussion.

In the paper by Elfimowet al3° the Mn 4p DOS is very
wide, roughly 20 eV, which signifies that the states are
strongly interacting. This means the Mmp 4rbitals overlap

significantly and hence the radial extent of the Mm drbit- 2 ; -~ ne.... is a

als must be large. The overlap with the O atoms is also Iarggg:(r:e((tgpr';lo”é’;(a-[t)]r:es_it:;epZﬁggr&gi?;gzzgﬁnfgmsgg%r der
and leads to the sensitivity of the edge position to the Mn—OS2 ,{T)p hould b P ble to that f CaMg]@ince.
should be comparable to that for

bond lengths as calculaté®®! Furthermore the large band Zphono

width also implies that the core-hole-conduction electronVe Se€ the same phonon component for E’Oth pure CaMnO

Coulomb interaction is not very important, i.e., that a small@nd L& 76C& 2;MnO; aboveT.. To makeoy,, hearly in-

local potential does not affect the broag #and. The fact dependent of meansogo(T) anday,.no{ T) almost cancel

that Elfimovet al. and Benfattcet al. obtain identical results for temperatures below 300 K.

for the effect of the Mn-O bond lengths on the respecpiye We can extract the CO contribution following the method

p, edge positions in LaMn©(a shift of 2eV\j supports this in Ref. 15 for calculating\ o. We fit the two highesF data

notion, as the core hole is included in the multiple scatteringooints (from Ref. 15 to Ufmonor(THUgtatic and then sub-

but not the LDA calculations. tract these contributions from the data. In Fig. 10 we plot the
In LaMnQ;, there are rows of long Mn-O bonds along the result of this analysis for the 65%-Ca sample. From this fig-

¢ axis and rows of shorter bonds along theand b axes. ure, the maximum value fonr%o(T) is roughly 10% of that

Consequently, the Mnploverlap will be larger along tha  associated with polaron formation for the CMR samples.

andb axes than on the axis, which leads to the 2-eV shift of Such an increased distortion for charge ordered material

the edge of the @ DOS along the different axes. However makes sense—as the sample becomes charge or orbital or-

for the mixed compounds La,CaMnO;, the situation is dered, there is more room for the longer Mn-O bonds to

quite different as there can be various combinations of londengthen, which increases some of the Mn-Mn distances and

and short bonds along a given axis. Statistically there willshifts the correspondingpdDOS down in energy, while for

only be a small number of situations where there are all long random arrangement of orbitals, the series of long and

(i.e., three neighboring Mn atoms with J-T distortions alongshort Mn-O bonds are more constrained.

Uﬁnnfo(T):Ughonor{T)+0—%O(T)+U§tatic1 (1)
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[ I | modeled assumingd34p mixing on the absorbing atom plus
E E § E ] the effect of a corehole.
0.0004 — i E Dipole allowed via 4p mixing with neighboring metal

E E ] atom 3d statedn several cases, a significant preedge peak is

observed in a cubic crystal that can’'t be explained by the

above 3-4p mixing on the excited atom. Multiscattering

calculations for such systems often show that large clusters

are needed before the preedge features are produced—

- 85% Ca i scattering paths are needed that include many further neigh-
| L 1 | I ] 1 i

© 0.0002

I

of - bors, particularly the second-neighbor metal atoms. An
] equivalent result emerges from band theory calculations
o 100 200 800 where the hybridization of orbitals on different atoms is im-
T(K) portant. Here the dipole transition can be made allowed via
mixing of the 4p state on the central atom with thel 3tates
on neighboring atoms. Projections of the density of states
with p character p DOS) for such systems show small fea-
tures at the energies of thal Btates; such features are not
observed in thgp DOS when the preedge feature is a quad-
B. Pre-edge region rupole transition. In the limit of multiscattering calculations
with very large clusters, the two approactieand theory and
multiscattering should be equivalent.

The preedge results provide additional information about Tg have a mixing of 8 with the 4p states(to make a
the nature of the electronic states. For many of the transitiogtate ofp character, one needs a combination ofi tates
elements, one to three preedge peaksokcur well below  that has odd parity as pointed out by Elfimev al®° It is
the main edge{ 15 eV below and are assigned to transi- easy to obtain such a state if a linear combination df 3
tions to empty states witt-like character, i.e., these ar& 1  states on two neighboring Mn atoms is used and the radial
to 3d"* Y transitions®** wheren is the initial number ol extent of the Mn 4 states is large enough to overlap them.
electrons anah+1 includes the excited electron in the final Specifically, consider three Mn atoms in a line—a central
state. As outlined in the Introduction, these peaks are preexcited atom(0) and left L) and right R) atoms—with
dominantly 1s-3d transitions made weakly allowed via an ¥,,(0) being the 4 state on the central atom, and
admixture of i and 4p states™***>%"*4n the preedge re- W, > 2(Rg) andWay,2 y2(R.) being the 8,2 > states
gion there may also be some hybridization with the @ 2 centered on the right and left atoms. Then a state with odd
states. If the metal site is centrosymmetric, there is no mixsymmetry about the central atom is given by
ing of 3d and 4p states on the excited atom and-3d

FIG. 10. A plot ofo%o(T) for the Mn-O bond as a function of
T (65%-Ca sample 02(T) is extracted from ther?,,_o(T) data
presented in Ref. 15[-o~270 K.

1. Background

dipole transitions are strictly forbiddéi:however local dis- B

tortions can make suchsi3d transitions very weakly dipole  W415= W 4,(0) + —=[W3q.x2— y2(R) = V3g.x2y2(RR) ],
allowed. Three aspects need to be recognized in considering \/E

the Mn preedge in the present study. )

Quadrupole interactionsBased on recent studies on ori- where « is essentially 1.0 and we ignore the intervening O

; 34-37 ;
ented single crystrﬂ% we estimate that quadrupole_- atom via which the hybridization occurs. The small param-
allowed peaks will be at most 1% in powder samples, which

is considerably smaller than the fpeaks observed for the eter 5 is a measure of the hybridization and is strongly de-

substituted manganites but perhaps not negligible. A smaffendent on the overlap of thepdand 3l wave functions on
9 P P gligioze. different Mn atoms, and hence on the distance between them.
quadrupole component, as seen for example in EaBay

well be present.

Dipole allowed via 3d-4p mixing on the absorbing atom
If the Mn site lacks inversion symmetry, then in principle  The preedge for the substituted manganites follows the
there will be mixing of the Mn 8 and 4p states on the general trends observed for other Mn systems quite well.
central atom. Consider a system that is nearly cubic but hasBhree A peaks are observed for CaMyiQ\, is larger than
small distortion that removes the inversion symmetry, i.e.the A; peak, and the AA; splitting is smallerthigh valence
the metal atom is slightly displaced such that the bonds on-4) than for other samples. The LaMg®ase is similar; the
opposite sides of the metal atom are slightly different. Them,-A; splitting is largestlower valence+3) and the overall
the mixing parameter is- 6, /r , and the matrix element will A-peak amplitude is smallest. However, the peak is larger
be proportional to § /r,)?, where 8, is the difference in than expected from the literature for NI states in other
opposite bond lengths ang is the average bond length. An compounds?2 possibly because of increased local distortions
example is the V site in Os; here the VQ@Q octahedron is in this compound.
strongly distortetf*®and along the axis, the two V-O bond However, there are difficulties with some of the earlier
lengths are 1.577 and 2.X9 , respectively. Experimentally interpretation®33 in which the dipole-allowed transitions
there is a large preedge peak for theKvedge that can be are assumed to originate from a 3d-4p mixing on the excited

2. Application to the substituted manganites
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atom. First the Apeaks appear for both distorted and undis-phase separation. Such inhomogeneities likely play an im-
torted systems. Second, the amplitugharticularly for the  portant role in these materials. The recent calculations using
relatively undistorted system CaMgpDis too large to be a the Kondo modél*°also stress phase separation but it is

1s-3d transition made, allowed by a slight breaking of in- not clear how to compare with their results.

version symmetry about the excited Mn atom. Recently,

based on the calculat_lons of EIf|m@t_ al, we have inter- V. CONCLUSIONS
preted A and A as dipole allowed via a mixing of Mnpgt )
states with Mn 8 states on neighboring metal atofﬁs'[he We have addressed several issues related to the Mn va-

projectedp DOS in the calculations of Elfimoet al*° show  lence in the substituted LaMnOnaterials, including the na-
two features in the preedge region that indicate that dipoleture of the transition and some differences between band
allowed transitions should be present. In addition, the broaéheory and multiple-scattering approaches. Although discus-
Mn 4p band obtained in that workand implied in the cal- sions of these systems often assume isolated” Mand
culation of Benfattoet al3Y) indicates that the radial extent Mn** states, we observe no change@.02 eV) in the av-

of the 4p states is indeed large—a necessary requirement fd¢fage edge position through the ferromagnetic transition for
mixing with the 3 states on the neighboring metal atoms.the CMR system¢Ca, Ba, or Pb dopedand in all cases the
Similar interpretations have been given recently for othettotal edge shift from 0-300 K is<0.04 eV. Although there
transition-metal systems that are cubic or very nearly so; F& Nno obvious step or kink in the edge, expected for two
in FeO (Ref. 37 and Ti in rutile®?3* A mixing with the 3d well-defined valence states, there is a very small shape

states on neighboring Ti atoms was also reported in the laychange that can be observed by taking the difference of data
ered disulfide Ti$.5? files at different temperatures. A dip/peak structure develops
The calculations of Elfimoet al. also show that there isa @s T drops belowT, for the CMR samples; the dip/peak
splitting of the unfilled & bands. The lowest is the majority Separation 3'f~2 eV and agrees with the 2-eV splitting
ey band(which may be partially filled via dopingthe next calculated”*!for the p, andp, partial DOS when the man-
two are the minorityey andt,, bands that partially overlap. ganite structure changes from an undistorted to a dl_storted
The coupling with thet,, is expected to be smaller since (LaMnGs) lattice. For CMR samples, such changes in the
these orbitals are of the fordy, , which has reduced overlap local distortions belowr’; were deduced earlier from EXAFS
with the Mn 4p in a 7 bonding configuration. The splitting data-” At low T the CMR samples are very well ordered,
of thesee, bands depends both diy and on the degree of but asT increases there is a rapid increase in the local dis-
covalency/hybridization. tortions up toT=T,; above T, the change in disorder
Finally the temperature dependence of thepdak ampli-  changes slowly. The rapid change just beldw has been
tudes is still not explained. The observation that the change@ssociated with the formation of polarons. These distortions,
for the CO and CMR samples are inverted implies that thes8OW observed in both the XANES and EXAFS data, indicate
changes are related to the changes in the local distortions, b§mMe change in the local charge distribution. However the
a detailed model is needed. small size of the effect in the XANES spectra needs to be
understood. In part it can be attributed to covalency with the
charge shared between the Mn and O atoms. However the
3. Other Models different bond lengths should also yield structure in the edge
Another general feature that emerges from our data is thdwut experimentally it is very small. We propose that because
although the main changes occur just belbw there is also  of the large radial extent of Mnptorbitals (indicated by the
a gradual change to the fully ordered state as the sample iwoad Mn 4 bandwidth, the 1s-p edge transition may be
cooled well belowT,, and the local structure continues to averaged as a result of band theory effects. Future XANES
change down to 50 K and below. Consequently there may bstudies will be necessary to evaluate this possibility more
clusters formed af, that grow asT is lowered. We have fully.
interpreted our local distortion results earlier in terms of a For the CO sample we observe a similar behavior, but in
two-component modéf* In this model, one of the compo- this case the structure in the difference spectra are inverted
nents(fluids) would correspond to delocalized states—theyrelative to that for the CMR sample. This indicates that the
could be either delocalized holes or delocalized electrondocal distortions increase in the CO state belbw .
We also point out that the decreasing distortions observed in The preedge structure provides additional information
extended XAFS ag is decreased belowW, and the corre- about the 8 bands in these materials. Two or three peaks are
sponding increase in resistivity suggest a changing averagagserved, labeled A-A;. A, at 300 K is essentially inde-
mobility of the charge carriers. Within the model we havependent of concentration while ;Aincreases slowly withx;
suggested, the fraction of delocalized carriers would increasA; is only observed for high-Ca concentrations. Following
asT is lowered™ Note that Jaimet al®® have successfully the work of Elfimov etal® we attribute these peaks
modeled their resistivity and thermoelectric measurementt a hybridization of Mn 4 on the excited atom with an
using a two-component system of localized and itinerant carungerade combination ofd3states on neighboring Mn at-
riers. However, one of the components in our model mightoms, i.e., they are not the result of splittings of atomic mul-
also correspond to the Mn atoms in a cluster, the positions diplets on the excited atom as is often assumed. Similar ex-
which are dominated by small variations in dopant concenplanations for the preedge region have recently been
tration or O vacancies, possibly leading to a regime withproposed for several other transition-mefakdges. Conse-
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guently the splittings observed are essentially unaffected bgisplacements of the O atoms forming J-T-like Mn-O bond

the presence of the core hole and should be a good measuistortions when the hopping charge is localized for times of
of the splittings of thee; bands that are influenced by the order the optical phonon periods. As a result, the possibility
hybridization of the Mn 8 and O 2 states. This interpre- that part of the transport takes place via hole density in the O
tation of the preedge does not depend on small distortions afands needs to be considered. Note that slowly hopping
the crystal and therefore also provides a simple explanatiofples on the O sites would lead to distorted Mn-O bonds
for the large preedge features observed in the more ordergghile rapid hoppingfaster than phononsvould leave the O

CaMnQ; material. _ %0 atom at an average undistorted position.
In the calculations of Elfimowet al,>” the two lowest

empty bands are the majority- and minority-sgiy bands;
the minority-spint,4 band overlaps the latter but is expected
to be more weakly coupledl andJ must be reduced slightly
to fit the experimental splittind2 eV) of the A, and A The authors wish to thank G. Brown, C. Brouder, D. Des-
peaks; U=4 andJy=0.7 eV. This indicates an increase in sau, T. Geballe, J. Rehr, G. Sawatzky, and T. Tyson for
the covalency. The additional small decrease in the A& useful discussions and comments. F.B. thanks K. Terakura
splitting belowT . may suggest a further change in covalencyfor sending some unpublished results. The experiments were
or hybridization. performed at the Stanford Synchrotron Radiation Laboratory,

Thus the picture that emerges is that there is considerablehich is operated by the U.S. Department of Energy, Divi-
hybridization of the energy statédin 4p and 3, and O  sion of Chemical Sciences, and by the NIH, Biomedical Re-
2p), with some hole density in the O bands and possiblysource Technology Program, Division of Research Re-
only small differences in the charge localized on Mn atomssources. Some experiments were carried out on UC/National
that have different types of, orbitals. The possibility of Laboratories PRT beam time. The work was supported in
distinct types of orbitals can lead to orbital orderfiigyith part by NSF Grant No. DMR-97-05117.
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