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Evidence of magnetization-dependent polaron distortion in La_,A,MnO3, A=Ca, Pb
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X-ray-absorption fine-structure measurements at thekMadge as a function of temperature were per-
formed on Lg _,Ca,MnO; and L&, Pby 3dMnO5. All samples have a metal-insulat@vll) transition near the
ferromagnetic transition, except the Gasample, which does not have a Ml transition. N€afor the samples
exhibiting a MI transition, the Debye-Waller? for the Mn-O and Mn-Mn atom pairs increases rapidly with
temperature. Since the changedfi for the Ca/La atoms is much smaller, this nonthermal disorder must
involve mainly the Mn and O atoms. These results strongly suggest that small polarons delocalize as the
magnetization increases in materials which exhibit a Ml transi{i60163-18206)51646-3

Although the basic physics behind the connection beMn-O bond lengths in the planes separated by about 0.02 A.
tween the ferromagnetitFM) transition, the conductivity, Both the planar and axialO(1)) oxygens have changes in
and the “colossal”’ magnetoresistan¢EMR) in materials  the slope of the rms displacements with temperatufg; am
such as La_,A,MnO; (A=one of certain divalent metals samples with metal-insulatqiMI) transitions for the @),
is described by the double-exchange mechanism of Zenerd(2), and La/Ca site§
several features of the CMR materials are inconsistent with a A more compelling measurement should be provided by
model that only consists of double exchadgkcluding —an experiment than can act asoaal probe, since measure-
spin-polarons and electron-electron interactions can help exnents of magnetization do not depend on long-range order.
plain some features, such as the absolute valu'éccﬂ In- Such probes give information about the correlations between
cluding thermal spin fluctuations may account for theatomic positions™* A pair distribution function analysis
conductivity* However, as pointed out by de Genflesal-  (PDP of the same data as the diffraction analysis described
culations of the conductivity may be inaccurate unless theyabove shows an increase of 0.12 A in the distribution width
include lattice interactions. One possibility is that the chargeof the Mn-O and O-O pair§: Interestingly, the width in
hopping in the double-exchange model induces structuratemperature of the transition is much broader in the PDF
polaron formatiorf:® Such a formation would invalidate the analysis, suggesting that the effect is present on a local scale
assumption that the mean-free path is independent of thiar away fromT.. Another neutron diffraction study claims
carrier mass, thereby enhancing the spin-spin coupling ter® see an anomalously long Mn-O peak-a2.28 A, which
in the double-exchange Hamiltoniarf a polaron mecha- shows no temperature dependence, on a sample of
nism is to explain the discrepancies between the CMR effedtag :Srp 3MNO3. Previous x-ray-absorption fine-structure
with the double-exchange model, polarons must exist at leagkAFS) measurements are qualitatively similar with these
aboveT., and undergo a change in their dynamics belowstudies, measuring a change in the shape of the Mn-O distri-
T, with the result that the root-mean-squdrms) displace- bution acrossl, ,Y¥and a long Mn-O bond of-2.5 A
ments of the atoms involved must be significantly reduced. This work reports our XAFS results for the Mn-O atom
Alternatively, if such changes are not observed, thermal spipair. The data show that the smooth and rapid change in the
fluctuations may be a better description. Debye-Waller broadening parametet nearT, for this bond

Above T., the primary form of charge transport will be as seen in PDF experimehton A=Cag,; and Cg s, is
hopping, while belowT, the system will be in a metallic present in our XAFS experiments én=Cayg 55, Cag 33, and
phase. In the former case, a moving charge may carry &bg33. This change is shown to be inconsistent with broad-
lattice distortion along with i{small polaron, while in the  ening due to thermal phonons. We also meastfréor the
latter case the lattice will not have time to react or have anext two near neighbors in the gg sample, and find the
small distortion on a larger scaltarge polaron changes nedr. are smaller in the Mn-Ca/La scattering paths

Nonstructural evidence for polaron formation abdyeis  than in the Mn-O and the Mn-O-Mn paths, and therefore
mounting’~° Recent results include: activated behavior inappear to mostly involve only the Mn and O atoms. Mea-
the resistivity and thermopowetand a large isotope shift of surements of a sample which also has an antiferromagnetic
T, with high O;4 concentratior. transition but no metal-insulator transitioA€Cay ) show

There are also a growing number of structural experi-no such effects, consistent with the insulating,Gasample
ments that have shown evidence for polaron distortions inn the neutron scattering study.
these material®'* Neutron diffraction measurements on  Powder samples were made by the solid-state reaction of
La;_,CaMnO3 (x=0.12, 0.21, and 0.3%ave shown Jahn- various proportions of the elemental oxides MnO,,0a,
Teller distortions of the @) (planay atoms, producing three and PbO and the carbonate CagC®urther details can be
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FIG. 1. Magnetization vd for all samples. The applied fields FIG. 2 . _

. 2. r-space data of each sample (ablid T=100 K and
were (from top to bottorp 2.5 kGe, 10 kOe, 2.5 kOe, an_d .5 kOe. (dotted T=300 K. Data are transformed from 3.5-14.5 Rand
The magnetization data for the gg data has been multiplied by Gaussian broadening by 0.3 A
15. o

from BL 10-2 at the same temperature, presumably from

found in Ref. 7. Magnetization v§ for the samples are second-harmonic contamination. We therefore multiplied the
shown in Fig. 1.T.'s (estimated from 1/2 saturation magne- data from BL 2-3 by 1.03 to allow better comparisons of the
tization are 236-5 K, 268+5 K, and 2415 K for the two data sets.
A=Cay,5, Capi3, and Pl 33 samples, respectively. The Fits to the data utilized theoretical standards as calculated
Cag s sample’sT, is 240+ 10 K; it also has a Nel tempera- by FEFF6!° Theoretical standardss opposed to standards
ture around 210 K. obtained experimentallyallow for the measurement of an

All absorption measurements were made in the transmisabsolute broadening factor in the pair-distribution function,
sion mode at the Stanford Synchrotron Radiation Laboratorand thus allow for a direct comparison to diffraction results.
on beamling(BL) 2-3 with Si{220) monochromator crystals Figure 2 shows Fourier transfornisT) of ky (k) for each
and BL 10-2 with S{111) crystals. Samples were ground, sample measured at 100 K and at 300 K. The first peak in
run through a 30um sieve and brushed onto scotch tape.these transforms is due to the Mn-O atom pair, while the
Four layers of such tape were stacked to provide sampldsroad peak centered near 3.2 A is really a multipeak with
with a Mn K-edge step of roughly 0.3. Samples were thencontributions from MnA, Mn-La, and the Mn-Mn pairs. The
placed in an Oxford helium-flow cryostat. Temperature wagmain feature to recognize in this figure is that the Ml mate-
monitored via a sensor on the probe about 2—6 cm from theals, all show a reduction in the Mn-O peak &ss raised
sample. The temperature was regulated within 0.1 K, but thétom 100 K to 300 K. Such behavior may indicatesaft
sample temperature could be as must2& higher than the bond with a low Debye temperature, or possibly some other
nominal temperature, especially for the higher temperature«ind of change in the structural parameters. On the other

Data were reduced following standard proceddfe®  hand, the Mn-O peak in the laCa, MnO; data is nearly
The XAFS were isolated by defining the parameterunchangedeven near the FM transitignsuggesting a rela-
x(K)= (k) no(k) — 1, wherek is the magnitude of the pho- tively high Debye temperature and no other structural
toelectron wave vectory (k) is the total x-ray absorption changes.
due to the MnK-shell excitation, andguq(k) is the part of We fit each spectrum to standards of Mn-O, Mn-La, Mn-
n(k) that does not include the interference of the outgoingA, and the multiple scattering Mn-O-Mn path. These paths
part of the photoelectron wave function and the backscatwere calculated assuming the simple perovskite structure
tered part. Although the monochromator crystals were moravith no distortions. In particular, the Mn-O-Mn bond angle
than 50% detuned, measurementy (k) from BL 2-3 were  was taken to be 180°, even though for some compounds in
slightly lower in amplitude ¢ 3%) than the measurements the LaMnQ; series, this angle can be as small as 160°. This
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and Mn-O-Mn scattering paths. The vertical dotted line marks

FIG. 3. o2 vs T for the Mn-O peak for all samples measured. Te-
The Cg s measurements are shifted down by 0.002f8r clarity.
Error bars indicate reproducibility of the data and fit, and in no wayior expected for phonon broadening with either a Debye or
attempt to estimate systematic errors, which may be as large @instein model, including static disorder. For these models,
20%. The dotted line shows a correlated-Debye model forthe tangent line to the data always has a positive intercept. A
©p=950 K with 0.0011 & static broadening, also shifted down by straight line though the data in the transition region has a
0.001 A% negative intercept.

Fits to the further neighbor Mn-La, Mn-Ca, and Mn-
angle is expected to be close to 180° for these matéfials. O-Mn paths for the Lg,<Cay,dMnO4 data are presented in
The amplitude reduction fact@®j (an overall coefficient not  Fig. 4. The relative intensity of the Mn-La and Mn-Ca signal
accounted for by FEFF6vas based on the Mn-O peak for could vary widely in the fits; interferences occur which make
each sample and varied between 0.70 and 0.75, assumingvérious combinations possible. Therefore, their intensities
oxygens in the Mn-O peak. The Mn-O-Mn path was allowedwere held at a fixed 3:1 ratio, and their bond lengths were
to have its owrSS of 0.55 to account for any possible change held equal in the fits. The Mn-Ca/La bond length was mea-
in the bond angle and for problems with FEFF6’s multiple sured to be 3.380.02 A and did not change with tempera-
scattering calculations. ture. All bonds in Fig. 4 show similar increases @f near

Fits to the Mn-O peak for the lowest temperature data ard .. We obtain a rough measure of the size of the increase in
very similar for all samples. None of the bond lengthso? by extrapolating the low temperature fits & pastT,
changed with temperature within the estimated error. Thend measuring the maximum difference between the data
Mn-O bonds for theA=Cay ,5, Cag 33, Cags, and Ply szare  and this extrapolation. For the Mn-O bond in the 25% Ca
1.95+0.005 A, 1.95-0.005 A, 1.92-0.005 A, and 1.96 sample, this increase is approximately 0.0023, &orre-
+0.005 A, respectively. These results are consistent witlsponding to an increase in of 0.047 A throughT,. (Note
diffraction studies?*?! Fits to the Mn-O broadening pa- thato’s add in quadraturglf the disorder in the Mn-O pair
rameter for these data are presented in Fig. 3 and are consis-only along thea, b, andc axes, its projection onto the
tent with the raw data in Fig. 2, as well as clearly showing aMin-Ca/La  pair is ~Ao?X (ryn-o/f wn-La/ca*~ 0.0022
change in the local Mn-O environment. The from the X (1.93/3.37¥=0.0007 A? (ignoring any oxygen dimpling
Lag sCag sMnO 3 data is fit reasonably to a correlated-Debye The measured size of the anomaly for the Mn-La/Ca pair is,
model plus static disorder witkd ;=950 K. Interestingly, in fact, 0.0007 &. This analysis suggests that eitfier only
none of the data from the MI materials fits a Debye modelthe Mn is distorting(unlikely, given that Mn is nearly 4
very well in any temperature range. Each one starts out at thémes heavier than oxygen, and there is no step in the Mn
lowest temperatures with @ lower than the 50% Ca mate- thermal parameters in Ref. @r (b) the Ca does distort, but
rial (note that the Cgs results are shifted in Fig.)3suggest- only a fraction of the amount that the oxygens distort. In
ing a higher Debye temperature or less static disorder. Howeither case, we conclude that the distortion involves mostly
ever, asT is increasedbut still below the Curie pointoe®  the Mn and O atoms. This conclusion is supported by the
increases too sharply to be consistent with such a higl.0028 A2 jump for the Mn-O-Mn path. This path may have
0Op. Alower ® would be possible except that an unphysi- a larger step inr® due to either a change in the correlation of
cally negative amount of static disorder would be necessarthe Mn positions or deviations of the bond angle from
to describe the data. Within-40 K of T., o? begins to  180°; these data cannot differentiate between these two pos-
climb even more sharply, leveling off about 40 K above sibilities. La-edge data should help further determine the na-
T.. This behavior is fundamentally different from the behav-ture of this disorder.



54 EVIDENCE OF MAGNETIZATION-DEPENDENT POLAR®! . .. R15 609

It is interesting to note the similarities between the mag-which is roughly in agreement with Louea al}?> We do see

netization data and the? it results. Each distribution shows some evidence for such a peak; however there are several
a long tail towards low temperature and approximately theother interpretations, including an analysis artifact arising
same width in the transition region. Considering the magfrom FEFF6, and therefore do not include it in this analysis.
netic data together with the high-(1000 K) Debye tempera- Including this extra peak does not affect the results of this
ture necessary to describe the XAFS at the lowest temper&apPer. _ _ L
tures, we are led to the conclusion that virtuadj the In conclusion, this work demonstrates a clear steplike in-
temperature dependence demonstrated by the MI materials‘?éer?se in the width of the Mn-O bond negy for samplesl
magnetic in origin and caused by the degree of localizatioff'!th @ MI transition and a temperature dependence below
of polarons. At low temperatures and high magnetizations, ¢ that is related to the magnetization of the sample. Since

the conduction electrons are allowed to hop freely betweeﬁg‘;ﬁ%ﬁgr?sle;;egfgﬁego dgoéﬁng‘;ac?]gﬁgipi:]n Stlr:)%;‘”gtth
spin-aligned ions, and thus the polarons are effectively delo% " 10 AR e
calized. Contrary to the usual thermal activation of poIaroOTC , _ the steps we have measured in this work can be inter

oD Tisi dt 4. and th tizati npreted as arising from a more negatively correlated character
opping, asl IS Increéased towards, and the magnetizalion i, yhe nositions of the atoms in the Mn-O and Mn-Mn pairs.

Qecreases, the pqlarong encqunter more and more r,eS'Starfﬁ%ddition, we have shown that most of these displacements
in the form of unaligned ion spins and are thus more likely toonly involve the Mn and O atoms, as one expects from a
be_come trapped, causing more Iocgllzanon and dIStort'orbolaron distortion. Lastly, we should point out that since

This trend will eventually reverse &increases. diffraction measures essentially the same distortions above

Qualitatively, this distortion is consistent with Millis’ pre- and belowT,, consistent with Jahn-Teller band splitting, the

diction that the polaron distortion should cause an increase iy o 4qrements reported in this work are separate and distinct
the width of the distribution of the oxygen atoms né&arof from a change in the Jahn-Teller distortions

order 0.1 A?
These data and this analysis are not consistent with a pre- We wish to thank G. Kwei for useful discussions and
vious XAFS study*® In that study, Tysoret al. measured a  assistance in collecting the data. The experiments were per-
drastic change in the shape of the XAFS spectrum betweeformed at the Stanford Synchrotron Radiation Laboratory,
T=80 K and 273 K, which they interpreted as a change inwhich is operated by the U.S. Department of Energy, Divi-
the Mn-O bond length distribution. As is clear from Fig. 2, sion of Chemical Sciences, and by the NIH, Biomedical Re-
we do not measure a fundamental difference betweesource Technology Program, Division of Research Re-
T=100 and 300 Kor anywhere in betwegnalthough there sources. The experiment was partially carried out on UC/
is an obvious difference in the amount of disorder. In anotheNational Laboratories PRT beam time. The work was

study, Tysoret al. measure a long Mn-O pair at2.5 A  supported in part by NSF Grant No. DMR-92-05204.
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