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Coexistence of charge-ordered �CO� and monoclinic �M� phases has been investigated in La1−xCaxMnO3

�x=0.6, 0.67, and 0.7�. For this purpose, pellets and their corresponding powdered samples have been studied
employing low-temperature powder x-ray diffraction down to 87 K and transmission electron microscopy
down to 109 K. Diffraction studies have revealed that the coexistence of M and CO phases occurs only in
pellet samples and not in the powdered versions of the same samples. The powders, which have exactly the
same composition as their corresponding pellets, show only CO phases. The observed coexistence of M and
CO phases in pellets is not due to compositional inhomogeneity within the grain but due to the presence of
intrinsic strain in the pellets that is being imposed by the grain boundary network on the grains of the Pnma
phase. The occurrence of monoclinic phase has been attributed to the possible softening of C44 elastic modulus
of the pseudocubic phase.
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I. INTRODUCTION

The perovskite manganites A1−xBxMnO3 �A=rare earths
and B=alkaline earths� exhibit interconnected magnetic,
electronic, and structural phase transitions that do show co-
existence of competing phases of nano- to micro-meter
length scales1–3 in polycrystalline and single-crystal sam-
ples.4–9 Recently coexistence of charge-ordered and mono-
clinic phases7,8 has also been reported in bulk lanthanum
calcium manganese oxide �LCMO�. The issue of phase co-
existence is important in order to understand the physics of
colossal magnetoresistive �CMR� materials.10 The origin of
nanometer- and micrometer-scale phase coexistence has been
attributed to various reasons such as chemical disorder
�charge inhomogeneity� of substituents at A and B sites, the
random field, and to the localized and broad electronic wave
functions �L-B model�.10–15 On the other hand, theory incor-
porating primarily the structural aspects such as elastic en-
ergy landscapes �strain fields�, predict16 both nanometer- and
micrometer-sized coexisting phases. An important point to
note is that most of the micron-sized phase coexistence has
been found in samples prepared out of bulk samples such as
ceramics or single crystals.6,7 In bulk samples, strain fields
are expected to be spontaneously present as a result of their
processing. It is quite likely that the observed7,8 coexistence
of M and CO phases might be due to the presence of strain in
the sample.16,17 But to date there is no direct experimental
investigation reporting the correlation between the long-
range strain in the bulk manganites and the occurrence of
phase coexistence. Such studies are important from the struc-
tural phase characterization point of view. Most of the basic
physical property studies are done on polycrystalline pellets,
but results are very frequently interpreted based on the struc-
tural phase characterizations done on powders. Further, look-
ing into the theoretical expectations,16,17 the structural phase
transformation and hence the electrical and magnetic behav-
ior may have an appreciable difference in pellet and pow-
dered versions of the manganites.

II. EXPERIMENTAL DETAILS

Keeping the above in view, we have carried out compara-
tive structural studies on a series of overdoped �more than

half doped� La1−xCaxMnO3 �x=0.6, 0.67, and 0.7� mangan-
ites taken in the form of hard sintered pellets �15 mm �
�3 mm, pelletized at 50–200 kilo N/cm2� and its corre-
sponding powders. These were prepared through the solid-
state reaction route. In this composition range, coexistence of
M and CO phases has already been reported.7 The powders
were made by gentle grinding of a part of the same pellets
for 2–3 min in an agate mortar and pestle. Structural studies
were done using low-temperature x-ray diffraction �XRD�
and transmission electron microscopy �TEM� down to 87 K
and 109 K, respectively. Details of the sample preparation
method used in the present studies are given in Ref. 18. Thin
samples for TEM observations were prepared following the
standard technique using ion milling. Details of TEM sample
preparation together with other bulk characterizations can be
found in Ref. 19.

III. EXPERIMENTAL RESULTS

A. X-ray diffraction results

Figures 1�a� and 1�b� show selected peaks of room-
temperature XRD of �a� pellets and �b� the corresponding
powders of the LCMO samples studied in the present inves-
tigation. The presence of broad peaks appearing as shoulders
on the lower angle sides of the �202�/�040� peaks of the
Pnma phase can be clearly seen in the XRD profiles of the
pellet samples. Such shoulders were also present around
other major peaks of the Pnma phase, such as �240�, �242�,
and �161�. Surprisingly, the signature of these shoulders was
completely absent from the XRD profiles of corresponding
powdered samples, see Fig. 1�b�. Figures 2�a� and 2�b� show
the same XRD peaks of �a� pellets and �b� the powders as in
Fig. 1 but collected at 87 K. It can be clearly noticed that the
shoulderlike peaks, as indicated by arrows in the XRD pro-
files corresponding to pellets, are now well separated from
the peaks corresponding to the Pnma phase. The peaks due
to Pnma phase have split into �602� and �040� for x=0.67
and �802� and �040� for x=0.70 of the CO phase occurring at
low temperatures. In the case of powders, only �602� and
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�040� splitting is observed, and no other peaks grow at the
position of the broad peak as seen for pellets. Details of the
evolution taking place at low temperatures in the XRD pro-
file for x=0.67 and x=0.70 can be seen in Figs. 3�a� and
3�b�. A comparison of XRD profiles in Figs. 2�a� and 2�b�
shows that intensity ratio of �602� to �040� in pellets is in-
variably higher than that of the corresponding powders. This
feature is rather more vivid for the x=0.7 sample but it is
present for all compositions studied in the present investiga-

tion. It appears roughly to be proportional to the intensity of
the broad peak. This extra intensity at �602� �or �802�� in
pellets is basically due to its superposition with the peak
being split from the broad peak and approaching from the
lower angle side. For identifying the phase giving rise to the
broad peak in the XRD pattern, transmission electron micro-
scopic imaging and diffraction was carried out at various
temperatures from room temperature down to 109 K. Elec-
tron diffraction was carried out in selected area diffraction
�SAD� and convergent beam electron diffraction �CBED�
modes. This phase is identified7,8 as a monoclinic �M� phase,
with lattice parameters a=5.47±0.05 Å, b=7.62±0.05 Å, c
=5.44±0.05 Å, and �=91.8±0.5° at 109 K. Using multiple
peak fittings, we could successfully fit these XRD profiles
based on the above two phases, see Fig. 4. The splitting of

�2̄02� and �040� peaks of M-phase can be clearly seen. As
temperature decreases splitting between these two peaks in-
creases and the �040� of the M phase finally coincides with
�602� of the CO phase. Thus the M phase coexists with the
charge-ordered �CO� phase at low temperatures in bulk
sample, see Fig. 5. The peaks due to M phase have been
indicated. Superlattice peaks corresponding to charge order-
ing in samples with x=0.67 and 0.70 are indicated in the
insets of Fig. 5.

B. Transmission electron microscopy results

Figures 6�a�–6�d� show TEM micrographs taken at
300 K, 240 K, 215 K, and 109 K, respectively, for the x

FIG. 1. Room-temperature powder XRD profiles of
La1−xCaxMnO3 �x=0.6, 0.67, and 0.7� samples in pellet �a� and
powder �b� forms. It can be clearly seen that the shoulderlike broad
peaks indicated by arrows present in the lower angle side of the
XRD profile corresponding to pellets have completely vanished, in
contrast to the powdered samples. These broad peaks indicate the
presence of strain.

FIG. 2. Low-temperature �87 K� powder XRD profile between
2�=46°–49° of La1−xCaxMnO3 �x=0.6, 0.67, and 0.7� samples in
pellet �a� and powder �b� forms. It can be clearly seen that the
shoulderlike feature present in the lower angle side of the XRD
profile corresponding to pellets is well resolved at 87 K. This peak

is mainly due to �2̄02� reflection of the monoclinic phase and thus
represents the coexistence of monoclinic �M� and charge-ordered
�CO� phases. The complete absence of M phase from the powdered
sample signifies the importance of the role of strain in coexistence
of M and CO phases.

FIG. 3. Temperature evolution of the XRD profile of pellet
samples for �a� x=0.7 and �b� x=0.67 from room temperature down
to 87 K.
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=0.67 sample. The presence of a sharp demarcation bound-
ary separating the M and CO phases can be seen in the low-
temperature micrographs. This boundary fades with increas-
ing temperature and at about 240 K it almost disappears. The
SAD from upper �M phase� region does not show any super-
lattice spot, but only a deformed �although not very obvious�
reciprocal lattice corresponding to the monoclinic phase, see
Fig. 6�e�. But the lower region does show superlattice spots
due to charge ordering, see Fig. 6�f�. Figure 6�f� has been
taken from a region common to both M and CO phases. The
splitting of fundamental reciprocal lattice spots, as indicated
by arrows, appears due to the relative shift of the reciprocal
lattice spots of the M and CO phases in its a*-c* plane. These
splittings are visual evidence of the coexistence of M and
CO phases, particularly in the present case where the � pa-

rameter of the monoclinic phase is close to 90° and hence the
obliquity of the monoclinic lattice is visually not very clear
in the SAD pattern shown in Fig. 6�e�. Figures 7�a� and 7�b�
show the CBED patterns taken at 109 K across the sharp
demarcation line respectively from the CO and M phases.
CBED patterns were used for direct comparison of b param-
eters of the two phases by measuring diameters of first-order
Laue zone �FOLZ� rings. We could very accurately calibrate
the camera length for the CBED patterns and obtain the lat-
tice spacing corresponding to �040� plane. The b parameter
will be four times the lattice spacing corresponding to its
�040� plane, i.e., 7.62±0.05 Å. For calibration, the camera
length lattice spacing corresponding to the �040� peak of the
CO phase �1.871 Å�, as obtained from the XRD data given
in Fig. 2�a�, was used as an internal standard. This indicates
that the �040� peak of the monoclinic phase lies very close to
the �602� peak of the CO phase, i.e., the middle peak in the
XRD profiles shown in Figs. 2 and 3.

It can be noticed that these coexisting regions of mono-
clinic and charge-ordered phases are of several microns,
much bigger than the expected.10,13 These regions were ex-
amined through energy dispersive x-ray analysis �EDAX�
and were found to be of the same chemical composition. The
most important and interesting point to note is that the fea-
tures in 109 K micrograph were found to exactly reproduce
during repeated heating-cooling cycles between room tem-
perature and 109 K. This is indicative of the fact that the
observed coexistence is biased by a physical parameter other
than the sample temperature. If the temperature had been the
only parameter, the microstructure should have shown varia-
tions after each thermal cycling.

FIG. 4. Multipeak fitting of the XRD profiles of pellet of x
=0.7 sample at 87 K, 180 K, 220 K, and 300 K. Arrows indicate
the indices of peaks due to M and CO phases. It can be noticed that
the FWHM of the peaks due to M phase decreases with decreasing
temperature and the �040� peak of monoclinic almost merges with
the �602� peak of CO phase.

FIG. 5. Full XRD profile of x=0.7 sample at 87 K exhibiting the
coexistence of monoclinic �M� and charge-ordered �CO� phases.
The XRD peaks corresponding to M phase have been indexed and
indicated by arrows. The insets show selected superlattice peaks
due to charge ordering in x=0.67 and 0.70 samples.

FIG. 6. TEM micrographs of pellet sample for x=0.67 at �a�
300 K, �b� 240 K, �c� 215 K, and �d� 109 K. In 109 K micrograph,
the coexistence of M and CO phases has been indicated. The SAD
pattern corresponding to M phase is shown in �e� and that of from
the region common to M and CO phases is shown in �f�. The split
spots, as indicated by arrows, are due to M and CO phases.
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IV. DISCUSSION AND CONCLUSION

From the XRD results presented in Figs. 1–5, it is vividly
clear that the observed coexistence of M and CO phases is
irrespective of sample temperature. It is also clear that coex-
istence occurs in the pellet samples only and is absent from
the corresponding powdered samples. Employing multiple
profile fittings, as shown in Fig. 4, temperature variation of

the area and full width at half maximum �FWHM� of �2̄02�
peak of the M phase was determined. Figure 8 presents these
analyses for x=0.67 and 0.7 samples. The occurrence of the
M phase only in the pellets, and its almost complete absence
from the powdered version of the sample obtain from the
same pellets, even at 87 K, clearly reveals that the reported
coexistence7,8 of the M and CO phases at low temperatures is
basically due to the presence of strain in the samples. This is
corroborated by TEM results too. The occurrence of exactly
reproducible microstructures at low temperatures and the ab-
sence of compositional inhomogeneity between the micron-
sized grains should be related with some long-range lattice

strain in the sample.6,20 This is quite likely to be present in
pellets. The pellets of these compounds are usually made at
high pressures followed by sintering at high temperatures.
When these are cooled to room temperature, the strain gets
locked in the grain boundary network. When these pellets are
crushed to nearly single grains, the grain boundary network
breaks and the locked-in strain gets relaxed. It should be
noted that even if some undetectable amount of chemical
inhomogeneity is present, it would not vanish during gentle
crushing for just 2–3 min and would persist even in pow-
ders. Thus the observed M phase in pellets is due to the
strain present in them and not due to any chemical inhomo-
geneity. To clarify the effect of strain present in pellets at
room temperature, a SAD pattern was taken from the same
common region from which the diffraction pattern shown in
Fig. 6�f� was taken. An enlarged view of this is shown in Fig.
9. Occurrence of elongation of diffraction spots exactly in
the same direction as that of the monoclinic splitting, as
shown in Fig. 6�f�, clearly reveals the presence of strained
regions resulting in the monoclinic distortion. It is this dis-
tortion that has appeared as a broad shoulder in the XRD
profiles. By comparing the room-temperature XRD peaks of

�2̄02� of the M phase and �202/040� of the Pnma phase,
collected in two different but unique orientations of the pel-
let, we could show that the M phase is almost isotropically
oriented in the pellet samples, see Fig. 10. From Figs. 8�a�
and 8�c�, it appears that volume fraction of M phase does
show a nominal increase accompanied with coarsening of
grains �decreasing FWHM� with decreasing temperature of
pellet samples. Coarsening of the needle twins of the M
phase in the a-c plane coexisting with the CO phase has been
seen through TEM �Ref. 7� also. It should be noted that the
strain is suspected even in single crystals, giving rise to re-
producible microstructure in the scanning photoemission
spectroscopic �PES� microscopy of coexisting metallic and
insulating phases.6

At this juncture it would be imperative to compare the
low-temperature TEM and XRD results of pellets. According

FIG. 7. Convergent beam electron diffraction �CBED� patterns
taken along the �010� zones of charge-ordered �a� and monoclinic
�b� phases. The FOLZ rings indicated by arrows were used to mea-
sure the b parameters of the corresponding phases.

FIG. 8. Graphs showing the temperature variation of the inte-

grated intensity and the FWHM of the �2̄02� peak of the M phase.
A nominal increase in the volume fraction and coarsening of the
grains of the M phase can be seen.
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to the XRD results as shown in Fig. 8�c�, the volume fraction
of the M phase at �109 K is �40%. Thus, during TEM
investigation at �109 K, either at least every third grain
should have been found to be of M phase or each grain
should have shown the coexistence of M with CO phase with
the volume fraction of �40%. But surprisingly we could not
find any such observation in an otherwise well-prepared
TEM sample. CO was observed in every grain but the coex-
istence of M phase with CO, as shown in Fig. 6�d�, was
found in very few grains. A rough positive estimate of the
volume fraction of the M phase, based on TEM observation,
would no way exceed 5%. This observation also indicates the
role of strain imposed by the grain boundary network on the
coexistence of the M with the CO phase. The size of the
grains is about �5 �m. If such a large grain is thinned to
�1000 Å for making it electron transparent, most of the
strain imposed by the grain boundary network will get
relaxed21 and therefore the number of grains exhibiting co-
existence would decrease drastically or may even become
vanishingly small.

Ahn et al.16 have strongly indicated the importance of
structural aspects such as strain for the multiphase coexist-
ence, which act as templates for driving unique electronic
and magnetic properties. Theoretically16,22 and experiment-
ally23,24 it is now well established that intrinsic or extrinsic
strains control the various physical properties of variety of

complex oxides such as cuprates, manganites, ferroelastic
martensites, and titanates. In the presence of strain, either
external �pressure� or internal �chemical substitution�, the
electron-lattice coupling �ij gets modified. It is approxi-
mately given by �ij=�0�1−��ij�;22 here �0 is the bare hop-
ping integral, � is the coupling constant, and �ij represents
the strain �lattice distortion variable�. Thus it is clear that for
any finite value of �ij the electron-lattice coupling reduces,
decreasing the formation of polarons. This will lead to delo-
calization of carriers at a lattice site in manganite grains un-
der strain. Delocalization will inhibit charge ordering. Thus
the grain under strain will remain noncharged-ordered even
below charge-ordering temperature �TCO�. When strain is re-
moved by crushing the pellet sample to fine powder, the term
�ij vanishes and hence we don’t see any noncharge-ordered
region, which is monoclinic in the present case. The obser-
vation of a noncharge-ordered phase with increasing mono-
clinicity �obliquity in the a-c plane� with decreasing tem-
perature appears to be interplay of softening of some elastic
modulus associated with the pseudocubic phase. In this re-
gard, experimental �ultrasonic measurements� and theoretical
work have been done by Hazama et al.25–27 and Khomskii et
al.28 It has been shown that the transverse modes C44, propa-
gating along �100� of pseudo cubic �i.e., �1̄01� of Pnma� and
�C11−C12� /2, propagating along �110� of pseudocubic �i.e.,
�100� or �001� of Pnma� and the longitudinal mode C11, all
show anomalies in the above-mentioned elastic moduli at
TCO. From literature,25–27 it is known that softening of �C11
−C12� /2 mode induces strain leading to tetragonal/
orthorhombic distortions depending upon its coupling with
the quadruple, and the C44, mode propagating along �100� of
the pseudocubic induces �xy strain, giving rise to a mono-
clinic distortion of the lattice.

The C44 mode although shows a monotonous increase but
softens just above the TCO, whereas the �C11−C12� /2 mode
shows monotonous decreasing trend above TCO and hardens
below TCO. In our case of La1−xCaxMnO3 �x�0.5�, this situ-
ation might be occurring for the grains showing charge-
ordered superlattice peaks. But as described above, the re-
gion under strain will not undergo charge ordering even
below TCO due to strain-induced delocalization of carriers.
The occurrence of noncharge-ordered monoclinic phase with
�=91.8±0.5° at 109 K �see Fig. 6� may be understood in
terms of softening of the C44 mode. Usually the �xy strain
induced due to softening of C44 is very tiny and therefore it
will produce only a small tilt in the original orthogonal axis.

It should be noted that all the ultrasonic experiments for
measuring elastic modulus have been done without applying

FIG. 9. Enlarged view of the electron diffraction pattern taken at
room temperature from the same common region as that of the
pattern shown in Fig. 6�f�. The elongation of spots attribute to the
presence of strain in the sample initiating monoclinic distortion of
the neighboring region.

FIG. 10. The room-temperature XRD profiles
corresponding to the pellet sample with x=0.7.
These have been taken in two different orienta-
tions of the pellet as indicated in the insets. The
area under the shoulder peak is nearly the same in
both cases. This proves that the effect of the
strain is isotropic.
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any external strain. The presence of external strain �in our
case being imposed by the grain boundary network� may
modify the temperature dependence of various modes. The
monotonous increasing trend of C44 with decreasing tem-
perature may also get modify due to presence of external
strain and it may show softening with decreasing tempera-
ture. The increasing monoclinicity with decreasing tempera-
ture, as realized during electron diffraction experiment, sug-
gests this fact.

Thus based on the above observations, analysis, and dis-
cussions, it is concluded that the coexistence of monoclinic
and charged-ordered phases in overdoped La1−xCaxMnO3
�x�0.5� manganites occurs due to the presence of strain in
the bulk samples and not due to any chemical inhomogene-
ity. In polycrystalline pellets, this strain is self-imposed by

the three-dimensional network of the grain boundaries. When
properly crushed, the self-imposed strain gets relaxed and
only charge-ordered phase occurs. This study indicates that
most of the other coexistence in manganites—for example,
antiferro-ferro and metal-insulator coexistence, which have
been found in bulk ceramic samples—may be due to the
presence of strain in these samples.
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