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Evolution of the average and local crystal structure of Ca-doped LaMnO3 has been studied across
the metal to insulator (MI) and the orthorhombic to rhombohedral (OR) structural phase transitions
over a broad temperature range for two Ca concentrations (x = 0.18, 0.22). Combined Rietveld and
high real space resolution atomic pair distribution function (PDF) analysis of neutron total scat-
tering data was carried out with aims of exploring the possibility of nanoscale phase separation
(PS) in relation to MI transition, and charting the evolution of local Jahn-Teller (JT) distortion
of MnO6 octahedra across the OR transition at TS∼720 K. The study utilized explicit two-phase
PDF structural modeling, revealing that away from TMI there is no evidence for nanoscale phase
coexistence. The local JT-distortions disappear abruptly upon crossing into the metallic regime
both with doping and temperature, with only small temperature-independent signature of quenched
disorder being observable at low temperature as compared to CaMnO3. The results hence do not
support the percolative scenario for the MI transition in La1−xCaxMnO3 based on PS, and question
its ubiquity in the manganites. In contrast to LaMnO3 that exhibits long range orbital correlations
and sizeable octahedral distortions at low temperature, the doped samples with compositions strad-
dling the MI boundary exhibit correlations (in the insulating regime) limited to only ∼1 nm with
observably smaller distortions. In x = 0.22 sample local JT-distortions are found to persist across
the OR transition and deep into the R-phase (up to ∼1050K) where they are crystallographically
prohibited. Their magnitude and subnanometer spatial extent remain unchanged.

I. INTRODUCTION

Manganites, such as the perovskite structured calcium
doped lanthanum manganite, La1−xCaxMnO3 (LCMO),
are considered as a model system for studying the re-
sponse of materials to the presence of competing interac-
tions,1–5 yet despite extensive study the emergent prop-
erties, such as the colossal magnetoresistance (CMR) and
the metal-insulator (MI) transition, in these materials are
far from well understood.

Much recent work has focused on an inhomogeneous, or
what is called phase separation (PS), picture6–13 where
metallic domains are assumed to form in an insulating
background and the MI transition proceeds via a percola-
tive mechanism where the metallic cluster size increases
as the MI transition is approached resulting in a con-
ducting path extending from one side of the sample to
the other. Although the PS picture has been supported
by many experimental studies such as scanning tunneling
spectroscopy,14 small angle neutron scattering,15 atomic
pair distribution function (PDF)16 and nuclear magnetic

resonance,17 there are some experimental results that are
better explained based on the homogeneous picture18–21

and the issue needs a more careful assessment.

Through the strong electron-lattice interaction, the
presence or absence of a JT distortion has been shown
to be a sensitive indicator of the electronic state of the
material; insulating or metallic22. It manifests itself in
the MnO bond length (rMn−O) distribution in the MnO6

octahedron, irrespective of whether the distortions are
long range ordered or not23,24. When the JT distortion
is present, the distribution of near neighbor rMn−O dis-
tances constituting the MnO6 octahedron will consist of
two long (∼ 2.16 Å in LaMnO3 endmember), two inter-
mediate and two short (< 2 Å) Mn−O bonds (Fig. 1(a)).
When the JT distortion is absent there are six equal
rMn−O distances on the octahedron (Fig. 1(b)). Obser-
vation of the JT distortion in probes of local structure are
associated with the insulating phase22,25,26, whereas deep
in the metallic regime at base temperature no apprecia-
ble signature of the JT distortions have been observed on
any length-scale26.
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FIG. 1: (Color online) MnO6 octahedra − basic building
block of the La1−xCaxMnO3 structure: (a) JT-distorted, with
pairs of long (green), intermediate (gray), and short (red)
Mn−O distances; (b) undistorted, with all Mn−O distances
equal (gray).

Here we apply the PDF method to study structural
changes in La1−xCaxMnO3 as a function of temperature
for two carefully chosen concentrations: x = 0.18 and
x = 0.22. These two concentrations straddle the doping-
induced MI transition, enabling us to cross the MI tran-
sition both as a function of doping and temperature. For
x = 0.18 the system exhibits insulating behavior at all
temperatures. For x = 0.22, at low temperatures the
system is ferromagnetic metallic (FM). By heating to
temperatures above ∼180 K it becomes a paramagnetic
insulator (PI). The key result is that local JT distor-
tions disappear abruptly at the MI transition both as a
function of doping at fixed temperature, and by temper-
ature at fixed doping. Explicit 2-phase modeling reveals
no evidence of phase coexistence away from TMI . This
is incompatible with a percolative picture of the phase
transition.

Additionally, we have studied the transition to the
high temperature rhombohedral phase on heating in the
x = 0.22 material. Local JT-distortions persist at high
temperature, although they are crystallographically pro-
hibited in the R3c phase, similar to the earlier observa-
tion in the LaMnO3 endmember23,27. Transition to the
rhombohedral regime appears rather continuous from the
local structure perspective, with no observable change in
the size and spatial extent of the local distortions.

II. EXPERIMENT AND MODELING

Finely pulverized samples of La1−xCaxMnO3 with two
compositions, x = 0.18 and x = 0.22, were prepared us-
ing standard solid state synthesis methods23, annealed to
ensure oxygen stoichiometry28, and characterized thor-
oughly26. Neutron powder diffraction measurements
were carried out at the NPDF diffractometer at Los
Alamos Neutron Scattering Center at Los Alamos Na-
tional Laboratory. The samples, approximately 6 grams
each, were loaded into extruded vanadium containers and
sealed under He atmosphere. The data were collected on
warming for both samples at various temperatures be-
tween 10 K and 550 K using closed cycle cryo-furnace.
In addition, in order to explore the atomic structure at

various length-scales within the high temperature rhom-
bohedral phase, data on x = 0.22 sample were also col-
lected on warming in ILL furnace up to a temperature
of 1050 K. Transformation to rhombohedral phase for
this composition occurs at ∼ 720 K29. Control fur-
nace measurement at 550 K was conducted on cooling
to ensure the sample integrity. Data were collected for
4 hours at each temperature on each sample, providing
good statistics and a favorable signal to noise ratio at
high momentum transfers. Raw data were normalized
and various experimental corrections performed following
standard reduction protocols30. High resolution experi-
mental PDFs were obtained from the Sine Fourier trans-
form of the measured total scattering structure functions,
F (Q), over a broad range of momentum transfers up to
Qmax = 35 Å−1. Data reduction to obtain the PDFs,
G(r), was carried out using the program PDFGETN31.

The average structure was assessed through the Ri-
etveld refinements32 to the raw diffraction data using
GSAS33 operated under EXPGUI34. Structural refine-
ments of the PDF data were carried out over 1.7 Å
< r < 3.5 Å range using PDFfit2 operated under
PDFgui.35 In addition, for PDF data at selected temper-
atures refinements were also carried out using a variable
rmax protocol23. In this, the low-r refinement bound was
kept fixed at 1.7 Å, while the upper-r bound was sys-
tematically changed from 3.5 Å to 20 Å to provide an
estimate of the correlation length of the locally ordered
distortions.

The average structure refinements were carried out by
the known structural models appropriate for the tem-
perature and concentration ranges used. The O′ struc-
tural model (Pnma) was used for temperatures up to
650 K36 and the R structural model (R3c) was used
for the 750 K−1050 K range.37,38 The local and inter-
mediate structure refinements of PDF data for all tem-
peratures were carried out with O′ structural model.
All refinements were carried out with isotropic atomic
displacement parameters (ADP). Two-phase refinements
were carried out to explore the phase separation scenario:
both phases were described within the O′ structure, with
structural parameters fixed to values obtained deep in
the metallic and insulating regimes, and only parameters
allowed to vary were the phase fraction and the atomic
ADPs. The later were constrained to be the same for
related atomic sites across the two phases.

III. RESULTS AND DISCUSSION

A. Structural evolution across the MI transition
from single phase modeling

1. Average and local structure

First we briefly review the behavior of Mn-O bond
lengths and isotropic ADPs of oxygen when modeled us-
ing a single phase model that was previously described
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FIG. 2: (Color online) Average structure behavior (Rietveld).
Top row: Temperature evolution of the average Mn−O dis-
tances of MnO6 octahedron for (a) x = 0.18 (blue symbols)
and (c) x = 0.22 (red symbols). Horizontal dashed lines rep-
resent these distances in LaMnO3 end-member with vertical
gray double-arrow indicating the distortion size. Bottom row:
Temperature evolution of uncorrelated isotropic atomic dis-
placement parameter (ADP) of 8d oxygen (Pnma model) for
(b) x = 0.18 (blue symbols) and (d) x = 0.22 (red symbols).
Sloping dashed gray lines denote uncorrelated isotropic ADPs
of the same oxygen site in CaMnO3 end-member as a refer-
ence in the absence of disorder.36 Sloping dashed red line in
(d) represents the same, but with added constant offset to
match the high temperature end of the ADP data. Double
arrows indicate excess disorder in doped samples as compared
to CaMnO3. Vertical dashed red line marks TMI .

and reported in earlier work26.

Figure 2 summarizes the situation from the average
structure perspective (Rietveld refinement). At these
compositions in 10 K− 300 K temperature range the sam-
ples show a very small, or negligible,25,29,39–41 JT distor-
tion with all 6 Mn−O bonds in the octrahedra having
a similar length in the range around 1.975 Å. For ref-
erence, the Mn−O bonds in the undoped endmember,
where the JT distorted octahedra are long-range ordered,
are 2.16 Å, 1.96 Å, and 1.93 Å, as shown in the figure
as the dashed lines. On the other hand, an enlarged
ADP of oxygen on the octahedra indicates that there
is some disorder associated with the oxygen positions,
consistent with the presence of disordered JT distorted
octahedra (for comparison the isotropic ADP of the same
oxygen site when no structural disorder is present, in the
CaMnO3 end-member36, is shown as the dashed line)42.
The value of the oxygen ADP rapidly decreases in the
x = 0.22 sample as it enters the metallic phase at low
temperature, approaching, but not reaching, the undis-
torted value (Fig. 2(d)). The slightly enhanced value of
this ADP at base temperature is presumably a signature
of the quenched disorder component due to Ca/La sub-

FIG. 3: (Color online) Comparison of experimental PDFs over
r-range describing MnO6 octahedron, for x = 0.18 (solid blue
line) and x = 0.22 (solid red line) at various comparable tem-
peratures: T < TMI (left column), and T > TMI (right col-
umn). (a) 10 K, (b) ∼50 K, (c) ∼150 K, (d) ∼250 K (e)
300 K, and (f) 550 K. Notable difference can be observed at
low temperature where x = 0.18 sample is insulating, whereas
x = 0.22 sample is metallic. At T > TMI visible difference
vanishes.

stitution, which is a temperature independent quantity.
Refinements of the PDF over a range 1.7 < r < 40 Å (not
shown) quantitatively agrees with the Rietveld results.

Examination of the measured PDFs in the low-r re-
gion of the data confirm that the enlarged ADPs seen in
Rietveld are coming from the presence of non-long-range-
ordered JT distorted octahedra. This is most effectively
demonstrated by comparison between the experimental
PDFs when the PDF profiles of the two concentrations
are plotted on top of each other, as shown in Fig. 3. For
temperatures lower than TMI (Figs. 3(a), (b) and (c)) the
PDFs for the two samples show different features. For
higher temperatures (Figs. 3(d), (e) and (f)) the PDFs
of x = 0.18 and x = 0.22 are very similar. For both
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FIG. 4: (Color online) Local structure behavior (PDF). Top
row: Temperature evolution of the local Mn−O distances of
MnO6 octahedron for (a) x = 0.18 (blue symbols) and (c)
x = 0.22 (red symbols). Horizontal dashed lines represent
these distances in LaMnO3 end-member. Bottom row: Tem-
perature evolution of correlated isotropic ADPs of 8d oxy-
gen (Pnma model) for (b) x = 0.18 (blue symbols) and (d)
x = 0.22 (red symbols). Dashed lines sketch the uncorre-
lated ADPs shown in Fig. 2(b) and (d) for reference. Vertical
dashed red line marks TMI .

samples and at all measured temperatures the PDF peak
corresponding to the Mn−O bonds on the MnO6 octahe-
dra can bee seen around 2 Å. This appears upside down,
as a negative peak, due to the negative scattering length
of Mn30. Further, the compound peak at around 2.75
Å includes the O−O distances on the octahedron36. The
first PDF peak for x = 0.18 and for all measured temper-
atures exhibits a shoulder on the high r side of the peak.
Since at low temperatures the thermal broadening effect
will be minor, the appearance of this shoulder indicates
the existence of a longer Mn−O bond, and therefore the
presence of a JT distortion. For x = 0.22 below 180 K
(MI transition temperature) the Mn−O peak appears as
a single, well defined, peak. Additionally, the compound
peak describing O−O distances on the MnO6 octahedron
is sharp for x = 0.22 (undistorted MnO6) and broad for
x = 0.18 (distorted MnO6). These structural features
may be used to monitor changes in the JT content as the
sample passes through the MI transition. As the mea-
surement temperature of the x = 0.22 sample is increased
above 180 K a shoulder starts to appear on the high r
side similar to the one seen in x = 0.18 sample coincid-
ing with the MI transition observed in transport26. This
was previously pointed out in the context of a tempera-
ture dependent study in La1−xCaxMnO3

22 but we show
that the effect is similarly seen when the MI transition is
crossed as a function of doping at constant temperature.

Quantitative analysis from PDF refinements carried
out over a narrow r-range, reveal the distribution of
bond-lengths within the local JT distorted octahedra

FIG. 5: (Color online) Mn−O bond lengths from the refined
structure model to PDF data as a function of upper refine-
ment limit, rmax, for (a) x = 0.18 and (b) x = 0.22 com-
positions. Assessment for x = 0.18 was done at 10 K (solid
symbols) and 300 K (open symbols), whereas for x = 0.22 at
300 K for PDF data obtained at Qmax values of 25 Å−1 (open
symbols) and 35 Å−1 (solid symbols). Dashed lines indicate
Mn−O bondlengths in LaMnO3 at 300 K, where octahedral
distortions are long range ordered. See text for details.

(Fig. 4(a) and (c)), with ADPs of 8d-O associated with
these fits shown in Fig. 4(b) and (d). The latter show no
anomalies at the MI transition temperature since all the
information about the local distortions has been captured
by the structure parameters rather than the ADPs26.

These observations reinforce the well known result that
the MI transition is accompanied by the formation of
local JT-distortions in the insulating phase, and, con-
versely, undistorted octahedra in the metallic regime. It
also demonstrates that the local bond-length distribution
in the insulating regime decreases in amplitude with in-
creasing Ca content, as opposed to the assumption of the
small polaron picture in which the local octahedral dis-
tortion is as large as in the LaMnO3 endmember16,43,44

associated with the charge localized Mn3+ sites, while
Mn4+ sites are undistorted as in CaMnO3.

2. Correlation length of local JT-distortions

The PDF yields the structure on different length-
scales, revealing the locally JT distorted octahedra at
low-r and the average, undistorted, structure at high-r.
By studying how the PDF signal crosses over from the
distorted to undistorted as a function of r we may extract
a correlation length for any local ordering of the JT dis-
torted octahedra. A variable range PDF refinement of
the 300 K data was performed from rmin = 1.7 Å to
rmax, where rmax was increased from 3.5 Å to 20 Å in
steps of 0.5 Å. The rMn−O bond-lengths extracted from
these refinements are shown in Fig. 5. It can be seen
that the amplitude of the measured octahedral distor-
tion falls off gradually with increased fitting range until
the rMn−O distances reach the values from the crystal-
lographic analysis. The correlation length of the local
JT distortions is ∼ 10.5 Å at x = 0.18, decreasing to
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FIG. 6: (Color online) (a) T-evolution of undistorted fraction
from 2-phase short-range PDF modeling for x = 0.18 (solid
blue symbols, no MIT), and for x = 0.22 (solid red symbols,
MIT at ∼ 180 K indicated by vertical dashed red line). Hor-
izontal solid black lines are guides to the eye. Typical short
range refinements of the 2-phase model are shown in (b) for
x = 0.18 and in (c) for x = 0.22 data at 10 K. In both pan-
els open blue symbols represent the data, solid red line is the
model, and solid green line is the difference (offset for clarity).

∼ 8 Å at x = 0.22. This is very similar to the obser-
vation above the JT-transition in LaMnO3

23, albeit the
length-scale in the present case appears to be smaller,
suggesting the decrease of the local distortion correlation
length with Ca-doping.

We have tested whether the length-scale of ordered lo-
cal distortions changes with temperature for the x = 0.18
sample. Fig. 5(a) shows results of the assessment at 10 K
and 300 K and we could not detect a temperature evolu-
tion of the characteristic length-scale within the accuracy
of the approach. We also tested whether the observa-
tions are dependent on the r-resolution of the PDF for
x = 0.22 by doing the analysis from PDFs obtained us-
ing Qmax values of 25 Å−1 and 35 Å−1 (open and solid
symbols, respectively, in Fig. 5(b)). We find that slightly
sharper and larger length-scale (by ∼ 1 Å) is obtained
with higher resolution data, giving us an estimate of the
uncertainty on this value. While the absolute accuracy of
the applied protocol could be somewhat challenging45, it
still provides very important insights about the average
correlation length of the underlying ordered local distor-
tions.

B. Phase separation

We now turn to the question of phase separation and
what our data have to say on this topic. Whilst phase
separation with large length-scale domains is clearly
dominating in systems with smaller A-site ions such
as La1−xPrxMnO3

46, for the systems that show robust
CMR behavior such as Ca and Sr doped LaMnO3, though
the phase separation scenario has been invoked, our re-
sults suggest that phase coexistence is minimal in the
vicinity of the MI transition at x ∼ 0.2, at least for the

FIG. 7: (Color online) (a) Comparison of T-evolution of un-
correlated ADPs (Rietveld) for x = 0.18 (open blue symbols),
x = 0.22 (open red symbols), and x = 1.0 (dashed black
line, reference) compositions. Correlated ADPs obtained from
2-phase refinements (PDF) are shown by solid symbols for
x = 0.18 (blue) and x = 0.22 (red). (b) Evolution of long
Mn−O bond with temperature from short range PDF mod-
eling. Solid blue symbols represent data for x = 0.18 (no
MIT), solid red symbols represent data for x = 0.22 (MIT at
∼180 K, indicated by vertical dashed red line). Horizontal
dashed black line marks long Mn−O bond for x = 0 (refer-
ence) composition. Solid blue line through x = 0.18 points is
guide to the eye.

Ca doped state. The rapid crossover from distorted to
completely undistorted as the MI transition is crossed,
both as a function of T at x = 0.22 and as a function of
doping, x at fixed temperature, would seem to rule out a
percolation mechanism for that transition.

Observations of phase separation in these systems from
other measurements may be a result of extrinsic effects
such as doping or strain, or difficulties in data interpre-
tion6,14,16,44,47–50.

The situation may be different at higher doping, such
as La0.5Ca0.5MnO3

51, and our results only explicitly ad-
dress the low-doped region of the phase diagram.

Given the strong electron-phonon coupling and rela-
tively large size of underlying structural distortions in
the PI phase, it is sensible to utilize structural signatures
of the charge localized and delocalized states to explore
the existence and to quantify PS in La1−xCaxMnO3. In
fact, there was one such attempt in the past from ear-
lier La1−xCaxMnO3 PDF experiments52. In that study,
a two-phase model based on the local structures of the
FM and PI phases was used to refine the experimental
PDFs quantitatively. The model involved CaMnO3−like
undistorted structural phase and LaMnO3−like distorted
structural phase with a distortion size associated with the
PI component of the order of 0.23 Å (defined as difference
between the long and short Mn−O bond) such as seen
in the undoped La-endmember. Based on the results, a
claim was made of the observation of the co-existence of
both phases over a wide temperature range. The fits re-
sulted in approximately 10% of the localized JT phase
(PI) being present even at the lowest temperature mea-
sured (20 K), whereas at room temperature nearly half
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of the sample remained in the delocalized (FM) phase.
However, we note that in this approach to fitting data the
quantification of the phase fraction is highly sensitive to
the size of the distortion in the distorted PI phase. At the
time of that work, the small polaron model was widely
accepted for the insulating phase. In this model, the mag-
nitude of the distortion associated with the charge local-
ized Mn3+ sites is expected to be as large as that in the
LaMnO3 endmember16,43,44. However a later, higher res-
olution, neutron PDF study26 of the insulating regime of
La1−xCaxMnO3 revealed that the local JT-distortion am-
plitude in fact decreases dramatically with the increased
Ca-content, contrary to the small polaron model assump-
tion. This observation calls for the early PDF report of
temperature evolution of the phase fraction to be revis-
ited and the phase fraction assignment to be re-examined
by a model that uses a more realistic assignment of the
underlying local structure of the metallic and insulating
phases.

Here we carried out 2-phase refinements in a fashion
similar to the one described earlier52 but with the JT
distortions set to those observed in the local structure
at 10 K for the x = 0.18 composition. The structure
of the undistorted FM phase was set to that obtained
by Rietveld at 10 K for x = 0.22 composition. This
choice is not optimal as both the average and local struc-
ture change with changing the Ca content. However, the
changes occurring between x = 0.18 and x = 0.22 are
much smaller than those between x = 0 and the doped
compositions used26. We believe that this assumption
is therefore more realistic than the one used in the ear-
lier work52. In the 2-phase refinements all structural pa-
rameters were kept fixed. The only quantities that were
allowed to vary were the phase fraction and isotropic
correlated ADPs that were constrained to be the same
for the two component-phases. Typical fits at 10 K are
shown in Fig. 6(b) and (c). Evolution of the observed
undistorted fraction with temperature for the two com-
positions is presented in Fig. 6(a). No significant con-
tribution of the undistorted phase could be detected in
x = 0.18 sample, whose undistorted fraction (and con-
versely distorted fraction) display almost flat tempera-
ture dependence within the accuracy of the assessment.
While our analysis cannot unambiguously rule out the ex-
istence of phase separation in this composition, it quite
strongly suggests that there is virtually no temperature
evolution of the local or long-range structure across the
temperature range studied, and places an upper limit
for undistorted fraction in x = 0.18 sample to below
10%. Similarly, the x = 0.22 sample displays almost
fully undistorted component in the metallic regime, and
fully distorted component in the insulating regime, both
displaying no temperature dependence, except in the im-
mediate vicinity of the MI transition. Corresponding cor-
related ADPs obtained from 2-phase fits are shown in
Fig. 7(a) (solid symbols) and compared to the uncorre-
lated values obtained from single phase fits (open sym-
bols). In addition to results for the undistorted fraction

from 2-phase refinements that suggest an abrupt change
with no appreciable doping and temperature dependence
across the MI transition, changes in uncorrelated ADPs
observed in Rietveld refinement, as well as the observed
changes in the local long Mn−O bond (Fig. 7(b)) are
also abrupt and localized to the immediate vicinity of
the transition. The existence of some small amount of
residual distorted phase deep in the metallic region, and
conversely the existence of some small amount of resid-
ual undistorted phase in the insulating region, cannot be
ruled out. What is observed here is a dramatic and rapid
loss of the distorted Mn octahedra at the MI transition,
and relative flatness of the phase fractions away from the
transition. This is inconsistent with a picture of the MI
transition being percolative in nature, a scenario where
the physical properties change rapidly at the transition,
but the phase composition evolves slowly through it.

C. High-T behavior: rhombohedral phase

Finally, we explore the local structure in the high-
temperature rhombohedral phase for the x = 0.22 sam-
ple. Fig. 8 shows raw diffraction data and Rietveld refine-
ment fits in this high-temperature region. Understand-
ing nanosale character of orbital correlations has always
been a fundamental challenge in CMR systems in general,
and in manganites in particular53. In La1−xCaxMnO3

a systematic study combining high energy x-ray scat-
tering with elastic and inelastic neutron scattering has
been employed recently to explore the character of the
polaron order and dynamics54. It was found that, once
established, the nanoscale polaron correlations are only
weakly temperature dependent. These short-range cor-
relations were found to have a static component seen in
the elastic scattering channel, indicative of the presence
of a glasslike state of the polarons, as well as coexisting
dynamic correlations with comparable correlation length,
as observed by inelastic neutron scattering. It was fur-
ther established that the elastic component disappears at
some characteristic higher temperature T ∗, above which
the correlations are purely dynamic54.

The character of nanoscale orbital correlations has
been studied at temperatures comparable to the JT-
transition in LaMnO3 endmember, and at temperatures
below the characteristic temperature scale T∗, within
what is known as the pseudocubic phase (still Pnma
space group)26,54. Explorations of orbital correlations
in the rhombohedral structural phase at temperatures
much higher than both TJT in LaMnO3 and T∗ in
La1−xCaxMnO3 have been scarce. An atomic PDF
study explored this temperature regime in the undoped
LaMnO3 endmember23, and found that the local JT-
distortions persist deep into the rhombohedral phase.
Since the PDF method relies indiscriminately on both
elastic and inelastic scattering channels, it does not re-
veal whether the underlying nanoscale orbital correla-
tions are static or dynamic, although it is reasonable to
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FIG. 8: (Color online) Rietveld refinements of the average
structure models to La1−xCaxMnO3 x = 0.22 data at (a)
550 K (Pnma) and (b) 1050 K (R3c). Blue symbols repre-
sent the data, solid red lines are the model, and solid green
lines are the differences (offset for clarity). Vertical ticks mark
reflections. (c) Experimental diffraction patterns over a nar-
row range of d-spacing sensitive to O−R average structural
transition for temperature as indicated. Profiles have been
offset for clarity. The bottom and top profiles correspond to
the same 550 K temperature collected on warming and cool-
ing respectively. Oxygen content refined for these two data
sets does not change within the experimental uncertainty, ver-
ifying that the sample integrity has been preserved through
the heating cycle.

assume that at such high temperature they are proba-
bly purely dynamic. Studies of the rhombohedral regime
for doped La1−xCaxMnO3 samples have been lacking to
date. Recent high-resolution synchrotron x-ray powder
diffraction measurement explored the existence and char-
acter of the rhombohedral phase for x = 0.3 compo-
sition38. A change of polaronic behavior at the pseu-
docubic (Pnma) to rhombohedral (R3c) structural phase
transition (at TS) from nonadiabatic in the Pnma phase
to adiabatic in the R3c phase was suggested from resis-
tivity measurements. These results in conjunction with
neutron and x-ray studies showing polaron correlations
in the orthorhombic phase were interpreted as a scenario
in which the structural transition triggers a crossover be-
tween distinct electronic states that may be classified as
polaron liquid and polaron gas states, though the density
of polarons does not change at this transition, so what
this picture really means remains unclear.

In order to shed more light on this part of the phase di-
agram, we explored the evolution of the average and local
atomic structure for x = 0.22 across the high tempera-
ture transition and deep in the R3c phase. At this com-
position TS is ∼720 K. We establish the average struc-
tural behavior through Rietveld refinements (Fig. 8(a)
and (b)), and demonstrate that for the high temperature
range studied the sample indeed exhibits the transition
where expected. The structural phase transition is clear
in the raw diffraction data shown in Fig. 8(c), and the re-
spective Rietveld fits do confirm this (Fig. 8(a), (b)), with

FIG. 9: (Color online) (a) Temperature evolution of the aver-
age Mn−O distances of MnO6 octahedron for x = 0.22 sam-
ple, as obtained from Rietveld refinements across the entire
T-range studied. Vertical dashed red lines at ∼ 180 K and
∼ 720 K mark M−I and O−R transitions, respectively. Ver-
tical dashed lines mark 300 K values for x = 0 reference. (b)
T-evolution of 8d oxygen (Pnma model) ADP as obtained
from Rietveld refinements. Inset to (a) sketches reflections
in the diffraction data characteristic for O and R phases, as
shown in Fig. 8(c).

data at and above 750 K being in the rhombohedral R3c
spacegroup. In this spacegroup only a single Mn−O bond
distance is allowed, and the temperature dependence of
the refined value is shown in Fig. 9(a). It extends con-
tinuously from the value in the Pnma model at lower
temperature. In that model three distinct distances are
allowed; however they refine to almost the same, single
value at higher temperatures indicating that on average
the MnO6 octahedra are already approximately regular
even before entering the rhombohedral phase. However,
close examination of the ADPs (Fig. 9(b)) shows that
in addition to an anomalous jump in 8d−O ADP tem-
perature dependence at TMI , indicative of the onset of
local JT-distortions in the insulating phase, there is also
a hint of an additional jump, albeit smaller in size, at
around TS , similar to what was observed in LaMnO3

23.
As discussed earlier, the system below TS already con-
tains disordered local JT distortions, so this is quite sug-
gestive that the local JT distortions are surviving all the
way into the rhombohedral phase, and indeed all the way
to our highest temperature data-point at 1050 K. This
is confirmed in the low-r region of the measured PDFs.
Thermal motion of the atoms broaden the PDF peaks
making it difficult to resolve clearly the peaks and shoul-
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FIG. 10: (Color online) Temperature evolution of the local
Mn−O distances of MnO6 octahedron for x = 0.22 sample, as
obtained from short range PDF refinements. Local distortions
that are onset upon entering the insulating state persist also
in the rhombohedral phase, and are seen up to 1050 K - the
highest temperature studied. Vertical dashed red lines mark
TMI and TS .

ders directly, but low-r refinements of the PDF clearly
prefer distorted MnO6 octahedra extending to the high-
est temperatures, as shown in Fig. 10.

PDF analysis shows that JT-distortions in x = 0.22
persist in the R3c phase pretty much in the same fashion
as they do in LaMnO3 endmember23, irrespective of the
fact that the JT-distortion is crystallographically pro-
hibited. Since the local distortions survive to the highest
temperature measured, it is sensible to ask what does
in fact change at TS from the perspective of the lo-
cal structural footprint of the electronic/orbital state.
As was suggested earlier54, at a characteristic temper-
ature T∗ which extends to TJT for x = 0 composition
(LaMnO3) there is a change from presumably polaron
glass (static polarons) below T∗ to a polaron liquid (dy-
namic polarons) above T∗. Since clear JT-distortion sig-
natures persist still above TS , we suggest that at this
point there could be a change in the correlations of the
dynamic polarons. At such high temperatures, however,
the r-dependent PDF fitting protocol is not so stable due
to the thermal broadening of the PDF signal and result-
ing loss in information in the signal. Instead, we explored
an alternative approach (Fig. 11). First, we compare ex-
perimental PDFs for x = 0.22 at the closest available
temperatures bracing the TS : 650 K data correspond
to Pnma phase, whereas 750 K data correspond to R3c
phase, as can be verified from inspecting the respective
diffraction patterns shown in Fig. 8(c). This compari-
son is shown in Fig. 11(a). The difference in the PDFs
above and below the transition is captured in the dif-
ference curve that is plotted in green below the PDFs.
This indicates that the local structure does not change
over the lengthscale of ∼5-6 Å. Further insights can be
gained from assessing how well the model that describes
the intermediate range PDF data explains the data at
low-r45. To achieve this, a simple two-step procedure

FIG. 11: (Color online) (a) Comparison of experimental PDF
data for x = 0.22 at 650 K (Pnma phase, open blue sym-
bols) and 750 K (R3c phase, open red symbols). (b) and (c)
show comparison of the data (open gray symbols) and the
Pnma model based on intermediate range structure param-
eters (solid red line) for 650 K and 850 K, respectively. In
all panels difference curve (solid green line) is offset for clar-
ity. Light-red solid lines above the differences represent a 4 Å
running average of the absolute value of the difference curve,
multiplied by 10 and offset for clarity. Shaded areas empha-
size the regions of disagreement of the compared PDFs.

was used: in the first step, the PDF data were fit over
10 Å < r < 20 Å range; in the second step the structure
parameters obtained from the first step were adopted
and kept fixed in a refinement of the PDF over 1.7 Å
< r < 20 Å range, with model parameters that describe
correlated motion of nearest neighbors30 being the only
variables. The procedure was applied to 650 K data (be-
low TS) and 850 K data (above TS). The resulting fits
are shown in Fig. 11(b) and (c). The difference curves
between the data and the model display behavior inverse
of that seen in Fig. 11(a): agreement is good in the high r
region, but poorer at low r, with observable disagreement
below ∼6 Å. This not only confirms the existence of local
JT-distortions in the high temperature regime, but also
suggests that the range of correlations of the local JT-
distortions does not change appreciably on crossing TS .
These observations are in line with previous observations
of correlated domain size smoothly changing across TS

in LaMnO3 endmember23, and also consistent with the
change of octahedral rotational degrees of freedom. The
PDF approach cannot address the origin or mechanism
of the stability of the local distortions. However, it does
show very clearly that these distortions do survive up to
the highest temperatures, presumably because of Jahn-
Teller stabilization energy being very high compared to
thermal effects even at these temperatures.

The results of this study suggest that there does not
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appear to be a broad range of phase coexistence in this
material through the MI transition as has been widely
thought previously. In contrast, local JT distortions are
rapidly suppressed in the metallic phase (x = 0.22 at low
temperature) on entering both as a function of tempera-
ture at fixed doping, or as a function of doping at fixed
temperature. These results suggest that the percolative
picture for the phase transition is unlikely in our sam-
ples. The results are reconciled with earlier PDF studies
that suggested otherwise. These studies16,52 assumed a
small-polaron model where the low-r region of the PDF
could be rationalized as a mixture of fully JT distorted
octahedra and undistorted octahedra. More recent data
show that the amplitude of the local JT distortion actu-
ally decreases with doping26 and a simple small polaron
scenario is not correct. By taking this into account in
the current analysis we obtain a rather different view of
the evolution of the metallic and insulating phase frac-
tions with temperature and doping in La1−xCaxMnO3.
The behavior is different from cubic manganite systems
with smaller A-site ions such as Pr1−xCaxMnO3

55,56

where phase coexistence has been clearly established on
a longer length-scale. On the other hand, the behav-
ior of La1−xCaxMnO3 and La1−xSrxMnO3 systems are
likely to be similar to each other, despite the sugges-
tion of a percolative transition in that system from early
PDF data44. The persistent feature that was attributed
to the Mn−O long bond in that study may have been the
feature that we attribute to a termination effect in the
current work since it is longer in the doped compounds
than the Mn−O long-bond in undoped LaMnO3 and not
shorter as we now know to be the case.

If the mechanism is not percolative it is interesting
to speculate on other mechanisms for the MI transi-
tion and CMR effect. A recent in-depth single crystal
exploration of the insulating state in the underdoped
regime of La1−xSrxMnO3 suggested dominant role of su-
perexchange interactions in the ferromagnetic coupling
57. In this picture orbital mixing alters the interatomic
exchange interactions from type-A antiferromagnetic to
ferromagnetic order, and can possibly also account for the
decrease in the Jahn-Teller oxygen displacements with
increasing x, providing a rationale for earlier PDF ob-
servations26. Such a band model of the σ-bonding 3d
electrons with magnetic-polaron formation would also be
consistent with the current results.

To understand these systems properly, it would be
helpful to revisit the La1−xSrxMnO3 system using mod-
ern experimental and analysis protocols. The behavior
of La1−xCaxMnO3 at higher dopings could also be un-
derstood better, where competition between the metallic

and ordered-polaronic charge-ordered phases changes the
energy balances and therefore phase coexistence behav-
ior50,51,58,59.

IV. CONCLUSION

In summary, we have revisited the metal-insulator
transition in doped La1−xCaxMnO3 (x = 0.18, 0.22) with
a careful neutron PDF study of the local structure. Dis-
torted MnO6 octahedra are clearly visible in the local
structure wherever the samples are in the polaronic insu-
lating phase. The local JT distortions disappear in the
metallic phase. This is in contrast to the observations of
the average crystal structure probed either by Rietveld
refinement, or refinements of the PDFs carried out over
intermediate ranges of r up to 40 Å. Both the correla-
tion length of any ordered JT distortion, and also the
phase fraction of metallic and insulating material, have
been studied as a function of temperature and doping
across the MI transition. We also establish that the local
JT distortions persist into the high-temperature rhom-
bohedral phase of the material. The results of the search
for phase coexistence show that the undistorted fraction
changes abruptly across the MI transition, and the phase
fraction stays rather uniform at both sides of the phase
line. These observations do not support the percolative
scenario for the MI transition in La1−xCaxMnO3 and
bring the ubiquity of phase separation in the broad class
of manganites to question. On the other hand, local dis-
tortions of MnO6 octahedra are found to persist across
the pseudocubic to rhombohedral phase transition and
deep into the rhombohedral phase where they are crys-
tallographically prohibited.
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