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We present detailed local structure measurements �using the extended x-ray absorption fine structure tech-
nique� for the colossal magnetoresistive material La1−xCaxMnO3 �0.21�x�0.45� as a function of temperature
and magnetic field. The local distortions of the Mn-O bonds are parameterized using �, the width of the Mn-O
pair-distribution function �PDF�. After subtracting thermal phonon contributions, we show that the contribu-
tions to �2 from polaron and Jahn-Teller �JT� distortions, �JT/polaron

2 , are a universal function of the magneti-
zation, independent of how the magnetization is achieved via changes in temperature or magnetic field.
However this universal behavior is only observed for B fields�2 T, likely as a result of domain canting in
low B fields. The resulting curve is well described by two straight lines with significantly different slopes.
These regimes represent two distinctly differ distortions of the oxygen octahedra about the Mn. For low
magnetizations up to �65% of the theoretical maximum magnetization, MT, the slope is low and the distortion
removed as the sample becomes magnetized is small—we argue this arises from polarons which have a low
distortion around two �or possibly three� Mn sites. At high magnetizations large distortions per Mn site are
removed as these sites become magnetized. The data are also analyzed in terms of a two Mn-O peak distri-
bution using experimental standards for Mn-O. The results agree well with recent neutron PDF results but not
with some earlier results. We discuss the limitations of assuming a two peak distribution in view of the two
distortions needed to describe the Mn-O distortions as a function of T and B for B�2 T. It is likely that there
is a distribution of longer bonds. Finally we show that with increasing B field, the Mn-Mn peak also has a small
B-field-induced change—a measure at the unit cell level of magnetostriction but find that there is no observable
B-field-induced change in the Mn-La/Ca pair distribution for fields up to �10 T.
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I. INTRODUCTION

Since the discovery of “colossal” magnetoresistance
�CMR�,1 there has been extensive interest in manganites such
as La1−xCaxMnO3 �LCMO�. Although the end compounds
LaMnO3 and CaMnO3 are antiferromagnetic �AFM�, the
CMR manganites are ferromagnetic �FM�, and exhibit metal-
lic conductivity in the FM phase, with a metal-insulator tran-
sition close to the FM transition temperature Tc.

2–4 For
LCMO, CMR is observed over the concentration range, ap-
proximately 0.2�x�0.5.2,5

The generally accepted ferromagnetic coupling mecha-
nism in the manganites is called “double exchange” �DE�,
first introduced by Zener6 and later expanded by others.7,8 In
Zener’s original model he explicitly assumed that no lattice
distortions were present and such distortions were also ini-
tially ignored by others. However, in the mid 1990s it was
proposed that Jahn-Teller �JT� distortions must play a role to
explain the large change observed in the CMR.9–12 It is well
known that LaMnO3 has a large JT distortion—the Mn+3 ion
has one eg electron and hence is JT active with roughly four
shorter bonds and two longer bonds.13,14 In contrast, the
Mn+4 ion in CaMnO3 has no eg electron and no JT
distortions;15 the six Mn-O bonds are nearly equal, within
�0.01 Å. A crucial question is—what happens in the doped
crystal La1−xCaxMnO3, which naïvely one might think of as a
mixture of Mn+3 and Mn+4 sites? The holes introduced by Ca
doping form polarons but the nature of this polaron is still

not well defined—how many sites it covers and the distor-
tions of those sites has not been explored in detail.

Over the last decade, many authors have observed signifi-
cant local structure changes in the Mn-O pair distribution as
a function of temperature using both extended x-ray absorp-
tion fine structure �EXAFS� spectroscopy16–25 and neutron or
x-ray pair-distribution function �PDF� analysis.26–30 These
investigations show that within the CMR regime, the average
JT distortions at low T are very small ��0 for some
samples�, but grow rapidly as T approaches Tc. Above Tc the
average JT distortions are constant. Within a two-peak fit of
the Mn-O distribution there are different, inconsistent reports
as to the length of the long Mn-O bonds.21,29,30 �We will
revisit this two-peak model using experimental EXAFS stan-
dards for the Mn-O pair.�

In addition to the observed CMR near Tc, the manganites
also exhibit magnetostriction �a change in the unit-cell size
in an applied field� over a comparable temperature range
around Tc.

31–37 Early EXAFS studies38–41 have also shown a
small B-field-induced change in the Mn-O distortion at 1 T
but the effect is too small at 1 T to explore the field depen-
dence in depth.

Our first detailed study of the local structure as a function
of applied B field up to �10 T, considered only two con-
centrations 0.21 and 0.3 �Ref. 24� and suggested that there is
a nearly universal relationship between the excess �nonther-
mal� broadening of the Mn-O pair distribution function
��JT/polaron is this excess width� and the sample magnetiza-
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tion. Here, we present a detailed EXAFS study as a function
of temperature and magnetic field �up to �10 T� over the
CMR range for La1−xCaxMnO3�0.21�x�0.45�. These re-
sults now show a completely universal relationship between
the nonphonon Mn-O local disorder and magnetization; that
is, we will show that �JT/polaron

2 only depends on the fraction
of magnetized sites, M /MT, where MT is the maximum mag-
netization. This functional relationship between �JT/polaron

2

and M /MT is independent of how the magnetization is pro-
duced, either by lowering the temperature or by applying an
external magnetic field, or both. Note however that to have
magnetization saturation �i.e., no canting of local domains�
such that M is a measure of all the magnetized sites, requires
a B field above approximately 0.4 T.24,42 Consequently this
universality only exists for high B fields—for the measure-
ments we have made, for B�2 T.

Dimeron model

The plots of �JT/polaron
2 vs M discussed in Sec. III on page

8 show clearly that there are two distinct types of local dis-
tortion that exist near and above Tc, as reported earlier.24 We
associate the smaller of these local distortions with the mo-
bile polarons for temperatures at which some JT distortions
still exist, and refer to this type of polaron as a “dimeron;”24

this model is described in more detail here. Although it likely
will need to be revised/modified, it is a useful working
model, as it has many of the local structure features that we
observe in our data and is also consistent with a few other
measurements. JT distortions have been considered in many
theoretical calculations, but a low distortion, two-site quasi-
particle �polaron� has not been explicitly included to our
knowledge.

Consider La0.70Ca0.30MnO3 above Tc as an example; 70%
of the Mn sites are occupied by one eg electron while eg
orbitals on 30% of the Mn sites must be vacant. Also, be-
cause of the large Hubbard U and Hund’s rule coupling,
double occupation of the t2g and eg orbitals is prohibited. If
hopping were very slow and only distorted �1 eg
electron—Mn+3� or undistorted �no eg electron—Mn+4� sites
existed, the distorted sites would have a large JT splitting
while the undistorted sites would have no JT splitting. Then
the difference in JT energies forms a very large barrier for
activated hopping. When an electron on occupied �distorted�
site 1, hops to a vacant �undistorted� site, 2, the now occu-
pied site 2 begins to distort, while site 1 which is now va-
cant, begins to undistort. The relaxation of the O positions
about the Mn sites take place rapidly, on optical phonon time
scales—�10−13 s; the electron states follow adiabatically.
As the two Mn sites relax toward their new equilibrium local
structures �one distortion increasing the other decreasing�,
the JT distortions about each site may become comparable.
Then the two sites would have approximately the same JT
energies, there would be little or no energy barrier for hop-
ping between the sites, and electron hopping between them
would be very fast. There will be some small quasiequilib-
rium distortion on each site. A cartoon of this model is
shown in Fig. 1. We call this local quasiparticle, with one eg
electron shared over two Mn sites, a dimeron and argue that

once established it would be fairly stable as the barriers sur-
rounding it are large. However over time scales long com-
pared to phonons, it will move via activated hopping to ac-
count for the observed transport.43–45

The formation and reformation of the dimeron as it moves
through the lattice is a statistical process and at a given in-
stant not all vacant sites may be paired with an electron site
in this way. However our data suggest that a large fraction of
the holes introduced via Ca doping do form a low distortion
polaron. The dimeron is the smallest unit that allows both a
rapid back-and-forth hopping, and a greatly reduced local
distortion. Note that it is statistically less probable that three
sites would be coupled this way but we cannot exclude the
possibility that a few polarons cover more than two sites.
Also note that the rapid back-and-forth hopping will promote
the double exchange FM coupling proposed by Zener6 and
the two spins should be parallel. Thus the dimeron will also
have some properties of magnetic polarons.46,47 To summa-
rize, the dimeron is a low distortion quasiparticle in a sea of
highly distorted sites. When one includes the O neighbors
about the two Mn sites that determine the local JT distor-
tions, the size of the dimeron quasiparticle is about 8 Å. We
discuss other evidence for such quasiparticles in the discus-
sion section.

In the sense that the polarons �dimerons� in LCMO have a
low distortion,20 they are in some ways the opposite of the
usual polaron which has a small local distortion in a lattice
with no other distortions except thermal phonons. In fact
Billinge48 has referred to the polaron in LCMO as an“anti-
polaron” because of this reduced distortion.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of La1−xCaxMnO3 were prepared
from 99.99% purity �or better� La2O3, CaCO3, and MnO2.
La2O3 was dried for 16 h at 500 °C prior to use. The starting
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FIG. 1. A cartoon model of the dimeron; the Mn sites are indi-
cated by black solid circles; and O atoms not shown. The shaded
oval represents one electron that is shared between the middle two
Mn sites. The Mn-O bond lengths �solid lines� on each of these sites
are not quite equal; however the distortions on these two sites are
comparable such that the small JT splitting of the eg levels �depicted
below� are the same. In contrast the distortion �not shown� of the
Mn-O bonds for the two neighboring Mn atoms �left and right�,
which each have one eg electron, are larger and lead to large JT
splittings of the eg levels. Because of the significant difference in JT
energies, there is a large barrier for an electron in the lowest eg level
on the left or right Mn sites, to hop onto the middle �dimeron� sites.
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materials were weighed and mixed with an agate mortar and
pestle for at least 6 min followed by reaction at 1100 °C for
20 h. The samples were then reground for at least 6 min
followed by reaction at 1300 °C for 20 h. This step was
repeated four times with reaction temperatures of 1350 °C,
for the first time, and 1375 °C thereafter. Finally, the
samples were reground for 6 min, pressed into pellets, and
reacted for 30 h at 1375 °C. Samples with x=0.30, 0.40, and
0.45 were cooled at 2 °C /min to room temperature. The x
=0.21 sample was removed from the furnace at 1200 °C to
limit the absorption of oxygen. The average Mn valence was
determined by iodometric titration to be 3.214�5�, 3.292�5�,
3.400�5�, and 3.445�5� for x=0.21, 0.30, 0.40, and 0.45, re-
spectively. All samples were characterized using powder
x-ray diffraction and determined to be single phase.

To make XAFS samples, the pressed pellets were re-
ground, passed through a 400-mesh sieve, and then brushed
onto scotch tape which preferentially holds the smaller
grains ��5 �m� in a thin layer. Two pieces of tape �double
layer� were pressed together to encapsulate the fine powder.
Two or three double layers of tape were then stacked to-
gether for the EXAFS measurement to obtain an absorption
step at the Mn K edge �0.5 for each sample.

EXAFS data were collected at the Mn K edge as a func-
tion of temperature �from 4 to �300–400 K� and magnetic
field �up to �8–11 T� for each of four samples �x=0.21,
0.3, 0.4, and 0.45�. At SSRL �x=0.21 and 0.3�, we used
Si�111� monochromator crystals and a 0.7-mm slit height to
obtain an energy resolution of �1.2 eV; the monochromator
was detuned 50% to minimize harmonics. For the SSRL
magnet the data were limited to k�12 Å−1 because of Fe
contamination in the Be window. At NSLS �x=0.4 and 0.45�,
a Si�111� monochromator with toroidal focusing mirror was
used on beamline X19A; the energy resolution was
�1.3 eV. Here the detuning was also 50%. Data were col-
lected for both increasing and decreasing magnetic fields—
no evidence for hysteresis was observed. Three or four scans
were collected at each T �and B field� for each sample. For
the B field measurements, the field was aligned parallel to the
tape layers such that the demagnetization factor is negligible.

The magnetization was measured using a vibrating
sample magnetometer which is an option in a Quantum De-
sign physical-properties-measurement system. Data were ac-
quired in constant magnetic field while sweeping the tem-
perature at less than 1 K/min. Again to minimize the
demagnetization factor, the data were collected on long
sample rods with the B field parallel to the rod axis.

A. EXAFS background and data-reduction procedures

The EXAFS oscillations above an x-ray absorption edge
provide local structure information about the atom
investigated—here about Mn. The absorption, �, for the
Mn K edge �after other absorption contributions have been
subtracted� is given by49

��E� = �o�E��1 + 	�E�� , �1�

where �o is the embedded atom absorption for Mn and 	
describes the oscillations of the absorption above the edge,

produced by backscattering of the photoelectron from neigh-
boring atoms. The energy is converted to k space �k
=�2m�E−Eo� /
�0.512�E−Eo; where k is in Å−1 and E is
in eV�, to yield the EXAFS equation for k	�k� given by

k	�k� = �
i

k	i�k�

= Im�
i

Ai�
0

�

Fi�k,r�
gi�r0i,r�ei�2kr+2�c,i�k�+�b,i�k��

r2 dr

Ai = NiS0
2. �2�

Here gi�r0i ,r� is the pair-distribution function for neighbors
at r0i from the central atom �Mn�, �c,i�k� and �b,i�k� are the
central and backscattering phase shifts, and Fi�k ,r� is the
backscattering amplitude. The coordination number Ni and
the amplitude reduction factor, S0

2, �multielectron effects� are
constants—independent of T or B; Ni is taken from the struc-
ture and S0

2 is determined at low T.
The first step in the data reduction is to remove the ab-

sorption from other atoms and other edges. This background
was removed using a fourth order polynomial fit of the pre-
edge region between 6320–6535 eV and constrained for en-
ergies above the Mn K edge such that the data followed the
Victoreen50–52 formula. A straight line was fit through the
data between 6600–7100 eV to determine the edge step
height, which was then used to normalize the data. Above the
edge, the embedded atom absorption, �o, was approximated
by a sum of cubic splines with 5 knots �4 splines� up to k
=12 Å−1 for the 21% and 30% Ca samples, and 6 knots up
to k of 14 Å−1 for the 40% and 45% Ca samples.

Our fits are carried out in r space—obtained by a Fourier
transform of k	�k� �FT k	�k��. Peaks in the r-space plots
correspond to various shells of neighbors. In our fits we will
use a Gaussian distribution function �or in some cases a sum
of Gaussians� for each shell of neighbors; the distribution
width, �, describes the disorder for that pair distance. An
additional parameter, E0, which describes the difference in
edge energy between the value defined for the data �arbi-
trarily set at the half edge height energy� and the theoretical
functions �for which k=0 at E0�, is also needed, and deter-
mined at low temperatures from an average over six or more
scans. It is kept constant in subsequent fits for higher T or
applied B field.

B. Magnetization data

A major focus of this paper is to correlate changes in the
local structure with the sample magnetization. To do so we
need magnetization plots as a function of T for various ap-
plied magnetic fields �along the axis of a thin-rod sample�.
These data are show in Fig. 2 for the four samples. The fields
were chosen to be the same as used later in the EXAFS
experiments. The main features of these data are: �1� above
B�0.4 T, the magnetization is saturated for all samples; �2�
the transition region spreads out as B increases �becomes a
crossover� for a range of temperatures near Tc. This is the
range in T for which magnetostriction is observed.
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III. TRENDS IN THE EXAFS DATA

Examples of the k-space data, k	�k�, after the pre-edge
and embedded atom backgrounds have been removed and
the energy has been converted to k space �see Sec. II A�, are
shown in Fig. 3�a�. The data were then FT to r space using a
Tukey window �constant amplitude with Gaussian tails� over
a k range of 3.5–11.3 Å−1, with a Gaussian broadening of
0.3 Å−1. The corresponding r-space data for 30% Ca, are
shown in Fig. 3�b�. In such plots, each peak represents a
shell of neighbors about Mn. The first peak at �1.5 Å cor-
responds to the nearest O atoms; the next double �overlap-
ping� shell is comprised of Mn-La, Mn-Sr, Mn-Mn, and
some multiscattering peaks. As the temperature increases, the
r-space amplitude decreases significantly, particularly for the
first Mn-O peak where most of the change occurs between
200 and 265K �see Fig. 3�b��. This amplitude decrease indi-
cates that the disorder of the Mn-O bonds increases �i.e., the
width, �, of the Mn-O PDF increases�; the change is largest
near Tc. Similar but smaller changes are observed for other
atom-pair-distribution functions.

Although some thermal phonon broadening is expected
for the MnO6 octahedra, most of the large disorder of the
Mn-O bonds �above Tc� has been attributed to the presence
of large Jahn-Teller distortions when a single localized eg
electron is present on many Mn sites. This Jahn-Teller dis-
tortion disappears as the sample becomes magnetized �either
at lower temperatures or in higher applied magnetic fields�
when the electrons hop faster than phonon frequencies and
the lattice can no longer respond.

In Fig. 4 we plot the Mn K edge r-space data as a function
of B field for the 30% Ca sample for a fixed temperature, 270
K, just above Tc�262 K. In contrast to the T dependence,
the amplitude of the first peak increases in amplitude as B
increases. This indicates that the disorder of the Mn-O

bonds, and hence the value of �, has decreased as the B field
forces more of the sample into the itinerant magnetic phase.
Similar results are observed for the other Ca concentrations.

In addition, Fig. 4 also shows a small B-field-induced
change near 3.5 Å �the high-r shoulder of the second neigh-
bor peak between 3 and 4 Å� which corresponds to the
Mn-Mn pair-distribution function. This provides direct ex-
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FIG. 2. �Color online� The magnetization as a function of T at
several applied B fields, for the four samples �x=0.21,0.30, 0.40,
and 0.45�. For fields �2.0 T the magnetization is saturated at low
T. The hole concentration y obtained via titration is listed and MT is
the theoretical saturation spin magnetization for the given value of
y. The solid horizontal line is the position of the break point dis-
cussed in the EXAFS section.

FIG. 3. �Color online� The k-space �top� and r-space �bottom�
data for the Mn K edge in La0.70Ca0.30MnO3 as a function of tem-
perature with B=0 T. As the temperature increases, the amplitude
of both the k-space and r-space data decreases. In the r-space data
�here and in later r-space plots�, the fast oscillation is the real part
of the Fourier transform �FTR� while the envelope is
��FTR

2+FTI
2, where FTI is the imaginary part of the transform.

The FT used a k range of 3.5–11.3 Å−1 with a Gaussian broaden-
ing of 0.3 Å−1.

FIG. 4. �Color online� The r-space data as a function of mag-
netic field B for the Mn K edge in La0.70Ca0.30MnO3 at 270 K, just
above Tc�	262 K�.
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perimental evidence for magnetostriction in CMR materials,
mentioned in Sec. I. As the magnetic field increases, the
Mn-O distortion decreases, shortening the Mn-Mn distance
and reducing the lattice constant. In contrast, there is no ob-
served B-field-induced change for the main peak near 3.2 Å
which corresponds mainly to the Mn-La pair-distribution
function, indicating that the Mn-La pair distribution is unaf-
fected by the applied magnetic field.

The B-field-induced changes can more easily be seen in
the difference data plotted in Figs. 5 and 6. Figure 5 shows
difference data relative to 20 K, 0 T �i.e., Data �T , B�-Data
�20 K, 0 T�� as a function of field for La0.70Ca0.30MnO3 at
three different temperatures: low T �80 K�, near Tc �270 K�,
and high T �416 K�. The 20 K, 0 T data have been rescaled to
fit the vertical axis and are shown as a dotted line to provide
a reference for where the differences occur relative to the
r-space spectrum. Note that the 80 K data are shown on a
smaller vertical scale �factor of 5� and the apparent differ-
ences with field are close to the experimental error. Thus,
there is no significant difference as a function of B field far
away from Tc �at 80 or at 416 K, see Fig. 5�. However, there
is a large B-field-induced change near Tc for the nearest
Mn-O peak near 1.5 Å and a smaller but measurable
B-field-induced change for the Mn-Mn peak near 3.4 Å �see
Fig. 5: middle�. The lack of any significant B-field-induced
change for the Mn-La peak near 3.1 Å is very clear in the
difference data.

The same type of difference data �Data �T , B�-Data �20
K, 0 T��, but now only for T near Tc, are plotted in Fig. 6 as
a function of field for each sample. Each plot shows the same
general behavior. There is a large B-field-induced change for
the Mn-O and a moderate change for the Mn-Mn peaks with
the x=0.3 sample showing the largest overall change.

Details of the fits

To extract detailed structural information from the data,
we fit it to a sum of known pair-distribution functions, re-
ferred to as “standards;” these are first calculated using
FEFF8.53 We start with a fit to only the Mn-O peak.

Mn-O peak

For the Mn-O distribution, we chose a simplified model of
a single Gaussian peak to represent the Mn-O distribution.
This provides a single parameter to represent the distortion
for comparison with the sample magnetization. In this
model, the width ��� of the Gaussian distribution function is
a direct measure of the average distortion of all the Mn-O
bonds and provides the ability to directly correlate changes
in the distortion �as a function of temperature or magnetic
field� with the sample magnetization. Other authors21,30 have
used multiple Mn-O peaks to try to determine further details
of the Mn-O distortion but then there is not a single param-
eter available to compare with magnetization. As we will see
in Sec. IV, the first Mn-O peak can indeed be fit with two
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FIG. 5. �Color online� Difference data relative to 20 K, 0 T �i.e.,
Data �T , B�-Data �20 K, 0 T�� for La0.70Ca0.30MnO3 as a function
of applied magnetic field at three different temperatures. Top—80 K
�note the smaller vertical scale�; middle—270 K �near Tc�; and
bottom—416 K. The 20 K, 0 T data are shown in the background as
a dotted line �rescaled to fit� to provide a reference for where the
differences occur relative to the original data. The atom-pair posi-
tions are marked by solid vertical lines.
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FIG. 6. �Color online� Similar difference data �Data
�T , B�-Data �20 K, 0 T�� for T near Tc as a function of field for
each of the four samples collected in a magnetic field �x=0.21,
0.30, 0.40, and 0.45�. The low temperature, zero-field data �rescaled
to fit� are shown as a dotted line to provide a reference for where
the differences occur relative to the original data.
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peaks—one at a short distance �	1.93 Å�, representing the
undistorted sites when a hole is present and also the short
bonds of the distorted sites; and a second peak at a longer
distance �	2.07 Å�, representing the long bonds of the dis-
torted sites. Then, by applying a series of constraints to keep
the parameters within physical limits, the fraction of long
bonds, extracted as a function of temperature or magnetic
field can be used as the single parameter needed to correlate

with magnetization. The results of both fitting models pro-
duce similar results.

The initial results published in Ref. 24 used a single
Mn-O standard function calculated with FEFF6—a sum of
three peaks with slightly different bond lengths, using the
structure of La0.667Ca0.333MnO3 given by diffraction.54 The
amplitude of the Mn-O peak �A=NS0

2� was constrained to 4.2
�similar to earlier studies20,22,38,55�, where N=6 for the near-
est oxygen neighbor and S0

2=0.7. E0 was constrained to the
value at low temperature and only the r shift and � were
allowed to vary.

However, this fitting model had a minor inconsistency.
Although it has no significant effect on the earlier results, it
led us to improve the fitting model for the more recent high
field data �the earlier data for 21 and 30% were also refit
using the new model for consistency�. The main problem
was that at the lowest temperatures, � was consistently a bit
too small, i.e., �2 at 4K was slightly below the value for the
zero-point motion of the correlated Debye model, an un-
physical result. This arose in part because the Mn-O standard
described above was constructed from the sum of three dif-
ferent Mn-O standards at slightly different pair distances and
the standard itself had a small width from this distribution.
Consequently, the � parameter extracted from the fit repre-
sented only the excess width above the inherent width in the
standard. At this point, it is important to note that the abso-
lute error for � depends on �1� the error in S0

2 and �2� on the
FEFF calculation �both constant systematic errors�, which to-
gether may be on the order of 10%. These systematic errors
primarily change the static component of � and shift the plot
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FIG. 7. An example of the fit of the first Mn-O peak using a
FEFF theoretical standard for 30% Ca at T=20 K and B�0 T.
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FIG. 8. �Color online� �2 for the Mn-O PDF, as a function of temperature and applied magnetic field for four samples. The solid line is
a fit of �2�T� for the Mn-O peak in CaMnO3 to a correlated Debye model with �D=860 K, and represents the contribution to �2 from
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of �2 vs T vertically. For this reason, we were not concerned
about the small negative static offset required to fit the low-
temperature data points to the correlated Debye model for
Mn-O; we focused instead on the change in �2 as a function
of temperature or magnetic field.

To eliminate this problem, a new Mn-O standard function
was calculated using the newer version of FEFF–FEFF8 �Ref.
53� and the structure of the end compound, CaMnO3, where
the three Mn-O distances are within 0.02 Å of each other.
Further we used only the middle peak function so that there
is no intrinsic broadening in the standard. This standard,
however, would require a large r shift to fit the Mn-O data
since the CaMnO3 unit cell is much smaller than that of the
doped samples. Therefore, in the new fitting model, the
Mn-O standard function was calculated from the structure of
CaMnO3 �given in Ref. 15� but with the lattice constants
multiplied by 1.026 to enlarge the unit cell to be comparable
to that of La1−xCaxMnO3; this effectively shifted the middle
Mn-O distance to �1.95 Å which is close to the average
Mn-O distance in the doped samples studied here. With this
standard, the average value of S0

2=0.79 for several low-
temperature scans and thus the amplitude of the Mn-O peak
was constrained to 4.75 �	13% larger than the previous
value�. This value of A gave �2 values consistent with the
zero-point motion of the correlated Debye model for
La0.70Ca0.30MnO3 but did not change the T dependence sig-
nificantly. The other four samples were constrained to the
same amplitude such that any excess distortion remaining at
low temperature could be compared across the concentration
range. Again, Eo was constrained to the value at low tem-
perature �	9.7 eV for La0.70Ca0.30MnO3�, and only the r
shift and � were allowed to vary. An example of a fit to the
first neighbor Mn-O peak is shown in Fig. 7 for the 30% Ca
sample at B=0 T and T=4 K.

From these fits we extract ��B ,T� for the Mn-O peak over
a wide range of parameter space for the four concentrations
x=0.21, 0.3, 0.4, and 0.45. This provides a single parameter,
�2, to characterize the average distortion of the Mn-O bonds
throughout the sample, and allows a simple correlation with
the sample magnetization to provide insight as to how the
distortions change as the sample passes through the ferro-
magnetic transition.

Note that when various broadening mechanisms are un-
correlated their contributions add in quadrature

�total
2 �B,T� = �phonon

2 �T� + �static
2 + �JT/polaron

2 �B,T� . �3�

For example, if �rphonon is the change in bond length from
phonons and �rJT is the change �same bond� from a JT dis-
tortion, then the time average—
�rphonon�rJT� is zero, when
these displacements are uncorrelated.

When only phonons produce fluctuating variations in
bond lengths, the temperature dependence of �2 can be ac-
curately described by a correlated Debye model given by Eq.
�4� �this models �2�T� for the Mn-O bond in CaMnO3 very
well�

�cDebye
2 �T� =

3


2mr
�

0

�cD �

�cD
3 Cij coth� 
�

2kBT
d� , �4�

where Cij is the correlation function �1−sin��rij /c� /
��rij /c�; c=

�cD

kD
� where kD is the Debye wavenumber, mr is

the reduced mass, and �cD is the correlated Debye frequency.
If no static disorder is present, �2�4 K� corresponds to the
value for zero-point motion.

In Fig. 8 we plot �2�B ,T� of the Mn-O PDF as a function
of temperature and B field for the four samples. All the data
were fit to the new standard �with S0

2=0.79�, as described
above, so that disorder between samples can be compared.
For the older data �21% and 30% Ca, presented in Ref. 24�
the �2 results here are shifted slightly vertically, compared to
the earlier report. For a given sample at low T or well above
Tc, the data for different values of B field all collapse onto
the same line. However for a range of temperatures near Tc
the curves are spread out, consistent with the B field depen-
dence of the r-space data shown in Fig. 6. This is the same
regime for which magnetostriction is observed.31–37

For these samples as well as other compositions25 we find
that the T dependence above Tc is the same as that for un-
distorted CaMnO3. Consequently we can easily remove the
thermal phonon contribution by subtracting the contribution
for CaMnO3 �solid lines in Fig. 8� to obtain �JT/polaron

2

+�static
2 , as shown in Fig. 9 �lower panel� for the 30% sample

at two fields 0 and 9 T. Then above Tc the data are flat—
independent of T �see similar plots for lower concentrations
in Ref. 25�. This indicates that the nonphonon distortions
above Tc are constant. In particular, there is no change over
the temperature range just above Tc where polaron correla-
tions show a peak in neutron-diffuse scattering;56,57 although
these correlations show up in neutron scattering there is no
significant decrease in the distortions around the polarons
until significant FM clusters are formed. Note that the small
T-independent structure ��1 nm in size� observed in the
neutron data above Tc, that is associated with polarons,56,57 is

10

9

8

7

6

5

4

3

2

1

0
0 100 200 300 400

0 T
9 T

10

9

8

7

6

5

4

3

2

1

0
0 100 200 300 400

Tc = 262 K

0 T
9 T

10

9

8

7

6

5

4

3

2

1

0

σ2
(1

0−
3

Å
2 )

T (K)

0 T
9 T

10

9

8

7

6

5

4

3

2

1

0

σ2
(1

0−
3

Å
2 )

T (K)

Tc = 262 K

0 T
9 T

10

9

8

7

6

5

4

3

2

1

0

σ2
(1

0−
3

Å
2 )

T (K)

Tc = 262 K

0 T
9 T

FIG. 9. �Upper panel� �2�T� as a function of T for B=0 and 9 T.
�Lower panel� The remaining contribution ��JT/polaron

2 +�static
2 � after

the phonon contribution �solid line—from CaMnO3� has been sub-
tracted for the data in top plot; for this sample, �static

2 �0. In par-
ticular, note that at high T the plot is flat, independent of T.
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consistent with the lack of change in �JT/polaron
2 above Tc.

In addition, the positions of the Ca ions must constrain
how the magnetization develops, because for charge
neutrality,24,42,58 the holes cannot be too far away from Ca
sites. Therefore, if the magnetic clusters for M /MT�0.6 are
formed from dimeron aggregation, as proposed, then there
will be filaments of undistorted magnetized regions �which
connect unit cells containing Ca ions� interspersed with fila-
ments of the excess JT-distorted, insulating regions. The de-
velopment of the magnetization in this way leads to filamen-
tary conducting, magnetic clusters separated by insulating,
nonmagnetic regions.

The notation JT/polaron implies that there are at least two
types of distortion: �1� JT distortions about Mn+3 sites far
from Ca dopants and �2� distortions about the polarons which
may be different �plus essentially undistorted Mn sites in the
FM phase�. For the 30% sample, �JT/polaron

2 goes to zero at
low T and �static

2 is negligible, but for 21%, a significant �2

value remains at 4 K �after subtracting the thermal contribu-
tion�, which we attribute primarily to some remaining JT
distortion. There might also be some small, temperature-
independent, static contribution but our results are consistent
with this contribution being negligible for all samples; how-
ever we include the �static

2 term in the y label. We estimate
that any static contribution is less than 0.5�10−3 Å2.

To explore the correlation between JT/polaron distortions
and the sample magnetization, we plot in Fig. 10, �JT/polaron

2

�from Figs. 8 and 9� vs M /MT �using the magnetization data

in Fig. 2�. In this plot both T and B are hidden variables.
Here one can clearly see that the total distortion per site, that
arises from the JT interaction, is high when the magnetiza-
tion is low, i.e., at high temperatures. As the sample becomes
magnetized �either by lowering the temperature or by apply-
ing an external magnetic field�, the average distortion per site
begins to decrease, slowly at first, until the sample is ap-
proximately �60–70% magnetized �i.e., M /MT	0.6–0.7�.
At still lower T �or higher B� the average distortion per site
��2� decreases faster as the fraction of magnetized sites
�M /MT� approaches 100%. Note that on this plot the left side
is for high temperature �low M� while the right side is low T
�high M�.

In contrast to the limited earlier study of the B-field de-
pendence �for 21% and 30% Ca�,24 we also exclude all the
low B-field data and only plot results for B�2 T. Then
within our errors, we observe complete universality for each
sample. �JT/polaron

2 only depends on the magnetization and is
independent on how the magnetization is achieved, via a
change in temperature, a change in magnetic field B, or both.
Thus the dependence shown for each sample in Fig. 10 be-
comes a calibration plot between �JT/polaron

2 and the fractional
magnetization.

The plots in Fig. 10 are well described by two straight
lines with a break point near M /MT�0.65. With the addi-
tional high field data for the x=0.4 and 0.45 samples, it has
become clear that this crossover point is not a function of
hole concentration, as previously thought.24 For low B fields
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FIG. 10. �Color online� The average distortion per site due to the presence of JT distortions and polarons–�JT/polaron
2 �plus any

temperature-independent static distortion �static
2 � versus the fraction of magnetized sites �M /MT�, where MT is the theoretical maximum

magnetization given by the hole concentration—see Fig. 2�. For each sample, there is a low initial slope until the sample is �60–70%
magnetized; then the slope �i.e., the distortion removed per magnetized site� increases. For the 21% sample, some JT distortion remains at
low T, even at high B field. To include this sample in a comparison of the high slopes, note that the high slopes for other samples correspond
to the full removal of the JT distortion as M approaches MT. Consequently, for 21%, we draw the dotted line through the break point, to
�JT/polaron

2 =0 at M /MT=1.0. See text.
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we have found that the breakpoint is not as well defined and
more importantly, its position varies with B field. Only for
high fields does it become essentially independent of B field.
For M /MT� �0.65 �i.e., a small T range just below Tc� the
distortion removed per magnetized Mn site is small—i.e., the
�negative� slope of this line is small. Furthermore this slope
is the same for all samples, suggesting a similar, small local
distortion for a large fraction of Mn sites. We associate these
small-distortion Mn sites with the polarons—note that the
polarons must involve both hole and electron sites; also a
static hole site would have very little distortion. When the
holes are hopping and the double exchange interaction is
operative, each hole is hopping between at least two sites so
the fraction of low distortion sites will be larger than the hole
concentration.

For large magnetization �M /MT� �0.65�, the decrease
of �JT/polaron

2 with M is much faster, indicating that a large
distortion per site is removed as these Mn atoms become
magnetized. In addition, the slope of this line is concentra-
tion dependent and decreases in magnitude with increasing
Ca concentration. The concentration dependence of these
two slopes is shown in Fig. 11. Note that Bozin et al.30 also
reported a decreasing JT distortion as the Ca concentration
increased.

For the 21% sample, a significant JT distortion remains at
low T, even though most of the sample is magnetized above
B=2 T. Such a large remaining distortion on some sites,
inhibits the rapid hopping that is needed for a DE magnetic
coupling, and likely another mechanism �a ferromagnetic su-
perexchange or proximity effect� plays a role at lower con-
centrations for these distorted sites. Consequently to com-
pare with the other samples for which JT distortions are �0
at 4K, and hence the DE mechanism dominates in the mag-
netic coupling �the DE exchange mechanism is maximized
when distortions are zero�, we draw a straight line through

the break point to the point for which �JT/polaron
2 =0 at

M /MT=1 �dashed line in Fig. 10�, and plot this slope as a
circle for the 21% sample in Fig. 11. Note that when we do
so, the circle lines up nicely with the straight line through the
points for the higher Ca concentrations. Then, the high slope
decreases nearly linearly with x and appears to be the same
as the low slope when x approaches x=0.5. This is sugges-
tive that the low slope corresponds to a pair of Mn sites. It
also suggests that the orbitally ordered regime observed for
50% doping might be viewed as an ordered arrangement of
AFM coupled dimerons.

The data clearly indicate that there are two quite different
distortions of the Mn-O bonds in the CMR manganites for
unmagnetized sites and very little JT distortion �and hence a
negligible JT splitting energy� for the magnetized sites.

When large JT distortions are present, it costs significant
energy for an electron to hop from a highly distorted site to a
nearly undistorted �possibly magnetized� site; thus energeti-
cally, the low distortion sites �with the smallest EJT� will
magnetize first. Consequently only after most of the holes
are incorporated into the magnetized phase do the sites with
large distortions begin to become magnetized. We discuss
possible models in the discussion section.

In Fig. 10 we have shown that the JT/polaron distortion is
a universal function of magnetization if the sample is suffi-
ciently magnetized, i.e., for applied fields �2 T. However,
at low B fields ��0.4 T� the data do not follow the same
relationship and this deviation grows as the field decreases
toward zero. On plots similar to those in Fig. 10 the low field
results fall below the straight lines. This suggests that the
fraction of magnetized sites is actually larger than inferred
from the bulk magnetization, i.e., small clusters of locally
magnetized Mn sites with a reduced distortion, must exist,
but they may be canted relative to each other and/or to the
applied magnetic field, such that the overall sample magne-
tization is smaller than expected. Furthermore, for the 21%
Ca sample at B=0.2 T, the apparent fraction of magnetized
sites seems to saturate at M /MT�0.60 from the bulk mag-
netization data, but the average distortion from EXAFS con-
tinues to decrease as T is lowered. Even when the EXAFS
data and the magnetization data were both collected in the
same small applied magnetic field B=0.4 T �i.e., for the
40% and 45% data�, the bulk magnetization is still slightly
smaller than expected.

Instead of plotting these low B-field results in the same
way as shown in Fig. 10, we present them from a different
perspective, that provides additional insight. We assume that
the universal relationship between the local structure and the
fraction of magnetized sites that was found for the higher
applied magnetic fields �see Fig. 10�, holds for all fields.
Then from �JT/polaron

2 we can estimate the fraction of locally
magnetized Mn sites; note that �JT/polaron

2 is independent of
any canting of the Mn spins. Figure 12 compares the bulk
magnetization �y axis� �see Fig. 2� with the local fraction of
magnetized sites �x axis� obtained from the measured value
of �JT/polaron

2 �and the conversion from �JT/polaron
2 to M /MT

using the plots in Fig. 10�. If the local magnetization were
the same as the bulk magnetization, the data would all lie on
the dotted line as occurs for the high field data. However, for
all samples, the EXAFS data measured at low magnetic
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FIG. 11. The magnitude of the slopes of the best fit lines for the
plot of �JT/polaron

2 vs M /MT�T� �Fig. 10� as a function of Ca con-
centration. The low slope �solid squares� is essentially independent
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fields show that the fraction of locally magnetized sites is
actually higher than determined from the bulk magnetization,
i.e., the data lie to the right and below the dotted line in Fig.
12. The difference is largest for the 21% and 30% samples
where the magnetization is not fully saturated at even 5 K for
0.2 T �see Fig. 2�. For the two samples measured at 0.4 T
�40% and 45%�, the local magnetization �from �JT/polaron

2 �
agrees reasonably well with the bulk magnetization at low
temperatures but as the temperature is increased �i.e.,
M /MT�T� is reduced�, they begin to deviate. The bulk mag-
netization underestimates the fraction of magnetized sites,
most likely due to a few small ferromagnetic domains that
are canted relative to each other at low B fields �thus reduc-
ing the overall sample magnetization�.

IV. EXPERIMENTAL STANDARDS AND FURTHER
NEIGHBOR FITS

As mentioned earlier, the standards used to fit the data,
can be either theoretically calculated �FEFF� or experimen-
tally determined. For one-peak fits the difference in the tem-
perature dependence between theoretical and experimental
standards is usually very small. If however, a peak is split
sufficiently that two peaks can be resolved, then it may be
important to carry out a two-peak fit, particularly for com-
parisons with other works.21,30 Then the quality of the EX-
AFS standard becomes crucial as errors in a standard func-
tion may show up as a weak nonphysical peak59 or interfere
with another weak peak such that the parameters for the
weak peak are not correct. In a two-peak fit there are strong

correlations between the splitting �r of the two peaks and the
�’s for the two peaks. One can in fact show60 that if there are
N1 bonds in the first peak and N2 bonds in the second �N1
+N2=6 for the Mn-O bonds� then

�onepeak
2 =

1

6
�N1��r1 − rav�2 + �1

2� + N2��r2 − rav�2 + �2
2�� ,

�5�

where r1, r2, and rav are the bond lengths for the two peaks
and their average, and �1 and �2 are the corresponding
widths. This shows explicitly that for a fixed value of
�onepeak

2 from a one-peak fit, there are a range of values pos-
sible for �1

2, �2
2, and the splittings �ri−rav�2.

In this section, we present fits of the first shell Mn-O pair
distribution using two experimental standards to minimize
the problems discussed above. First an experimental standard
for Mn-O was extracted from pure CaMnO3 for which the
six Mn-O bond lengths are very nearly the same; we fol-
lowed the same procedures as in the past.59 Briefly, we fit the
data for CaMnO3 out to �4 Å and then subtracted the fur-
ther neighbor results from the original data to leave the
Mn-O peak in r space. Then this peak was back Fourier
transformed to provide a k-space standard. The FT ranges
and fit ranges were slightly longer than will be used in fitting
the LCMO data. Figure 13 shows a comparison in r space of
this Mn-O experimental standard with a theoretical standard
calculated from FEFF. Although the two standards agree quite
well through the main portion of the peak, they clearly devi-
ate on the high-r side of the peak near �1.9–2.2 Å.
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A similar high-r deviation between a FEFF standard and an
experimental standard is found for every experimental stan-
dard that we have extracted59 for a number of simple
compounds—the FEFF standard is always a bit higher on the
high-r side of the peak. Improving the standard on the high-r
side of the Mn-O peak is crucial when trying to fit with two
peaks since the longer bond peak corresponds to only a few
neighbors and is usually quite small. Note that the agreement
below �1 Å, is not important as errors in the background
removal show up at low r and fits generally do not go in-
clude the low r range.

Kurczveil61 has recently shown for two samples �30% and
40% Ca samples�, that a very similar relationship between
the local structure and magnetization exists if the fraction of
long Mn-O bonds is used to represent the average amount of
JT/polaron distortion, instead of the broadening of a single
Mn-O Gaussian distribution. The fraction of long bonds is
determined from the relative amplitude of the longer Mn-O
standard in the two-peak fit of the nearest-neighbor Mn-O
distribution. However, to obtain a robust result for the
nearest-neighbor structure using a two-peak fit for the Mn-O
distribution, some further neighbor pair-distribution func-
tions �e.g., Mn-La/Ca and Mn-Mn� also need to be included,
due to the non-negligible contribution from the tails of these
peaks, over the r range of the Mn-O peak. Kurczveil61 used
an approximate fit of the further neighbors. Here we include
a full fit out to 4.25 Å, as a function of T and B for each
sample; we used six theoretically calculated standards �using
FEFF8� to represent the Mn-Ca �8x neighbors�, Mn-La �8�1
−x� neighbors�, Mn-Mn �six neighbors�, and two sets of fur-
ther neighbor Mn-O �12 neighbors� single scattering paths—
plus a standard for the 36 Mn-O-Mn multiple-scattering
paths.

For the two Mn-O peaks, five parameters are required if
there are no constraints:—two ri, two �i, and the fraction of
long to short bonds. To reduce this number, the width of the
short Mn-O first neighbor was first constrained to follow the
correlated Debye model with a Debye temperature ��D� of
860 K �calculated from a fit of the width of the Mn-O dis-

tribution in CaMnO3� as a function of temperature. Prelimi-
nary fits using these four parameters for the Mn-O distribu-
tion showed that the position of the long Mn-O bond did not
change much �approximately 2.065�0.02 Å� for all
samples; consequently in subsequent fits, to reduce the scat-
ter in the parameters �2 and N2 /6, the length of the long
Mn-O bond was constrained to 2.065 Å. Only the short
Mn-O bond length, the width of the long Mn-O PDF, and the
ratio of the amplitudes were allowed to vary. When using the
experimental Mn-O standards, no E0 or S0

2 parameters are
needed; the amplitudes for these two peaks will be given as
fractions �N1 /6 and N2 /6�.

For the further neighbors, S0
2 and E0 were constrained to

the values determined from the fit of the first Mn-O neighbor
to a single theoretical standard �i.e., S0

2=0.79, and E0
	9.8�0.2 eV, see Sec. IIIA� for each sample. The ampli-
tude for each peak was constrained to the number of neigh-
bors for that peak, multiplied by S0

2. The width of the Mn-
O-Mn multiple-scattering distribution was constrained to be
the same as the width of the Mn-Mn distribution, since to
first order, the multiple-scattering path length is determined
by the distance between the end points �namely, the Mn-Mn
distance�. In addition, the r shift of the Mn-O-Mn multiple-
scattering was constrained to be the same as the Mn-Mn r
shift and the r shifts of the two sets of Mn-O second neigh-
bors were constrained such that the overall size of the unit
cell can grow or shrink uniformly. The r shift and width of
the Mn-Ca and Mn-La distributions, as well as the width of
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the Mn-Mn and both Mn-O second neighbor distributions
were allowed to vary. In total, 11–12 parameters were al-
lowed to vary, significantly less than the maximum number
from Stern’s criteria.62 Fig. 14 shows examples of the fit
result for La0.70Ca0.30MnO3 at T=20 and 300 K, for B
=0 T. The data are shown as points and the fit results are
shown as a solid line. The fits agree with the data up to
�4 Å. The last peak �the Mn-O second neighbor�, does not
fit as well because the contributions from the further neigh-
bor peaks are not included. Note that the fit agreement for
the first Mn-O peak in Fig. 14�a� at 20 K, which is essen-
tially a one-peak fit to the Mn-O distribution �the amplitude
of the long Mn-O peak is �0 at low T for 30% Ca�, is better
than using the theoretical FEFF function in Fig. 7. From these
fits we extracted the fractions of long and short Mn-O bonds
for the two-peak fit model.

In Fig. 15, the relative fractions of both the short �top� and
long �bottom� Mn-O bonds are plotted as a function of tem-
perature and magnetic field. At low temperature the nearest-
neighbor Mn-O peak consists primarily of short Mn-O
bonds. As T is increased up to Tc, Jahn-Teller distortions
develop and the fraction of long bonds increases to
�20–40%. In addition, when a magnetic field is applied
near Tc the relative fraction of long bonds decreases as the
field increases and the JT distortion is reduced. For the 21%
sample however, there is still a significant fraction of long
bonds present �i.e., �20%� in the nearest neighbor Mn-O
PDF at low temperature. As suggested previously �see Fig.
10�, this is likely the result of a few regions of JT distorted
Mn sites that remain at low T when the sample is well into
the ferromagnetic state. In comparing the two results, the
fraction of long Mn-O bonds in the two Mn-O peak fit is
roughly equivalent to the increased width of the Gaussian

distribution in the one Mn-O peak fit, representing the aver-
age JT distortion of the nearest-neighbor Mn-O structure. An
expanded view of the fraction of long Mn-O bonds �lower
portion of Fig. 15� is shown in Fig. 16, where the change
with field near Tc can be seen more clearly. Note that for low
B fields the changes are rapid just below Tc and then the
amplitude becomes essentially constant above Tc. The ampli-
tudes are independent of B at 4K and well above Tc but have
a large variation with B near Tc—over the same range as the
observed changes in �JT/polaron

2 in Fig. 9 �bottom�.
Using the fraction of long bonds to represent the local

Mn-O distortion, we obtain the relationship shown in Fig.
17, between the Mn-O distortion and magnetization. Again a
universal relationship is found when B�2 T—compare Fig.
17 with Fig. 10. Not only is there universal behavior for a
range of B fields and temperatures but the plot again is de-
scribed by two straight lines and the low slope line has
nearly the same slope for each sample.

As T increases from �4 K, not only does the fraction of
long bonds increase as the JT distortions develop but the
average position of the short Mn-O bond also decreases. This
can easily be seen in Fig. 18, where the length of the short
Mn-O bond is plotted as a function of temperature and mag-
netic field for each sample. At low temperature, the average
position is �1.94–1.96 Å, depending on the sample. As the
temperature is increased up to Tc, the average position of the
short Mn-O bond decreases to �1.93 Å, as long bonds near
�2.07 Å develop. In the transition region where both JT-
distorted and magnetic regions coexist, the short bondlength
will be an average of the short bonds on JT-distorted sites
and the bond length in the magnetic phase—for the 30% Ca
sample for example, a weighted average of �1.93 and
�1.96 Å bond lengths. Consequently, when a magnetic field
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FIG. 15. �Color online� Relative fraction of the short ��1.93 Å� Mn-O bonds �top� and the long ��2.07 Å� Mn-O bonds �bottom� as
a function of temperature and magnetic field for each sample.

BRIDGES et al. PHYSICAL REVIEW B 81, 184401 �2010�

184401-12



is applied just below Tc, the average position of the short
Mn-O bond will shift to a slightly longer distance with in-
creasing B field as the magnetized fraction increases. Note
that EXAFS is more sensitive to shorter bonds from the 1 /r2

dependence in the EXAFS equation �see Eq. �2��. Conse-

quently, because in the two-peak fit a fraction of the ampli-
tude is already been accounted for by the long bond at
�2.07 Å, this splitting of the Mn-O PDF enhances the
shortest bond length as reported previously in Ref. 20 as a
function of temperature. However, the detailed changes as a
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FIG. 16. �Color online� An Expanded view of the fraction of long Mn-O bonds �at �2.07 Å, i.e., the lower portion of Fig. 15� as a
function of temperature and magnetic field for each sample.
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FIG. 17. �Color online� The average Mn-O distortion �modeled by the fraction of long Mn-O bonds� as a function of the fraction of
magnetized sites �M /MT� for the four samples in several applied magnetic fields. The relationship is very similar to Fig. 10 where the
average distortion was modeled by the width of the Mn-O distribution function.
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function of applied magnetic field have not been previously
observed.

From these detailed fits we also determined the changes in
the distance and broadening parameters for the further neigh-
bor peaks. In Sec. III we showed that the Mn-La/Ca peaks
are not discernibly affected by the application of an external
magnetic field and therefore focus only on the Mn-Mn peak.

The average pair distance and width for the Mn-Mn pair
distribution show similar changes as a function of tempera-
ture and magnetic field as observed for the nearest neighbor
Mn-O distribution but the changes are smaller as shown in
Figs. 19 and 20. Note that for the 30% sample �largest T
range� the values of r and �2 for different B fields overlap
quite well, both at low temperature and well above Tc. How-
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FIG. 18. �Color online� The average length of the short Mn-O bond �i.e., corresponding to the upper portion of Fig. 15� as a function of
temperature and magnetic field.
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FIG. 19. �Color online� The average position of the Mn-Mn PDF as a function of temperature and magnetic field for each sample.

BRIDGES et al. PHYSICAL REVIEW B 81, 184401 �2010�

184401-14



ever, near Tc, both the average position and �2 decrease as a
function of the applied magnetic field, although there is con-
siderably more scatter in the Mn-Mn data �compared to the
Mn-O data� due to both a reduction in the signal for further
neighbors and interference from the Mn-La, Mn-O-Mn, and
the Mn-O second neighbor scattering paths that partially
overlap the Mn-Mn peak.

The variation of rMn-Mn with B field is largest for the 30%
and 40% samples near Tc and smallest for the 45% sample.
This decrease in the average Mn-Mn distance as the applied
magnetic field is increased for T near Tc, provides detailed
evidence at the local unit cell level of magnetostriction as a
function of temperature and magnetic field in the CMR man-
ganites. The T and B dependences of �2 for the Mn-Mn pair
is similar to that for the single peak fit to Mn-O but the effect
is much smaller; again it is largest for 30% Ca. Similar, field
induced changes in the Mn-Mn distribution were also found
in high magnetic field XAFS measurements of the melting of
the charge/orbitally ordered �C-O� state of La0.5Ca0.5MnO3.63

Examination of the Mn-O and Mn-Mn correlations revealed
three distinct regions in the structure-field diagram: a broad
region with weak field dependence �C-O region, disordered�,
a mixed phase region, and a high field �above 9 T� ferromag-
netic phase with low disorder and strong magnetic field-
structure coupling.

V. DISCUSSION AND SUMMARY

In the first half of this paper we used a single parameter,
�2 to parameterize the disorder of the Mn-O PDF. �2 in-
cludes the effects of split peaks as well as broadening of the
PDF from phonons and variations in the JT distortions. A

major result from this extensive study of the Mn-O PDF as a
function of magnetic field is that there is a direct relationship
between distortions of the MnO6 octahedra and the sample
magnetization. Once the thermal phonon contribution is sub-
tracted, and high enough B fields ��2 T� are used such that
all magnetic domains are aligned �no domain canting�, then
there is a universal relationship between �JT/polaron

2 and
M /MT �Fig. 10�; it is independent of how the magnetization
is achieved �i.e., via changes in B and/or T�. This universal
curve is then a calibration between �JT/polaron

2 and the mag-
netized fraction; a rather difficult way to measure the mag-
netization. Because �JT/polaron

2 is not sensitive to canting of
the spin moments it can be used as a measure of the fraction
of �undistorted� magnetized Mn sites, particularly at low
fields, and allows one to see how the bulk magnetization
develops in such situations �see Fig. 12�. At fields �0.4 T,
the bulk magnetization is generally less than the magnetiza-
tion determined by the value of �JT/polaron

2 . This is not unex-
pected since canting of domains can be important at low B
fields and the magnetization does not quite saturate at low T
for B=0.4 T for some samples. The transition from partially
canted to aligned domains likely occurs below 2 T, probably
between 0.4 and 1 T, but we have no data in this range.

At low T �4–20 K� the disorder of the Mn-O bonds is
comparable to that for the end compound CaMnO3 for the
middle part of the CMR range, roughly 0.25�x�0.4, and
�Mn-O

2 is close to the value expected for zero-point motion.
For lower concentrations �x�0.22� near the bottom of the
CMR range, the distortion at low T increases, likely from
LaMnO3-like domains which are not magnetized at low T. At
the other end of the CMR range, x�0.45, the distortion at
low T also increases slightly, possibly from the formation of
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FIG. 20. �Color online� The average width of the Mn-Mn pair-distribution function �PDF� as a function of temperature and magnetic field
for each sample.
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a few orbitally ordered domains. However the dominant re-
sult at low T within the CMR regime �the ferromagnetic
metallic �FMM� phase� is that there is very little disorder of
the Mn-O pair distribution function. To make the JT distor-
tions negligible, the holes/electrons must be hopping very
fast, much faster than optical phonon time scales; i.e., the
time for a hop from one Mn site to another must be signifi-
cantly shorter than �10−13 s. Then the charge carriers are
itinerant, the Ca dopants will be screened, and the electron
system is relatively homogeneous at the nm scale. Note there
can still be a significant electron-phonon interaction20 as in
other systems that do not exhibit the JT effect but the result-
ing distortions are insignificant compared to the JT distor-
tions observed at high temperatures for the manganites.

The most interesting results are how the JT-type distor-
tions develop and change as a function of T and B. Such
distortions are not the same on all sites; Figs. 10 and 11 show
that there are clearly two types of distortions present in a
given sample at high T near Tc. First there are low distortion
sites that have the same local distortion for every sample
studied. These are the sites that become magnetized first as T
is lowered below Tc and must involve the holes since mobile
charge carriers are required for the double exchange interac-
tion in the magnetic phase. We therefore associate these low
distortion sites with the hopping polarons. An important re-
sult of this study is that the fraction of such low distortion
Mn sites is found to be significantly larger than the concen-
tration of holes. Thus the polarons must be larger than a
single site. Bozin et al.30 also noted that the polarons cannot
be localized to a single site and discuss their results in terms
of a delocalized polaron picture. Since the same low distor-
tion is present for the polaron sites in all samples, it suggests
that there is some stable lowest-energy configuration for the
polaron. We refer to the smallest quasiparticle that meets this
requirement as the �two-site� dimeron—described in Sec. IA.
In this model, if two sites have the same distortion and hence
the same JT energy, EJT, but only one electron is present,
then hopping between these sites is enhanced. Not all the
holes introduced via doping may be associated with low dis-
tortion dimerons, and a few, more isolated, slowly hopping,
holes may also exist.

In the paramagnetic phase, the local hopping rate will
depend on the JT energies on the various Mn sites. For
highly distorted sites, EJT will be large and it would cost
considerable energy to completely undistort such sites; this is
a major barrier for hopping and inhibits the movement of
holes into regions with large distortions �low Ca content�. At
the other extreme, for low distortion dimeron sites with one
electron �or one hole� shared between two sites, EJT is small
and has the same value for both sites; then locally hopping
will be very fast. There may be an intermediate range of
distortions within the regions most highly populated by the
dimerons. As the dimeron hops through the lattice, a recently
occupied dimeron site will have a low distortion for a short
time. Then it will be statistically more probable for another
nearby dimeron to hop onto this site, instead of a more dis-
torted site. Consequently there may be some lower distortion
sites about the dimeron sites—i.e., in the vicinity to the Ca
dopants.

The magnitude of EJT at various sites is also important for
the onset on FM; from energy arguments alone, one expects

that the low distortion sites would become magnetized first.
To the extent that most of the dimerons are magnetized first
and that they are preferentially located near the Ca dopants,
then the conducting magnetic clusters that form just below Tc
will be filamentary in nature. If M /MT is below 0.65, the
regions between these conducting filaments will have large
distortions and will therefore be nonconducting.

This raises some very important questions which have
often been ignored—in the paramagnetic regions, what are
the times scales for polaron hopping and for the formation of
JT distortions? How long does it takes for a JT distortion to
build up when a Mn site becomes occupied by an electron
and how fast do the distortions disappear when the site be-
comes empty? Both of these dynamical processes depend on
the motions of the O atoms which move on optical phonon
time scales. Thus to significantly reduce the local distortion
on Mn sites that are sometimes occupied by electrons, the
charge hopping rate must be comparable to phonon
frequencies—holes must revisit a given site often enough to
inhibit the development of a full JT distortion. Because a low
distortion is present for the sites associated with the
dimerons—in contrast to a lack of distortion in the magnetic
phase—it is unlikely that the local hopping rate in the para-
magnetic phase is fast enough that many sites could be
coupled and hence only a few �2–4 Mn sites� could be in-
volved.

The second type of distorted sites have larger distortions
of the Mn-O PDF and only become magnetized at low T,
when M /MT�0.65 and most of the polaron sites have been
incorporated into the magnetic phase. For the lower concen-
trations, these sites have a very large JT distortion—see the
amount of distortion present �i.e., the value of �JT/polaron

2 � at
the break point in Fig. 10. This quantity decreases rapidly
with increasing Ca concentration, and correspondingly, the
magnitude of the high slope of the line that describes the
high magnetization data, also decreases. This decrease may
in part be the consequence of sites with an intermediate dis-
tortion, as described above, because the number of such sites
should increase with the number of holes added. Surpris-
ingly, as the Ca concentration approaches 0.5, this high slope
becomes comparable to the low slope �Fig. 11�. Since for x
�0.5, there are equal numbers of holes and electrons, this
supports our proposal that the dimeron corresponds to an
electron delocalized over two sites.

The decreased distortion per Mn site in the high M regime
at high Ca concentrations means that for these concentra-
tions, the polarons and holes are visiting most Mn sites in
times not much longer than the optical phonon period, and eg
electrons do not remain on a given Mn site long enough for
a full JT distortion to form. Note that for the x=0.40 and
0.45 samples, the fraction of low distortion sites at the break
point �M /MT�0.65� is significantly less than twice the hole
concentration—thus not all the holes are paired up with a
low distortion electron site. Consequently for these samples
the slightly higher distortion sites for M /MT�0.65 are likely
a mix of low distortion hole sites and some partially distorted
electron sites.

Above Tc �or when M �0 in high B fields� the total po-
laron and JT distortions remain constant up to 400–500 K for
the samples we have investigated �see also Ref. 25�. Even
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though the polarons will hop faster via thermal activation,
the local distortions do not change significantly. Neutron-
scattering experiments also show a similar result—a small,
temperature-independent, structure of order 1 nm in
extent56,57 is observed, that is associated with the individual
polarons. To compare these neutron results with the EXAFS,
consider a polaron distributed over two Mn sites with low
distortions on the associated Mn-O bonds; then the polaron
size would be about 0.8 nm. For a polaron covering three Mn
sites and the corresponding Mn-O bonds, the size would be
�1.0–1.2 nm, depending on whether or not the Mn sites
were collinear. Thus a polaron that extends over 2–3 Mn
sites agrees very well with the neutron scattering results. The
EXAFS results show that the local distortions associated
with the dimeron are significantly less than the average of
distortions for static Mn+3 and Mn+4 sites.

We also fit the Mn-O distribution using two Mn-O peaks
to compare with some other analyzes. In this case we used an
experimental standard for the Mn-O pair �extracted from
CaMnO3� to minimize errors in the theoretical functions and
in parameters such as So

2. However using a short and a long
bond to fit the Mn-O distribution implicitly makes the as-
sumption that there is only one type of JT distortion of the
surrounding O octahedra. It does not allow, for example, for
a small distortion about a polaron �dimeron� that is different
from the large distortion around an isolated Mn+3 site.
However as shown in Eq. �5� the total distortion in a two-
peak fit is a combination of several parameters—the split-
tings of the two peaks, the individual �’s, and the ratio of the
number of long to short bonds. If one assumes that the main
indication of the JT distortion is the number of long bonds,
then the T dependence of the short bond peak should be
primarily determined by phonon broadening and follow a
correlated Debye model. This is the constraint we used in
obtaining the fractional number of long bonds as a function
of the magnetization shown in Fig. 17. However there is a
problem in interpreting this figure, particularly for the 30%
Ca concentration. If the slope at high M is representative of
a full JT distortion removed from a Mn site when it becomes
magnetized, then the greatly reduced slope below M /MT
�0.6, would have to correspond to the magnetization of one
JT-distorted site for roughly every three undistorted sites—to
get an average slope that is about 25% that of the high slope.
However there are not enough holes to do so. This inconsis-
tency suggests that one must really consider more than one
type of distortion as suggested by the analysis using a single
broadening parameter �. The low slope at low M means that
for M /MT�0.6, about four times as many sites must be
magnetized to remove the same amount of distortion as when
magnetizing one site at high M. Thus if one assumes that
there are some sites with a lower distortion, and hence a
shorter long-bond, such that the contribution to the disorder
per site is 25% of the full JT distortion, that would explain
the data. However a detailed fit of all the bonds for two
different types of distorted sites, is not feasible.

Within the two-peak-fit approach, we obtain quite good
agreement with recent neutron PDF results30 but not with
other works that suggest that the long Mn-O bond for the
CMR regime is longer than 2.1 Å. For temperatures above
Tc, and for concentrations from 0.2–0.45, Bozin et al.30 find

no bonds with a length above 2.1 Å and at low T the bond
lengths collapse to the same length, approximately 1.96 Å.
The long bond we find for our two-peak fits is
2.065�0.02 Å. Bozin et al. obtain a long bond of 2.07 Å
for 21% Ca at 250K and at 550K the long bond varies from
about 2.08−2.04 Å over the CMR range �0.21�x�0.45�.

In addition, for nearly all our data �exception: 21% Ca
which still has some distortion at low T� there is very little
disorder of the Mn-O distribution in the fully magnetized
state, and at 4K the value of �2 is low ��0.0025 Å2�, close
to the value for zero-point motion which is �2�0.0022 Å2

for �cD�800 °C. When there is a split peak there must be an
additional static contribution49 to �2 which can be calculated
from Eq. �5�. For example, for two peaks at 1.92 and 2.01 Å
with an amplitude ratio 2:1 and equal �’s, then �static

2

=0.0018 Å2. Then the values of �2 in a two-peak fit ��1
=�2� should be 0.0018 Å2 lower than obtained in a one-peak
fit. However this would suggest a value for �1

2�0.0007 Å2

which is far below the value for zero-point motion value and
thus unphysically small. The constraint imposed by requiring
that �2 at low T be equal to or greater than the zero-point-
motion value is quite often ignored—in part because data at
20 K or below may not collected or a temperature depen-
dence is not available to estimate �cD; however it is a very
important constraint, and when is not met the model�s� used
needs to be reassessed.

For the further neighbor peaks we also find
B-field-induced changes in the PDF for the Mn-Mn pair;
over the limited range in T for which a large CMR effect and
magnetostriction is observed, both the Mn-Mn distance
shortens and the disorder in the Mn-Mn PDF decreases with
increasing applied field. This variation in the Mn-Mn dis-
tance with B field is a direct measure at the unit cell level of
the magnetostriction effect. Surprisingly there is no observ-
able change in the Mn-La/Ca peak with increasing B fields—
see Figs. 5 and 6; both the average bond length and the
broadening of the Mn-La/Ca PDF are unchanged even at the
highest B fields. For these temperatures the sample is only
partially magnetized and as some of the Mn-Mn distances
decrease, the Mn-La/Ca linkage may rotate slightly.

A major result from this extensive study is that the distor-
tions associated with the polarons near and above Tc are
significantly smaller than the distortions associated with
Mn+3 sites. This is most striking for the lower concentra-
tions within the CMR regime for which the ratio of high and
low slopes �Fig. 10� is greater than 4:1. In addition the frac-
tion of low distortion sites—approximately 0.65—is much
larger than the concentration of holes and therefore the po-
larons must cover at least two Mn sites for x�0.3. Since the
size of the polaron is approximately constant �the low slope
is nearly constant—a very slight decrease as x approaches
0.5�, we argue that the polaron �dimeron model� covers es-
sentially the same number of sites ��2� for the entire CMR
range.

In the high T regime, T�Tc, the polarons/dimerons move
through the sample via hopping but this hopping rate will be
much slower than the back-and-forth hopping between two
sites that can lead to a reduced distortion for the dimeron.
When charge transport takes place via slow polaron hopping,
there is less screening of the Ca dopants �which act as nega-
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tive charges in the lattice�. The polarons will tend to remain
near the Ca ions for charge neutrality,24,42,58 i.e., positively
charged polarons in the vicinity of the Ca atoms provide the
screening of these dopants. Then for the lower Ca concentra-
tions, the polarons will seldom visit some sites far from a Ca
dopant and these sites will have the largest JT distortions.
With two general types of distorted sites, the concept of the
longer bond becomes diffuse as there may be a distribution
of longer bonds.

We should point out that the dimeron model of the po-
laron is different from many other models; it is a small lo-
calized distortion within a lattice which has much larger dis-
tortions about the Mn sites. Although similar to Zener’s
model6 it includes a distortion, whereas Zener did not. The
de Gennes model8 extends the double exchange interaction
to include the spin orientations but also does not explicitly
include distortions. Millis et al.9,10 and Röder et al.12 pointed
out the importance of JT distortions but neither considered
that the distortions about the polarons might be significantly
different from the rest of the lattice. Daoud-Aladine et al.64

proposed a modification of Zener’s polaron but more for the
charge ordered regime—“an ordering of Zener polarons” but
they also assumed it had a large JT distortion. However as
noted earlier one can also view the charge/orbitally ordered
state as an ordered array of dimerons. The pairs of Mn sites

in the Daoud-Aladine et al. Zener polaron model, have long
bonds between them, whereas the pairs of Mn sites in our
dimeron model have shorter bonds—the longer bonds are
between the dimerons. It is clear that additional calculations
are needed to explore cases with quite different and likely
time-dependent, local distortions. We hope this detailed
study stimulates such theoretical work in the future.
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