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We report high-resolution x-ray-absorption near-edge structure measurements at khedde as a func-
tion of temperature, for La ,CaMnO; samples, with a focus mainly on the pre-edge region. Small peaks
labeledA;—A; are observed which correspond ts-3d dipole transitions, made weakly allowed via a hy-
bridization of Mn 4p states with Mn 8 states omeighboringatoms. Adjusting the parameters in a local
spin-density approximation calculation to approximately match the experiméptal, splitting yields U
=4 eV andJ;=0.7 eV. For colossal magnetoresistance samplesiecreases witli while A, increases with
T belowT., which shows that the@bands change significantly @smoves througil.. There are also small
changes in the shape of the main edge-4p transitions.

The substituted manganites (LagA,MnO;, whereAis a  order 1-2 eV, strongly suppresses polarity fluctuations of the
divalent metal such as Ca or)Sixhibit a range of interesting kind 2Mn*3*—Mn*2+Mn** resulting in a Mott Hubbard
propertie$? which depend on interactions between magne-insulating state for the undoped materials. In addition, be-
tism, charge, and local structure. For concentrationshAof cause MA 2 is a Jahn-TellefJT) ion, JT distortions are ex-
roughly in the range 02x=<0.48, these materials have a pected(but inversion symmetry is maintainedhen Mn*3
magnetoresistance which can be very large in thin-filmsites are present, with a JT energdy,r. The position of the
sampled* — hence the name “colossal” magnetoresistancebroad O band is also important; Pickett and Sihfhsing
(CMR). The CMR materials exhibit a metal-insulator transi- the local spin-density approximatioi.SDA), suggest that
tion near the ferromagnetic transition at the Curie temperathese systems are half-metallic, with a gap between the O
ture, T.. The basic mechanism for transport is generally asband and a minority-spiml band. Another early approach
sumed to be governed by double exchafiDg);> however, assumes a more covalent Mn-O bofid?° here the band at
the large size of the observed magnetoresistdMR) led  the Fermi surface is a hybridization of the Mg and O 2
Millis and co-worker§=8 to propose that a large lattice dis- states. Very recently Elfimoet al?* have made a more de-
tortion may amplify the CMR effect. Recent local-structure tailed calculation for the LaMn@system using LSDA U
measurements’® show that there is a rapid increase in theto understand some recent anomalous diffraction experi-
width of the Mn-O pair-distribution functiong, asT ap-  ments. They include a calculation of the undistorted lattice to
proaches the ferromagnetic transition temperature. How thianderstand the influence of the JT splitting.
distortion interacts with the electronic system, and particu- In this paper we present the pre-edge dada K edge
larly its impact on the Mn @ bands, is still uncertain. How- for several different Ca concentrations as a function of tem-
ever, it clearly plays a significant role in the polarization perature. We have used the same data as in a previous study;
dependent hybridization of thepdand 3 states. the reader is referred to Ref. 13 for sample details. Tfie

Several different theoretical models with a variety of pa-for the 21 and 30 % samples are 220and 26@2) K, re-
rameters have been developed to describe these systerspectively. Additional details about edges will be given in a
First a crystal-field splitting(the 10Dq parametgris ex-  more comprehensive paper.
pected, which will split the Mn @ levels into at,q triplet In Fig. 1 we show the MrK edge for several samples
and aney doublet!® CaMnQ; (Mn*#) has three @ electrons  using Si 220 monochromator crystdlesolution~0.4 e\).
which form a(spin 3/2 local Mn moment with three up In each case the main edge is sharp and has a long, low-
spins in thet,, band, while LaMn@ (Mn™3) has a fourth energy tail. The main edge is attributed to transitions to Mn
electron in arey state that is Hund-rule coupled to the local 4p states (3-4p) which liefar abovethe Fermi energyize,

Mn moment. An on-site Coulomb repulsiokl, typically = and hence its position does not corresponB g which is in
4-8 eV for Mn and much larger than thel dandwidths of the lowerey band. Although the density of states is large for

0163-1829/2000/614)/92374)/$15.00 PRB 61 R9237 ©2000 The American Physical Society



RAPID COMMUNICATIONS

R9238 BRIDGES, BOOTH, KWEI, NEUMEIER, AND SAWATZKY PRB 61
L L N B B L ) I B B B 02T T T T T —
© - CaMnO B L 8.) LaMn03_oos ]
- —— CaMnO, . - .
o | e — I — B
3 15 C I [ ] 015 - 50K B B
= I LaMnO, HEEEN . A 120K ]
E‘ - :.I, / ] g Cot « 240K ]
o 1 — ====° La0.75Cao 25Mn03 .,"‘ 'lll ll - :ia o1 ------ 3OOK __
T i - g i
N - - — - LagssCaoesMnO; 7 8 4
< C . < 0.05 —
05 — E
g L ] ]
= L n i
(=] i
-4 : o : 0 _

[o2]
[
(3]
o

6530 6540 6550 6560 6535 6540 6545

X-ray energy (eV) Energy (eV)

b) Lag3sCagesMnOy

FIG. 1. The MnK edges for several Ca concentrations. The

where the large part of thepddensity of statesDOS) oc-
curs; it determines roughly where the zero of kinetic energy
occurs(as is assumed in most x-ray-absorption fine-structure 0
analyses The shape of this edge is remarkably similar to the
calculations by Elfimowet al?! of the Mn 4p partial density
of states, broadened by the known core-hole lifetiigze
Fig. 2 in their papej.The calculations also indicate a low-  F|G. 2. The weak temperature dependence of the pre-edge re-
energy tail, with small features far below the main edgegion for the LaMnQ and 65% Ca samples; these data change very
which correspond well to thé and B peaks discussed in little up to 300 K.A;, near 6543 eV, becomes more prominent for
more detail below. They also show that thp BOS is very  CaMnQ;.
broad; consequently, the Mm4states are highly delocalized
and extend over several Mn atoms. A similar broad Mn 4 However for CMR samples, these peaks have an unusual
DOS in these systems has also been obtained by Benfattemperature dependence, as shown in Fig. 3 for 21 and 30 %
et al. for LaMnO, using multiple-scattering theofy. Ca. TheA; peak decreases with temperature whilg in-
The low intensity pre-edge region, which extends roughlycreases ag is increased througfi.. In addition, theA,
from 6535 to 6550 eV, is presented in Figs. 2 and 3. At roonpeak shifts slightly downward by 0.3 to 0.5 eV oK T..
temperature thé, peak position is nearly constant for all Ca This is very unusual as th&, position is generally constant
concentrations at 6541#20.2 eV, while theA; position for a range of materia& This dependence is shown in more
shifts slightly upward with increasing Mn valencee., in-  detail for the 21% sample in Fig. 4, where the difference
creasingx). As a result, the separation between theand between the data at temperatreand the data at 300 K is
A, peaks is largest for LaMnQat 2.2 eV. These results are plotted.(Note that each trace must first be corrected for any
very similar to earlier observations on other Mn oxid&&  energy shift of the beamline using the Mn powder reference
including the increase of thé-peak amplitude with Mn data) The increase forA; occurs primarily over a small
valence*2® In general such transitions are weakly allowedrange of temperatures<60 K) below T.~210 K. The dif-
either through the quadrupole interaction or via hybridizationference forA, is negative over the same temperature range,
of the Mn 3d states wittp states; for the Mn oxide materials, but the change is smaller in magnitude. No significant
it has been suggested that the latter domin#td@hiese pre- change within the signal-to-noig&/N) ratio is observed be-
vious studies have not focused on magnetic systems, andieen 200 and 300 K for th&; peaks. In addition, there are
have not considered the possibilities of lafdeor Hund’'s  clear systematic changes in the shape of the main edge
rule coupling,J; . Consequently, thé,; peak was assigned (1s-4p transition$. Relative to the 50 K data, the lower part
to transitions into empty,, states and\, transitions intoe;  of the edge at 300 K has a slight incredsear 6551 ey
states with the splitting given by the crystal-field-splitting, while the upper part has a corresponding small decrease
10Dg. In view of the high spin state for Mn in the mangan- (near 6553 which is suggestive that at highthere are two
ites this cannot be correct, and an alternative interpretatiodistinct Mn sites with slightly different valence states. How-
will be presented here. Another feature, which we labeBhe ever, the situation is complicated and will be addressed more
peak, occurs at the top of this range, and is also associatddlly in a longer papef?
with Mn 4p states’* The 1s-3d transitions are often described in terms of
For LaMnQ; and Lg 3:Ca, ¢gMNO5 the peak amplitudes, 3d"*! final states, whera is the initial number of 8 elec-
A;j, have a weak temperature dependence below 300 Krons;n=3 for CaMnQ, andn=4 for LaMnO;. However,

absolute edge energies are determined by the energy of the first 045 [ o lggﬁ h
inflection point of a Mn-foil reference sample. We have set this C. ]
inflection point at 6537.4 eV for MifRef. 14. g Coeee- ]
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the emptye, bands, they are not directly accessible via di- ) C ]
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FIG. 5. A schematic arrangement of the neighboring Mh 3
orbitals that would have ungerade symmetry about the central Mn
atom. This linear combination will hybridize with the Mrp4state.
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TR T Y the interpretation of thé peaks depends on the model used
8535 8540 8545 8550 to describe the system, and for the manganites, the hybrid-
Energy (eV) ization of p andd states also appears to be a crucial ingredi-
02 T T T T T T ent. In addition, the explanation for the intensity of these
b) LagyCaosMnOy peaks as arising fromp-d mixing on the excited atom is also
éggﬁ unsatisfactory because the Mn atom is at a point of inversion
280K symmetry for the cubic Mn oxides and CaMg@nd nearly
so even for substituted LaMrOA very important point
about this problem emerges from the calculation of
Elfimov?* — the 3d features correspond to a coupling of the
Mn 4p states with 8 states onadjacentMn atoms. The
explanation is based on symmetry and band-structure argu-
ments. For the central core excited Mn atom at a center of
inversion symmetry, the gl states centered on this atom can-
P E RS R not directly hybridize with its own 8 stateé’ because these
8535 8540 8545 8550 have even parity for inversion. However the central Mm 4
Energy (eV) orbitals can hybridize with a linear combination of neighbor-

FIG. 3. The temperature dependence of the pre-edge region fc;rr]g O 2p orbitals which have odd parity. They can also

the CMR sample$21 and 30 % Cpaup to 300 K. These samples ;&uggeﬁt\élgéhgnoﬁq\g:? c?s“tg?]?rl\/(l:r?r%txgaﬁz? gf Qﬂnl? :Ib?arkgt-l'near
have a similar temperature dependencd a@screases througf,. . ! : ’ xamp !

TheA,, A,, andB peaks are indicated in pan@. combinati_on of Mn 31 ort_)itals can be formed Wi_th odd sym-
metry as illustrated in Fig. 5. Here we do not include the O
2p orbitals between the Mn ions via which the main part of
the hybridization proceeds.

Using the new calculatioR5as a guideA; would corre-
spond to transitions into empty majority-spap states on the
neighboring Mn ions and, to transitions into they andt,
minority states. The initial calculations, usitf=8 eV and
J=0.88 eV (per spin paif! yielded anA;-A, splitting
close to 3 eV which is considerably larger than the experi-
mental value of 2.2 eV for LaMn® Revised calculations
with more realistic valued)=4 eV andJ;=0.7 eV, result
in a splitting of about 2 eV, close to the experimental value.
Very roughly one would expect this splitting to be given by
4J,=2.8 eV since in the final state the Mhoccupation is
5d electrons. The smaller splitting found in these band-
structure calculations is due to a difference in hybridization
of the minority and majority-spin bands, causing a break-
down of this simple estimation; for the smaller parameters,
there is an increase in covalency with holes in the O band.
For CaMnQ we would again expect in the simple approxi-
mation, a splitting roughlyJ,=0.7 eV smaller. The experi-
Energy (eV) mental decrease of th,-A, splitting (0.3-0.5 eV, LaMnQ@

FIG. 4. A plot of the difference between the data collected atl® Ca&MnQ) is considerably smaller, perhaps again because
temperatureT and 300 K for the 21% Ca sample. Most of the Of the oversimplified nature of the estimate. A LSBAJ
change occurs over a 60 K temperature range bdlpyT,~210  calculation for CaMn@ would shed some light on this dis-

K); note that there is essentially no change above 200 K. The fulfrepancy. One should keep in mind here that the Ca com-
edge, multiplied by a factor 0.03 to fit this scale, is shown at the toppound is expected to be considerably more covalent because
The pre-edge peaks,, etc., have the largest relative change; the Of the higher oxidation state of Mn. This increased covalency
changes in the main edge are a few percent of the step height. would reduce the effectivd, because the spins are actually
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delocalized over Mn and the neighboring O ions. In the acpre-edge features as arising from a hybridization of the Mn
tual band-structure calculations this effect is included. 4p states with 8 states on neighboring Mn atoms. In terms
Understanding the observed temperature dependence of recent theoretical calculations, tidg and A, are transi-
the A peaks will require a better theoretical understanding ofions into majoritye, states and minoritg, andt,q states,
the role of hybridization and its dependence on the spin-spirfespectively. To fit the experimental splitting, smaller values
orbital-orbital, and charge-charge correlation functions beof U and Jy; are required than in the initial calculatiofts.
tween neighboring ions. It is these correlation functionsBecause the intensity of these features is strongly dependent
which obviously change as we go through the magneti©n hybridization and local distortions, the obs_erved tempera-
phase transition. For example, we expect the spin-polarizefiré dependence of the pre-edge may be an interesting probe
band widths to change in a manner consistent with th&' hyPridization in these materials.
double exchange arguments for the CMR materials. Also, We thank S. Satpathy and D. Dessau for helpful conver-
changes in the overlap between thp dtates and the sur- sations. This work was conducted under NSF Grant No.
rounding O and Mn states are very sensitive to interatomi®MR-9705117. The experiments were performed at SSRL,
distances and therefore strongly affect the intensities of thevhich is operated by the DOE, Division of Chemical Sci-
transitions, especially the pre-edge features. ences, and by the NIH, Biomedical Resource Technology
In summary, we have introduced an interpretation of theProgram, Division of Research Resources.
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