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Abstract. The manganates La0.80Ca0.20MnO3, La0.70Ca0.30MnO3 and La0.70Sr0.30MnO3
exhibit the colossal magnetoresistive (CMR) effect. Total neutron diffraction was employed to yield
information on both the average and local atomic structure of these disordered crystalline materials
as a function of temperature. The average structures were determined from Rietveld analysis of
the Bragg scattering. Information on the local structures was obtained by Fourier transformation
of the total diffraction pattern to yield the total correlation function, T (r). Particular attention is
paid to changes in the Mn–O bond distances, which are widely believed to be important in the
CMR effect. Jahn–Teller distortions of the MnO6 octahedra are absent at the lowest temperatures
in the metallic phase. As the temperature is raised towards the paramagnetic–semiconducting to
ferromagnetic–metallic transition at Tc , T (r) exhibits clear increases in the variance of Mn–O
bond distances, which greatly exceed those expected from the increase in disorder due to atomic
thermal motion. This is confirmed by comparing the behaviour of the three materials, which have
different values for Tc . The advantage of studying the local structure directly by determining T (r)
from total neutron scattering, rather than extrapolating from the average to local structure from
Bragg scattering studies, is demonstrated. Comparisons are made with the results obtained for the
ordered compound LaMnO3, which does not exhibit the CMR effect. The three CMR manganates
studied here do not show a separation of the Mn–O distances into two well resolved sets above Tc
as reported by other workers.

1. Introduction

The manganates La1−xAxMnO3, where A is a divalent ion, have attracted widespread interest
because many of these materials exhibit colossal magnetoresistance (CMR) behaviour [1]. The
large changes in resistance appear to be associated with structural changes and the detailed
nature of these structural changes has been the subject of widespread interest and study.

All these manganates adopt distorted variants of the perovskite structure in which
manganese is surrounded by six oxygen near neighbours. The MnO6 groups are close to
perfect octahedra in the end members with x = 1, for example in CaMnIVO3, but become
more distorted when x becomes smaller. In CaIVMnO3 the Mn–O distances are 2 × 1.895 Å,
2 × 1.900 Å and 2 × 1.903 Å [2], but in LaMnIIIO3 there are four short Mn–O bonds,
2 × 1.907 Å and 2 × 1.968 Å, and two long bonds at 2.178 Å [3]. This can be explained
by the fact that manganese in oxidation state III has an outer electronic configuration of d4
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(high spin) and is expected to be Jahn–Teller active, but manganese IV with an outer electronic
configuration of d3 would not be.

The situation at intermediate compositions is complicated. Generally for larger values
of x (x � 5/8) ordered structures are produced with distinct MnIII and MnIV sites
around which the Mn–O distances behave as explained above. However, for smaller
values of x (x � 0.5), the compounds La1−xAxMnO3, although crystalline, are structurally
disordered. This complicates structural studies. In particular it makes it difficult to follow
the behaviour of Mn–O bond lengths as a function of temperature. This behaviour is of
great interest, because it has been suggested that, at low temperature in the metallic phase,
electrons are delocalized in a conduction band and the manganese atoms become equivalent,
leading to a much reduced or even completely removed Jahn–Teller distortion of the MnO6

octahedra.
Changes in the average Mn–O bond lengths as a function of temperature in a number of

disordered manganates have been studied using standard crystallographic methods to model
the Bragg scattering. These studies show that discontinuous changes in the Mn–O bond
lengths occur at the temperature Tc of the transition from the (high temperature) paramagnetic–
semiconducting phase to the (low temperature) ferromagnetic metallic phase. For example,
Radaelli et al [4] carried out a very careful powder neutron diffraction study using Rietveld
analysis of the Bragg scattering, and concluded that a Jahn–Teller distortion was still present
at low temperature in La0.75Ca0.25MnO3.

Clearly there are difficulties, and dangers, in extrapolating from average structures to local
behaviour in these disordered manganates. A number of workers have therefore attempted to
gain information on local structure using extended x-ray fine structure spectroscopy (EXAFS)
and neutron diffraction to yield correlation functions. Booth et al [5] reached the conclusion
that local Jahn–Teller distortions disappeared at low temperature from an EXAFS study
in which they compared the variance σ 2

Mn–O for the Mn–O bond length distributions in
La1−xCaxMnO3 (x = 0.21, 0.25 and 0.30) with those obtained for LaMnO3 and CaMnO3. At
low temperature the value of σ 2

Mn–O for the CMR manganates approached the value obtained
for CaMnO3, a material in which there is no Jahn–Teller distortion of the Mn–O bonds (see
above). As the temperature was increased towards Tc, σ 2

Mn–O increased rapidly, and above Tc
all the lanthanum calcium manganates had similar σ 2

Mn–O values. Their explanation for this
behaviour is that there is a transition from localized (polaron) states at high temperature to a
state with delocalized electrons in which the manganese atoms become identical well below Tc.
Billinge et al [6] reached similar conclusions, for a series of La1−xCaxMnO3 compounds, from
the behaviour of the width of the O–O correlation at 2.75 Å. However, it has been suggested by
Louca et al [7] from a study of the pair correlation function in La1−xSrxMnO3, derived from
neutron diffraction, that the Jahn–Teller distortion remains, although much reduced, even at
low temperature. A similar conclusion was reached by Lanzara et al in their EXAFS study of
La0.75Ca0.25MnO3 [8]. A more extended discussion of ‘lattice effects’ in these materials can
be found in a review by Millis [9].

Ideally one should examine the changes in both the average and local structures
which occur in CMR manganates as a function of temperature. In order to achieve this
we have collected total neutron diffraction data for the manganates La0.70Ca0.30MnO3,
La0.80Ca0.20MnO3 and La0.70Sr0.30MnO3, using the LAD diffractometer at the Rutherford
Appleton Laboratory. We have simultaneously determined the average structures, by Rietveld
analysis of the Bragg scattering and obtained the total correlation function, T (r), by Fourier
transformation of the interference function. In this way, we aim to correlate changes in both
the average and local structures of these manganates with the changes in electronic transport
properties, which occur on cooling through the insulator to metal transition. This study
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therefore contrasts with previous work in which either the local or average structures (but
not both) have been studied as a function of temperature.

2. Theory

2.1. Total neutron diffraction

The basic quantity measured in a total neutron diffraction experiment is the differential cross
section [10]

dσ

d�
= I (Q) = I s(Q) + i(Q) (1)

where I s(Q) is known as the self-scattering and i(Q) is known as the distinct scattering. Q is
the magnitude of the scattering vector (momentum transfer) for elastic scattering, given by

Q = 4π sin θ

λ
. (2)

The distinct scattering may be Fourier transformed to give the total correlation function

T (r) = T 0(r) +
2

π

∫ ∞

0
Qi(Q)M(Q) sin(rQ) dQ (3)

T 0(r) = 4πrg0

( ∑
i

cl b̄l

)2

(4)

where M(Q) is a modification function (used to reduce termination ripples due to the finite
maximum momentum transferQmax of the experimental data), g0(= N/V ) is the macroscopic
number density of scattering units, cl the atomic fraction and b̄l the coherent neutron scattering
length for element l. The modification function used in this work is that due to Lorch [11]:

M(Q) = sin(Q�r)

Q�r
for Q < Qmax

= 0 for Q < Qmax (5)

where �r = π/Qmax .
The contribution to the experimental data due to Mn–O bonds was modelled by using

the following procedure: firstly the reciprocal-space contribution was calculated by use of the
Debye equation,

icalc(Q) = 1

N

∑
j

∑
j �=k

b̄j b̄k
sinQRjk
QRjk

exp

(−〈u2
jk〉Q2

2

)
(6)

where b̄j and b̄k are the scattering lengths of atoms Mn and O, Rjk is the interatomic
distance between a given pair of atoms and 〈u2

jk〉 is the mean square thermal variation in
interatomic distance. The sum was normalized in every case to an average atom, by dividing
by N = 5, the number of atoms in the (La1−xAxMnO3) formula unit. Secondly icalc(Q)
was Fourier transformed according to equation (3) to yield the real-space contribution. The
Fourier transform was performed using the same modification function and Qmax as for the
experimental data. In this way, the model includes the same real-space resolution function as
the experimental data.
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2.2. Isotropic temperature factors

If it is assumed that atomic displacements are isotropic then the effect of atomic thermal motions
on the Bragg scattering from a crystal may be described in terms of isotropic temperature
factors, Bd , where Bd is the isotropic temperature factor for the dth atomic site in the unit cell
[12]. The Debye–Waller factor for the contribution to the single differential cross-section due
to the pair of sites d, d ′ is then given by

exp

(
−

(
Bd + Bd ′

8π2

)
Q2/2

)
. (7)

Equating this Debye–Waller factor with that for total neutron diffraction (as given in
equation (6)) gives

8π2〈u2
jk〉 = Bj + Bk. (8)

This equation is correct only within the approximation that atomic displacements are both
isotropic and uncorrelated. If the unit cell contains more than one atom of a particular element,
then a suitable average of the isotropic temperature factors must be used to calculate the mean
square variation in interatomic distance.

3. Experiment

3.1. Synthesis and characterization of samples

Samples of La1−xCaxMnO3 (x = 0, 0.2, 0.3) were prepared from La2O3 (Alfa Aesar, 99.99%,
fired at 800 ◦C prior to use), CaCO3 (Aldrich, 99+%) and Mn(NO3)2 (Aldrich, 49.7 wt%
solution in dilute nitric acid). Stoichiometric amounts of the starting materials were dissolved
in approximately 50 cm3 4M HNO3 to which an excess of citric acid (Aldrich, 99.5%) and
ethylene glycol (Aldrich, 99+%) with respect to metal-complex formation was added. After
all the reactants had dissolved, the solution was heated on a hot plate, resulting in the formation
of a gel. The gel was dried at 300 ◦C, then heated to 600 ◦C to remove the organic matter and
to decompose the nitrates. The resultant ash was pressed into pellets and fired at 1100 ◦C for
12 h in a platinum crucible. La0.8Ca0.2MnO3 and La0.7Ca0.3MnO3 were reground and heated
at 1200 ◦C for 48 h and then cooled to room temperature in the furnace. LaMnO3 was heated at
1200 ◦C under argon for 24 h. Powder x-ray diffraction patterns of the products revealed that
they were single-phase materials. The sample of La0.7Sr0.3MnO3 was prepared in the same
manner as the lanthanum calcium manganates, but using SrCO3 (Cerac, 99.5%) in place of
CaCO3.

3.2. Magnetic susceptibility and resistivity measurements

Magnetic susceptibilities were determined using a Quantum Design SQUID magnetometer.
The data were collected at 100 G from high to low temperature (field cooled) from 300 to 10 K
for La1−xCaxMnO3 and from 400 to 10 K for La0.70Sr0.30MnO3. Resistivity measurements
for the La1−xCaxMnO3 samples were made over the same temperature range using a standard
four-probe method. Gold wire contacts were attached to the sample (a polycrystalline,
sintered block) with silver paint. The transition temperatures for ferromagnetic ordering and
the maxima in resistivity (for the calcium doped samples) were found to be at 198 K for
La0.80Ca0.20MnO3, 270 K for La0.70Ca0.30MnO3 and 374 K for La0.70Sr0.30MnO3.
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3.3. Neutron diffraction

Time of flight (tof) powder neutron diffraction data were collected on the LAD diffractometer
at ISIS, Rutherford Appleton Laboratory, Chilton, Didcot, UK [13]. The diffractometer
was equipped with pairs of detector banks at 5, 10, 20, 35, 58, 90 and 150◦. Powdered
polycrystalline samples, 9.41 g of La0.70Ca0.30MnO3, 9.54 g of La0.80Ca0.20MnO3, 8.71 g of
La0.70Sr0.30MnO3 and 8.30 g of LaMnO3 were loaded into cylindrical vanadium sample holders
of 8 mm internal diameter. The effective atomic density of each sample, as used in the data
correction routines, was determined from the sample depth. The samples were cooled using a
closed cycle refrigerator. Data were collected over the time of flight range 100–19 750 µs and
analysed using the Q range 0.25–50 Å−1. Background runs were collected on the empty can,
empty instrument and a standard vanadium rod.

4. Results

4.1. Rietveld analysis

Data for Rietveld analysis were obtained by combining the signals from the two 150◦

detector banks and normalizing to the neutron flux, as measured by the vanadium data.
Rietveld refinements were carried out using the program TF12LS [14], over the tof range
2000–14 000 µs (equivalent to a d-spacing range of 0.373–2.612 Å, or a Q-range of
2.406–16.845 Å−1), with the peak shape modelled by a pseudo-Voigt function convoluted
with a double exponential function. The coherent neutron scattering lengths used for La, Ca,
Sr, Mn and O were 0.8240×10−14 m, 0.625×10−14 m, 0.702×10−14 m, −0.373×10−14 m and
0.5803 × 10−14 m, respectively [15]. The initial values used in our refinement of the nuclear
structures of La0.70Sr0.30MnO3 and LaMnO3 were taken from the atomic parameters reported
for these compounds by Radaelli et al [4] and Hauback et al [16] respectively. The initial values
used in our refinement of the nuclear structures of La0.70Ca0.30MnO3 and La0.80Ca0.20MnO3

were taken from the atomic parameters of Radaelli et al for La0.75Sr0.25MnO3 [4]. The
structural parameters obtained from Rietveld analysis of the Bragg scattering from LaMnO3

at 15 K and La0.70Ca0.30MnO3 over the temperature range 15–310 K are shown in table 1.
The structural parameters for La0.80Ca0.20MnO3 and La0.70Sr0.30MnO3 over the temperature
range 15–310 K are shown in tables 2 and 3 respectively. The results of one refinement, Iobs ,
Icalc and the difference plot, (Iobs − Icalc)/esd, for La0.70Ca0.30MnO3 at 15 K are shown in
figure 1. The data from the 150◦ detector banks were used for the profile refinement because
these have the best resolution and hence yield the most accurate nuclear parameters. However,
the minimumQ for the data measured at 150◦ is relatively high and in fact the magnetic form
factor of manganese [17] is not significant over most of the Q-range of the data measured at
150◦. Hence the contribution due to magnetic scattering can safely be ignored in the profile
refinement. Figure 1 shows that the model including nuclear scattering gives a good fit to the
Bragg scattering even at the lowest temperature studied, when the contribution due to magnetic
Bragg scattering is at its greatest.

4.2. Total neutron diffraction analysis

Total neutron diffraction patterns were obtained by merging the data from all 14 detector
banks normalized to absolute units, after correcting for detector dead-time, multiple scattering,
attenuation and inelasticity using the ATLAS suite of programs [10] and extrapolating to
Q = 0 Å−1.
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Figure 1. Final fitted profiles (points, observed; line, calculated; lower (Iobs − Icalc)/esd) from
Rietveld refinement for La0.70Ca0.30MnO3 at 15 K. Tick lines directly above the diffraction pattern
indicate the positions of the allowed reflections.
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Figure 2. The interference function, Qi(Q), for La0.80Ca0.20MnO3 at 15 K.

The interference function, Qi(Q), for La0.80Ca0.20MnO3 at 15 K, out to Q = 50 Å−1, is
shown in figure 2. Note that at a scattering angle of 150◦ it was necessary to exclude a region
32.5–40 Å−1 in order to avoid a frame overlap contribution from a Bragg peak atQ ≈ 1.63 Å−1

and this leads to the increased noise in this region of the interference function.
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Table 4. Mn–O bond lengths for the disordered manganates, La0.70Ca0.30MnO3,
La0.80Ca0.20MnO3 and La0.70Sr0.30MnO3 and the model compounds LaMnO3 and CaMnO3.

Compound Space group Temperature (K) Mn–O bond length (Å)

LaMnO3 Pnma 15 2 × 1.909(3)
2 × 1.9668(3)
2 × 2.145(3)

CaMnO3 [2] Pnma 300 2 × 1.895(1)
2 × 1.900(1)
2 × 1.903(1)

La0.70Ca0.30MnO3 Pnma 15 2 × 1.9625(6)
2 × 1.955(2)
2 × 1.959(2)

300 2 × 1.9634(5)
2 × 1.960(1)
2 × 1.964(1)

La0.80Ca0.20MnO3 Pnma 15 2 × 1.9649(9)
2 × 1.965(3)
2 × 1.965(3)

300 2 × 1.9682(9)
2 × 1.968(3)
2 × 1.973(3)

La0.70Sr0.30MnO3 R3̄c 15 6 × 1.9526(4)
300 6 × 1.9549(4)

5. Modelling and discussion

5.1. The average structure

5.1.1. LaMnO3. The atomic co-ordinates and lattice parameters, table 1, obtained from
Rietveld analysis for LaMnO3 are in good agreement with those obtained by other workers
[3]. However, we had to fix the isotropic thermal parameters B at 0.1 Å2 to achieve a stable
refinement. The derived Mn–O bond lengths, table 4, clearly show the Jahn–Teller distortion
of the MnO6 octahedra, with four short and two long Mn–O bonds. Table 4 also gives the
literature values for the end-member model compound CaMnO3 [2] for comparison purposes.

5.1.2. La0.70Ca0.30MnO3, La0.80Ca0.20MnO3 and La0.70Sr0.30MnO3. The atomic and lattice
parameters obtained from Rietveld analysis for La0.70Ca0.30MnO3, table 1, La0.80Ca0.20MnO3,
table 2 and La0.70Sr0.30MnO3, table 3 are in good agreement with those obtained by Radaelli
et al for La0.75Ca0.25MnO3 and La0.7Sr0.3MnO3 although of slightly lower precision. Table 4
gives the Mn–O bond lengths at the lowest and highest temperature studied for each of these
materials. It is clear that the average structure, determined by profile refinement of the Bragg
diffraction data, shows no sign of the large Jahn–Teller distortion seen for LaMnO3. Indeed
in the case of La0.70Sr0.30MnO3 crystallographic symmetry imposes the restriction that all
Mn–O bonds are of equal length. Figure 3 shows the behaviour of unit cell volume for
La0.70Ca0.30MnO3, La0.80Ca0.20MnO3 and La0.70Sr0.30MnO3. A change in the rate of variation
of the unit cell volume occurs at Tc. This is in agreement with the study by Radaelli et al of
La0.75Ca0.25MnO3. They also found a discontinuity in the contraction of the mean Mn–O bond
length at Tc. Although we see this discontinuity too, the errors in our bond lengths determined
by Rietveld refinement are larger than those of Radaelli et al, reducing the significance of our
result.
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Figure 3. The behaviour of the volume per formula unit for La0.70Ca0.30MnO3 (filled squares),
La0.80Ca0.20MnO3 (diamonds) and La0.70Sr0.30MnO3 (crosses), as a function of temperature.

Radaelli et al plotted a Jahn–Teller distortion parameter

σJT =
√

1

3

∑
i

(RMnO,i − 〈RMnO〉)2 (9)

where RMnO,i is the ith Mn–O bond length and 〈RMnO〉 is the mean Mn–O bond length. σJT
gives a measure of the distortion of the MnO6 octahedra. It is notable that they found this
distortion parameter to be smaller above Tc than below. Radaelli et al therefore concluded that
σJT on its own did not give a good measure of distortions in the MnO6 octahedra because local
distortions are incoherent with respect to the space group symmetry. Indeed the σJT values
of Radaelli et al of 0.004 Å at low temperature and 0.003 Åat high temperature are close to
that calculated, 0.0033 Å, for CaMnO3 [2], which contains only MnIV and in which there is
no Jahn–Teller distortion. Radaelli et al therefore went on to use the variation in the oxygen
thermal parameters to give a measure of local distortions in the MnO6 octahedra. Total neutron
diffraction allows a direct determination of Mn–O bond distances and avoids falling back on
this type of secondary evidence.
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Figure 4. The experimentally determined total correlation function, T (r)exp , from r = 0 to 10 Å,
for LaMnO3 at 15 K.
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Figure 5. The experimentally determined total correlation function, T (r)exp (crosses), for LaMnO3

from r = 1.5 to 2.3 Å, at 15 K and that produced, T (r)calc (line), from the structural parameters
obtained by Rietveld refinement using 〈u2

MnO 〉 = 0.004 Å2.

5.2. The local structure

5.2.1. LaMnO3. We first illustrate how total neutron diffraction gives the correct local
information in the case of an ordered model compound. Figure 4 shows the experimentally
determined total correlation function, T (r)exp for LaMnO3 at 15 K. The agreement between
T (r)calc and T (r)exp in the region where only Mn–O correlations occur (1.7–2.3 Å), see
figure 5, is good for this ordered material. The model T (r)calc was calculated from the
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structural parameters obtained by Rietveld refinement given in table 1, and using a single
value of 0.004 Å2 for the mean square thermal variation in Mn–O distance, 〈u2

MnO〉. Note that
Mn–O correlations give rise to a negative peak in T (r), because manganese has a negative
neutron scattering length. The two long Mn–O distances are clearly differentiated from the
four shorter Mn–O distances in the Jahn–Teller distorted MnIIIO6 octahedra. Note that we
have not attempted to model the higher r region where other correlations become non-zero.
This would be much more complicated because each partial correlation function requires a
different value for 〈u2〉. We have chosen in this work to concentrate on the Mn–O correlations,
since these give a direct measure of local Jahn–Teller distortions.

5.2.2. La0.70Ca0.30MnO3, La0.80Ca0.20MnO3 and La0.70Sr0.30MnO3. Figure 6 shows the
experimentally determined total correlation function, T (r)exp, over the r range 1.5–2.3 Å,
as a function of temperature for La0.70Ca0.30MnO3, La0.80Ca0.20MnO3 and La0.70Sr0.30MnO3.
In all cases we found only one peak due to Mn–O correlations around 2 Å. This differs
from the situation we found in the ordered compound LaMnO3 where there are two classes
of short and long Mn–O bonds in the MnO6 octahedra, which are clearly resolved. Our
results for La0.70Sr0.30MnO3 disagree with the results of Louca et al [7], who found two
distinct sets of Mn–O bonds in their study of La1−xSrxMnO3 (0 � x � 0.4) with a
component at high r (r > 2.15 Å) similar to that found for LaMnO3. It is also clear
from figure 6 that the variance in the Mn–O bond lengths, as a function of temperature,
behaves differently for the three compounds. At low temperature the width of the peak
due to Mn–O correlations is almost the same for La0.70Ca0.30MnO3, La0.80Ca0.20MnO3 and
La0.70Sr0.30MnO3, see figure 6(a). The general trend is that the peaks in T (r) become broader
as the temperature increases for all of the compounds studied. A broadening of the peaks
in T (r) as the temperature is increased is to be expected, due to the increase in thermal
motion of the atoms, and is not noteworthy in itself. However, the important feature to
note is that the peak due to Mn–O correlations does not broaden with temperature at the
same rate for each compound. For example, this peak broadens more for La0.80Ca0.20MnO3

at a lower temperature than is the case for La0.70Ca0.30MnO3 and La0.70Sr0.30MnO3. This
can be seen in figure 6(b) for T (r) at 170 K. It appears that for each compound a large
increase in the width of the peak due to Mn–O correlations occurs as Tc is approached from
below. This suggests that a large amount of additional disorder is introduced into the Mn–
O bond lengths at this stage and is consistent with the introduction of local Jahn–Teller
distortions. For La0.80Ca0.20MnO3 a more gradual increase in peak widths occurs above
Tc. Above Tc La0.80Ca0.20MnO3 and La0.70Ca0.30MnO3 again have similar Mn–O peak
widths. Thus at 300 K, which is above Tc for La0.80Ca0.20MnO3 and La0.70Ca0.30MnO3,
the Mn–O peak widths for these two compounds are similar but much greater than for
La0.70Sr0.30MnO3.

To test whether there is a significant Jahn–Teller distortion in La0.70Sr0.30MnO3 at
15 K, we calculated T (r) from the Rietveld parameters in table 3 using the same 〈u2

MnO〉
value of 0.004 Å2 as used for the ordered compound, LaMnO3. Figure 7(a) shows a
comparison of the model correlation function, T (r)calc, with the experimental data, T (r)exp, for
La0.70Sr0.30MnO3. The good agreement shows that at 15 K the Mn–O bond lengths are correctly
determined in the Rietveld refinement and there appear to be no significant local distortions.
The value of 0.004 Å2 used for 〈u2

MnO〉 corresponds to an isotropic temperature factor, B (see
equation (8)), of 0.32 Å2, in good agreement with the values determined by Rietveld refinement
(see table 3). Figure 7(b) shows a similar comparison for La0.70Sr0.30MnO3 at a temperature
of 300 K, using a value of 0.0074 Å2 for 〈u2

MnO〉 which was calculated from the oxygen B
factor determined from the Rietveld refinement.
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Figure 6. The experimentally determined total correlation function, T (r)exp , at selected
temperatures for La0.70Ca0.30MnO3 (Tc = 270 K) (thin line), La0.80Ca0.20MnO3 (Tc = 198 K)
(thick line) and La0.70Sr0.30MnO3 (Tc = 374 K) (dashed line). Temperature increases up the
page and samples are at the temperature shown, except for La0.80Ca0.30MnO3 at 175 K in (b)
and La0.70Sr0.30MnO3 at 270 K in (c). Plots (b), (c) and (d) are offset vertically by 1, 2 and 3
respectively.

A similar treatment was performed for La0.80Ca0.20MnO3 and the results at 120 K (well
below Tc) and 300 K (above Tc) are shown in figure 9. Good agreement between T (r)exp and
T (r)calc was obtained at 120 K using a value 〈u2

MnO〉 = 0.005 Å2 (obtained by interpolating
the Rietveld B values for La0.70Sr0.30MnO3) for Mn–O bonded correlations. It can again be
seen that at 300 K the Mn–O correlations show evidence for Jahn–Teller distortions, with a
long tail in T (r)exp developing to high r .

Figure 8(a) shows a similar treatment for La0.70Ca0.30MnO3 at 15 K, using a value of
0.004 Å2 for 〈u2

MnO〉. Here again the model correlation function, T (r)calc, calculated from
the average structure determined in the Rietveld refinement, agrees reasonably well with the
experimental result, T (r)exp. In this case there are three different Mn–O bond lengths (see
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Figure 7. The total correlation function for La0.70Sr0.30MnO3 at (a) 15 K and (b) 300 K. The
experimental correlation function, T (r)exp , is shown by crosses, whilst the model correlation
function, T (r)calc , is shown by a line. The model calculation used the structural parameters
obtained by Rietveld refinement, given in table 3, with values for 〈u2

MnO 〉 of 0.004 Å2 at 15 K and
0.0074 Å2 at 300 K respectively.

table 4) in our model, but they are very close together and do not represent a Jahn–Teller
distortion.

Figure 8(b) showsT (r)exp for La0.70Ca0.30MnO3 at 300 K and the model function, T (r)calc,
which was calculated using the same value 〈u2

MnO〉 = 0.0074 Å2, which was previously used



9236 S J Hibble et al

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3

r /Å

T(
r)

 / 
ba

rn
s Å

-2

(a)

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3

r /Å

T(
r)

 / 
ba

rn
s Å

-2

(b)

Figure 8. The total correlation function for La0.70Ca0.30MnO3 at (a) 15 K and (b) 300 K. The
experimental correlation function, T (r)exp , is shown by crosses, whilst the model correlation
function, T (r)calc , is shown by a line. The model calculation used the structural parameters
obtained by Rietveld refinement, given in table 1, with values for 〈u2

MnO 〉 of 0.004 Å2 at 15 K and
0.0074 Å2 at 300 K respectively.

to model T (r) for La0.70Sr0.30MnO3 at this temperature. This model gives poor agreement
with the experimentally determined T (r)exp. In fact it is impossible to model this peak well
using any value of 〈u2

MnO〉 with the bond lengths determined using Rietveld refinement. The
advantage of comparing the experimentally determined T (r)exp with this model is that it
shows clearly how the average structure from Rietveld refinement provides incorrect Mn–O
bond lengths. It also shows that the increased variance in Mn–O bond lengths, above that
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Figure 9. The total correlation function for La0.80Ca0.20MnO3 at (a) 120 K and (b) 300 K. The
experimental correlation function, T (r)exp , is shown by crosses, whilst the model correlation
function, T (r)calc , is shown by a line. The model calculation used the structural parameters
obtained by Rietveld refinement, given in table 2, with values for 〈u2

MnO 〉 of 0.005 Å2 at 120 K
and 0.0074 Å2 at 300 K respectively.

expected from thermal broadening, is due to a tail which has developed on the high r side
of the Mn–O peak in the experimental correlation function, T (r)exp, for La0.70Ca0.30MnO3 at
300 K. This tail shows that the Mn–O bonds are beginning to split into different populations,
perhaps the long and the short bonds expected if local Jahn–Teller distortions occur.
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Although in both La0.70Ca0.30MnO3 and La0.80Ca0.20MnO3 we see evidence for the onset
of local Jahn–Teller distortions in the MnO6 octahedra as we approach Tc from below, we must
emphasize that we do not see, even above Tc, two clear populations of short and long bonds.

6. Conclusions

Determinations of both the average and local structures show that the distribution of Mn–O
bond lengths in the disordered CMR manganates, La0.80Ca0.20MnO3, La0.70Ca0.30MnO3 and
La0.70Sr0.30MnO3 is much narrower than in LaMnO3. Jahn–Teller distortions of the MnO6

octahedra appear to be absent at 15 K, the lowest temperature we studied in the disordered
manganates, and at this temperature the average structure determined from Rietveld modelling
of the Bragg scattering correctly determines the distribution of Mn–O bond lengths. As the
temperature approaches Tc, the variance in Mn–O bond lengths seen in T (r)exp increases much
more rapidly than expected from purely thermal broadening. This increase is consistent with
the occurrence of local Jahn–Teller distortions of the MnO6 octahedra. However, even above Tc
we do not see the separation of Mn–O bond lengths into two clear sets of short (RMnO ∼ 1.95 Å)
and long (RMnO ∼ 2.15 Å) distances. The materials appear to be more structurally complex
than simple models suggest. It is likely that in the disordered manganates at high temperature
the frustration due to the random non-periodic distribution of the (Jahn–Teller active) Mn3+

sites and (Jahn–Teller inactive) Mn4+ sites prevents the transition to a structure with two distinct
sets of Mn–O bond lengths.
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