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Evidence of magnetization-dependent polaron distortion in La12xAxMnO3, A5Ca, Pb

C. H. Booth and F. Bridges
Department of Physics, University of California, Santa Cruz, California 95064

G. J. Snyder and T. H. Geballe
Department of Applied Physics, Stanford University, Stanford, California 94305

~Received 29 July 1996!

X-ray-absorption fine-structure measurements at the MnK edge as a function of temperature were per-
formed on La12xCaxMnO3 and La0.67Pb0.33MnO3. All samples have a metal-insulator~MI ! transition near the
ferromagnetic transition, except the Ca0.5 sample, which does not have a MI transition. NearTc for the samples
exhibiting a MI transition, the Debye-Wallers2 for the Mn-O and Mn-Mn atom pairs increases rapidly with
temperature. Since the change ins2 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 MI transition.@S0163-1829~96!51646-2#
be

e
th

e

he

he
rg
ra
e
t

er

fe
ea
ow

ed
p

e

y

e

in
f

r

n
-

Å.
n

by
-
der.
een

bed
th

DF
cale
s

of
re
se
stri-

m
the

d-

hs
re
a-
etic

n of
Although the basic physics behind the connection
tween the ferromagnetic~FM! transition, the conductivity,
and the ‘‘colossal’’ magnetoresistance~CMR! in materials
such as La12xAxMnO3 (A5one of certain divalent metals!
is described by the double-exchange mechanism of Zen1

several features of the CMR materials are inconsistent wi
model that only consists of double exchange.2 Including
spin-polarons and electron-electron interactions can help
plain some features, such as the absolute value ofTc .3 In-
cluding thermal spin fluctuations may account for t
conductivity.4 However, as pointed out by de Gennes,5 cal-
culations of the conductivity may be inaccurate unless t
include lattice interactions. One possibility is that the cha
hopping in the double-exchange model induces structu
polaron formation.2,6 Such a formation would invalidate th
assumption that the mean-free path is independent of
carrier mass, thereby enhancing the spin-spin coupling t
in the double-exchange Hamiltonian.2 If a polaron mecha-
nism is to explain the discrepancies between the CMR ef
with the double-exchange model, polarons must exist at l
aboveTc , and undergo a change in their dynamics bel
Tc with the result that the root-mean-square~rms! displace-
ments of the atoms involved must be significantly reduc
Alternatively, if such changes are not observed, thermal s
fluctuations may be a better description.

Above Tc , the primary form of charge transport will b
hopping, while belowTc the system will be in a metallic
phase. In the former case, a moving charge may carr
lattice distortion along with it~small polaron!, while in the
latter case the lattice will not have time to react or hav
small distortion on a larger scale~large polaron!.

Nonstructural evidence for polaron formation aboveTc is
mounting.7–9 Recent results include: activated behavior
the resistivity7 and thermopower,8 and a large isotope shift o
Tc with high O18 concentration.9

There are also a growing number of structural expe
ments that have shown evidence for polaron distortions
these materials.10–14 Neutron diffraction measurements o
La12xCaxMnO3 (x50.12, 0.21, and 0.25! have shown Jahn
Teller distortions of the O~2! ~planar! atoms, producing three
540163-1829/96/54~22!/15606~4!/$10.00
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Mn-O bond lengths in the planes separated by about 0.02
Both the planar and axial„O~1!… oxygens have changes i
the slope of the rms displacements with temperature atTc in
samples with metal-insulator~MI ! transitions for the O~1!,
O~2!, and La/Ca sites.10

A more compelling measurement should be provided
an experiment than can act as alocal probe, since measure
ments of magnetization do not depend on long-range or
Such probes give information about the correlations betw
atomic positions.11,15 A pair distribution function analysis
~PDF! of the same data as the diffraction analysis descri
above shows an increase of 0.12 Å in the distribution wid
of the Mn-O and O-O pairs.11 Interestingly, the width in
temperature of the transition is much broader in the P
analysis, suggesting that the effect is present on a local s
far away fromTc . Another neutron diffraction study claim
to see an anomalously long Mn-O peak at;2.28 Å, which
shows no temperature dependence, on a sample
La0.67Sr0.33MnO3. Previous x-ray-absorption fine-structu
~XAFS! measurements are qualitatively similar with the
studies, measuring a change in the shape of the Mn-O di
bution acrossTc ,13 and a long Mn-O bond of;2.5 Å.14

This work reports our XAFS results for the Mn-O ato
pair. The data show that the smooth and rapid change in
Debye-Waller broadening parameters2 nearTc for this bond
as seen in PDF experiments11 on A5Ca0.21 and Ca0.25, is
present in our XAFS experiments onA5Ca0.25, Ca0.33, and
Pb0.33. This change is shown to be inconsistent with broa
ening due to thermal phonons. We also measures2 for the
next two near neighbors in the Ca0.25 sample, and find the
changes nearTc are smaller in the Mn-Ca/La scattering pat
than in the Mn-O and the Mn-O-Mn paths, and therefo
appear to mostly involve only the Mn and O atoms. Me
surements of a sample which also has an antiferromagn
transition but no metal-insulator transition (A5Ca0.5) show
no such effects, consistent with the insulating Ca0.12 sample
in the neutron scattering study.

Powder samples were made by the solid-state reactio
various proportions of the elemental oxides MnO, La2O3,
and PbO and the carbonate CaCO3. Further details can be
R15 606 © 1996 The American Physical Society
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54 R15 607EVIDENCE OF MAGNETIZATION-DEPENDENT POLARON . . .
found in Ref. 7. Magnetization vsT for the samples are
shown in Fig. 1.Tc’s ~estimated from 1/2 saturation magn
tization! are 23665 K, 26865 K, and 24165 K for the
A5Ca0.25, Ca0.33, and Pb0.33 samples, respectively. Th
Ca0.5 sample’sTc is 240610 K; it also has a Ne´el tempera-
ture around 210 K.

All absorption measurements were made in the transm
sion mode at the Stanford Synchrotron Radiation Labora
on beamline~BL! 2-3 with Si~220! monochromator crystals
and BL 10-2 with Si~111! crystals. Samples were groun
run through a 30mm sieve and brushed onto scotch tap
Four layers of such tape were stacked to provide sam
with a Mn K-edge step of roughly 0.3. Samples were th
placed in an Oxford helium-flow cryostat. Temperature w
monitored via a sensor on the probe about 2–6 cm from
sample. The temperature was regulated within 0.1 K, but
sample temperature could be as much as 2 K higher than the
nominal temperature, especially for the higher temperatu

Data were reduced following standard procedures.16–18

The XAFS were isolated by defining the parame
x(k)5m(k)/m0(k)21, wherek is the magnitude of the pho
toelectron wave vector,m(k) is the total x-ray absorption
due to the MnK-shell excitation, andm0(k) is the part of
m(k) that does not include the interference of the outgo
part of the photoelectron wave function and the backs
tered part. Although the monochromator crystals were m
than 50% detuned, measurements ofx(k) from BL 2-3 were
slightly lower in amplitude (;3%! than the measuremen

FIG. 1. Magnetization vsT for all samples. The applied field
were ~from top to bottom! 2.5 kOe, 10 kOe, 2.5 kOe, and 5 kO
The magnetization data for the Ca0.50 data has been multiplied b
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from BL 10-2 at the same temperature, presumably fr
second-harmonic contamination. We therefore multiplied
data from BL 2-3 by 1.03 to allow better comparisons of t
two data sets.

Fits to the data utilized theoretical standards as calcula
by FEFF6.19 Theoretical standards~as opposed to standard
obtained experimentally! allow for the measurement of a
absolute broadening factor in the pair-distribution functio
and thus allow for a direct comparison to diffraction resul

Figure 2 shows Fourier transforms~FT! of kx(k) for each
sample measured at 100 K and at 300 K. The first pea
these transforms is due to the Mn-O atom pair, while
broad peak centered near 3.2 Å is really a multipeak w
contributions from Mn-A, Mn-La, and the Mn-Mn pairs. The
main feature to recognize in this figure is that the MI ma
rials, all show a reduction in the Mn-O peak asT is raised
from 100 K to 300 K. Such behavior may indicate asoft
bond with a low Debye temperature, or possibly some ot
kind of change in the structural parameters. On the ot
hand, the Mn-O peak in the La0.5Ca0.5MnO3 data is nearly
unchanged~even near the FM transition!, suggesting a rela-
tively high Debye temperature and no other structu
changes.

We fit each spectrum to standards of Mn-O, Mn-La, M
A, and the multiple scattering Mn-O-Mn path. These pa
were calculated assuming the simple perovskite struc
with no distortions. In particular, the Mn-O-Mn bond ang
was taken to be 180°, even though for some compound
the LaMnO3 series, this angle can be as small as 160°. T

FIG. 2. r -space data of each sample at~solid! T5100 K and
~dotted! T5300 K. Data are transformed from 3.5–14.5 Å21 and
Gaussian broadening by 0.3 Å21.
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angle is expected to be close to 180° for these materia20

The amplitude reduction factorS0
2 ~an overall coefficient not

accounted for by FEFF6! was based on the Mn-O peak fo
each sample and varied between 0.70 and 0.75, assum
oxygens in the Mn-O peak. The Mn-O-Mn path was allow
to have its ownS0

2 of 0.55 to account for any possible chan
in the bond angle and for problems with FEFF6’s multip
scattering calculations.

Fits to the Mn-O peak for the lowest temperature data
very similar for all samples. None of the bond lengt
changed with temperature within the estimated error. T
Mn-O bonds for theA5Ca0.25, Ca0.33, Ca0.5, and Pb0.33are
1.9560.005 Å, 1.9560.005 Å, 1.9260.005 Å, and 1.96
60.005 Å, respectively. These results are consistent w
diffraction studies.10,20,21 Fits to the Mn-O broadening pa
rameter for these data are presented in Fig. 3 and are co
tent with the raw data in Fig. 2, as well as clearly showing
change in the local Mn-O environment. Thes2 from the
La0.5Ca0.5MnO3 data is fit reasonably to a correlated-Deb
model plus static disorder withQD>950 K. Interestingly,
none of the data from the MI materials fits a Debye mo
very well in any temperature range. Each one starts out a
lowest temperatures with as2 lower than the 50% Ca mate
rial ~note that the Ca0.5 results are shifted in Fig. 3!, suggest-
ing a higher Debye temperature or less static disorder. H
ever, asT is increased~but still below the Curie point! s2

increases too sharply to be consistent with such a h
QD . A lower QD would be possible except that an unphy
cally negative amount of static disorder would be necess
to describe the data. Within;40 K of Tc , s2 begins to
climb even more sharply, leveling off about 40 K abo
Tc . This behavior is fundamentally different from the beha

FIG. 3. s2 vs T for the Mn-O peak for all samples measure
The Ca0.5 measurements are shifted down by 0.001 Å2 for clarity.
Error bars indicate reproducibility of the data and fit, and in no w
attempt to estimate systematic errors, which may be as larg
20%. The dotted line shows a correlated-Debye model
QD5950 K with 0.0011 Å2 static broadening, also shifted down b
0.001 Å2.
.
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ior expected for phonon broadening with either a Debye
Einstein model, including static disorder. For these mod
the tangent line to the data always has a positive intercep
straight line though the data in the transition region ha
negative intercept.

Fits to the further neighbor Mn-La, Mn-Ca, and Mn
O-Mn paths for the La0.75Ca0.25MnO3 data are presented i
Fig. 4. The relative intensity of the Mn-La and Mn-Ca sign
could vary widely in the fits; interferences occur which ma
various combinations possible. Therefore, their intensi
were held at a fixed 3:1 ratio, and their bond lengths w
held equal in the fits. The Mn-Ca/La bond length was m
sured to be 3.3860.02 Å and did not change with tempera
ture. All bonds in Fig. 4 show similar increases ofs2 near
Tc . We obtain a rough measure of the size of the increas
s2 by extrapolating the low temperature fits tos2 pastTc
and measuring the maximum difference between the d
and this extrapolation. For the Mn-O bond in the 25%
sample, this increase is approximately 0.0022 Å2, corre-
sponding to an increase ins of 0.047 Å throughTc . ~Note
that s ’s add in quadrature.! If the disorder in the Mn-O pair
is only along thea, b, and c axes, its projection onto the
Mn-Ca/La pair is ;Ds23(r Mn-O /r Mn-La/Ca!

2;0.0022
3(1.93/3.37)250.0007 Å2 ~ignoring any oxygen dimpling!.
The measured size of the anomaly for the Mn-La/Ca pair
in fact, 0.0007 Å2. This analysis suggests that either~a! only
the Mn is distorting~unlikely, given that Mn is nearly 4
times heavier than oxygen, and there is no step in the
thermal parameters in Ref. 10!, or ~b! the Ca does distort, bu
only a fraction of the amount that the oxygens distort.
either case, we conclude that the distortion involves mo
the Mn and O atoms. This conclusion is supported by
0.0028 Å2 jump for the Mn-O-Mn path. This path may hav
a larger step ins2 due to either a change in the correlation
the Mn positions or deviations of the bond angle fro
180°; these data cannot differentiate between these two
sibilities. La-edge data should help further determine the
ture of this disorder.

y
as
r

FIG. 4. s2 vs T for the La0.75Ca0.25MnO3 Mn-O, Mn-La/Ca,
and Mn-O-Mn scattering paths. The vertical dotted line ma
Tc .
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It is interesting to note the similarities between the ma
netization data and thes2 fit results. Each distribution show
a long tail towards low temperature and approximately
same width in the transition region. Considering the m
netic data together with the high (;1000 K! Debye tempera-
ture necessary to describe the XAFS at the lowest temp
tures, we are led to the conclusion that virtuallyall the
temperature dependence demonstrated by the MI materia
magnetic in origin and caused by the degree of localiza
of polarons. At low temperatures and high magnetizatio
the conduction electrons are allowed to hop freely betw
spin-aligned ions, and thus the polarons are effectively d
calized. Contrary to the usual thermal activation of polar
hopping, asT is increased towardsTc and the magnetization
decreases, the polarons encounter more and more resis
in the form of unaligned ion spins and are thus more likely
become trapped, causing more localization and distort
This trend will eventually reverse asT increases.7

Qualitatively, this distortion is consistent with Millis’ pre
diction that the polaron distortion should cause an increas
the width of the distribution of the oxygen atoms nearTc of
order 0.1 Å.2

These data and this analysis are not consistent with a
vious XAFS study.13 In that study, Tysonet al. measured a
drastic change in the shape of the XAFS spectrum betw
T580 K and 273 K, which they interpreted as a change
the Mn-O bond length distribution. As is clear from Fig.
we do not measure a fundamental difference betw
T5100 and 300 K~or anywhere in between!, although there
is an obvious difference in the amount of disorder. In anot
study, Tysonet al. measure a long Mn-O pair at;2.5 Å,14
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which is roughly in agreement with Loucaet al.12 We do see
some evidence for such a peak; however there are sev
other interpretations, including an analysis artifact aris
from FEFF6, and therefore do not include it in this analys
Including this extra peak does not affect the results of t
paper.

In conclusion, this work demonstrates a clear steplike
crease in the width of the Mn-O bond nearTc for samples
with a MI transition and a temperature dependence be
Tc that is related to the magnetization of the sample. Si
diffraction measurements do not show any step in the wi
parameters of any sites~they do show a change in slope
Tc),

10 the steps we have measured in this work can be in
preted as arising from a more negatively correlated chara
in the positions of the atoms in the Mn-O and Mn-Mn pai
In addition, we have shown that most of these displaceme
only involve the Mn and O atoms, as one expects from
polaron distortion. Lastly, we should point out that sin
diffraction measures essentially the same distortions ab
and belowTc , consistent with Jahn-Teller band splitting, th
measurements reported in this work are separate and dis
from a change in the Jahn-Teller distortions.
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