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We studied the crystal and magnetic structure of the La1/4Ca3/4MnO3 compound using ultrahigh resolution
synchrotron x-ray and neutron-diffraction techniques. The experimental results revealed that the particular
compound undergoes a structural transition at TCO=220 K. This transition results in an increase of the ortho-
rhombic splitting and the appearance of superlattice diffraction peaks, which can be indexed assuming a
supercell 4a �a is the unit cell parameter for T�TCO�. This transition is reminiscent of those observed for the
x=1/2 and x=2/3 stoichiometries where superstructures with 2a and 3a, respectively, have been observed. At
TN=160 K the neutron-diffraction patterns exhibit additional diffraction peaks, corresponding to antiferromag-
netic long-range order with propagation vectors k=� 1

4 ,0 , 1
2
� and k=� 1

2 ,0 , 1
2
�. In addition to the structural

transition at TCO the synchrotron high resolution x-ray diffraction patterns revealed a three phase coexistence.
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I. INTRODUCTION

Rare-earth manganite perovskites exhibit complex phase
diagrams associated with the interplay of charge, spin, or-
bital, and lattice degrees of freedom.1 An important open
issue in understanding the physics of manganites is the phase
transition to charge �CO� and orbital �OO� ordered phases
which has been suggested to occur upon cooling. The
La1−xCaxMnO3 �0�x�1� series has been studied in consid-
erable detail and was found to display a rich phase diagram.
In particular, for 0.23�x�0.45, the compounds are metallic
ferromagnets. For all other calcium concentrations x, the
ground state is insulating. For compositions with x�0.5, the
insulating behavior has been attributed to the occurrence of
charge ordering below a critical temperature TCO. In particu-
lar, for x= 1

2 and x= 2
3 and T�TCO, superstructures with pe-

riodicities of 2a and 3a, respectively �where a refers to the
lattice dimensions along the a axis of the high-temperature
orthorhombic unit cell, space group Pnma� have been ob-
served. Crystal and magnetic structural refinements2,3 favor a
model of real space charge and orbital ordering of Mn
charges and Mn-eg orbitals. Within this charge ordered
model, the crystal structure consists of planes, parallel to bc,
of Mn ions with the same charge �3+ or 4+�. The stacking of
these planes is commensurate with n / �n+1� �n=1,2�, where
n is the ratio of the alkaline earth content 1−x over the
lanthanide doping level x.

The stability of the CO state may be related to the com-
mensurability of the hole concentration with the lattice peri-
odicity and is enhanced at nominal hole concentrations of 1

2 ,
2
3 , and 3

4 . For the noncommensurate �arbitrary� electron con-
centrations, the experimental situation is not unique. Contrast
seen in electron diffraction microscopy images �if for the
moment we ignore the Jahn-Teller-stripes–Wigner crystal de-
bate� has been interpreted in terms of proper mixtures of the
two adjacent distinct commensurate configurations according
to the lever rule. For example, the x= 5

8 composition, which

straddles the charge-ordered x= 1
2 and 2

3 systems, has been
proposed4 to exhibit a fine mixture of 25% 2a and 75% 3a
charge ordered states. In this model, the term “fine mixture”
does not imply that the sample is macroscopically phase
separated, but rather that it consists of incoherent stacking-
fault defects in an otherwise perfect 3a configuration.4 The
probability of observing the minority 2a superstructure is
given by the application of the lever rule. This model has
been used to interpret neutron diffraction5 and Mössbauer
data6 for compounds with arbitrary carrier concentrations. In
these cases, the observed magnetic diffraction peaks corre-
spond to the two adjacent distinct commensurate
configurations.5 Recently, Loudon et al.7 have criticized the
idealized Mn3+ and Mn4+ charge stripe model, based on their
observations of electron-diffraction patterns collected at
90 K with a convergent beam of 36 Å diameter. The ob-
served modulations in the 0.5�x�0.71 stoichiometry re-
gime could not be described as a fine mixture of integer
period sub-units delineated by discommensurations. Instead
their results are in favor of a uniform periodicity at any dop-
ing level with x�0.5, ruling out the existence of just two
types of lattice planes occupied exclusively by Mn4+ and
Mn3+ ions. We also emphasize that several recent studies8–11

favor neither an integer �Mn3+/Mn4+� charge Wigner crystal
model nor a paired striped model but instead one with non-
integral charges �e.g., Mn3+� /Mn4−��.

For 0.8�x�0.85, neutron-diffraction data do not reveal
the presence of charge-ordered structures. Instead, the so-
called C structure is observed.12 Therefore, the phase bound-
ary near the onset of the C structure � 2

3 �x�
4
5

� is also in-
triguing as it involves the change of the ground state from
CO to type C, where charge ordering is absent. In addition,
in order to obtain additional insight into the applicability of
the n / �n+1�, n=1,2 ,3 rule, it is important to determine the
crystal structure of the x= 3

4 compound, which is not cur-
rently available. Electron-diffraction data4,13 have revealed
superstructure peaks with modulation vector k=� 1

4 ,0 ,0�, a
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fact that may imply that for this concentration, a charge or-
dered structure, related to those for x= 1

2 and x= 2
3 , also

forms.
In this article, we present a crystallographic study using

the high-resolution synchrotron x-ray-diffraction technique
for a carefully prepared La1−xCaxMnO3 sample with x= 3

4 . In
addition to the experimental demonstration of the presence
of a 4a superstructure modulation of the crystal structure for
this particular carrier concentration, our data also reveal a
mesoscopic �macroscopic� coexistence of different phases,
which is not the result of a preexisting heterogeneity or mar-
tensitic transformation of the material. This complicated
“picture” may imply that the physics of manganite perovs-
kites is more complex than a simple charge-ordered model.

II. EXPERIMENTAL DETAILS

The La1/4Ca3/4MnO3 sample was prepared by thoroughly
mixing high-purity stoichiometric amounts of CaCO3,
La2O3, and MnO2. The mixed powders were reacted in air up
to 1400 °C for several days with intermediate grindings. In
the final step, the sample was slowly cooled to 25 °C. High-
resolution synchrotron x-ray powder diffraction patterns
�SXRPD� were collected with the multi-detector powder dif-
fractometer on the ID31 beamline at the ESRF �Grenoble,
France� in Debye-Scherrer �transmission� configuration.
Powder samples were sealed in thin-wall borosilicate glass
capillaries �d=0.5 mm�, inserted in a continuous-flow cry-
ostat and rotated during data collection. Data were collected
at selected temperatures between 5 and 300 K both on cool-
ing and heating at various wavelengths, � near 0.5 Å. The
neutron-powder-diffraction �NPD� experiments were under-
taken with the high-resolution diffractometer D2b ��
=1.595 Å and 2.44 Å� at the Institute Laue Langevin �ILL�,
Grenoble, France. The sample, 5 g, was loaded in a cylindri-

cal vanadium can �diameter=5 mm� and placed in a standard
ILL “orange” liquid helium cryostat. The instrument was op-
erated in both its high-resolution �10� horizontal primary di-
vergence, 1 cm horizontal monochromator aperture� and
high-intensity modes and the data were collected in the an-
gular range 2�=0° –164.5° in steps of 0.05°. The raw data
were merged, whilst applying angular and efficiency �vana-
dium� detector calibrations, using standard ILL programs. dc
magnetization measurements were performed with a super-
conducting quantum interference device �SQUID� magneto-
meter �Quantum Design MPMS5�. The SXRPD and NPD
datasets were refined using the Rietveld method with the
FULLPROF and GSAS suites of programs.14,15

III. RESULTS

A. Crystal structure

Figure 1 shows selected regions of the high-resolution
synchrotron x-ray powder-diffraction pattern of
La0.25Ca0.75MnO3 at 295 K. The diffraction profile can be
refined successfully with a single phase model in the ortho-
rhombic space group Pnma, which describes all the phases
of the La1−xCaxMnO3 �x=0–1� series above the Jahn-Teller
and charge ordering temperatures. First, we refined the scale
factors, background coefficients, unit cell parameters, zero-
shift errors, and peak profile coefficients. As peak profile
function, we selected a pseudo-Voigt convoluted with the
Finger-Cox-Jephcoat function16 in order to take into account
axial divergence. In the early refinement cycles, we ascer-
tained that the diffraction peaks are characterized by selec-
tive peak broadening. This effect is clearly evident in Fig. 1
when one inspects the �202� / �040� doublet. If these peaks
were of the same full width at half maximum �FWHM�, a
height ratio proportional to the theoretically calculated inten-
sity ratio, �2:1 would be expected. Contrary to this, they

FIG. 1. Selected regions of
the observed ��� and calculated
�solid line� synchrotron
x-ray powder �T=295 K,�
=0.48994 Å� diffraction profiles
of La0.25Ca0.75MnO3 with the
characteristic peak splittings,
compatible with the Pnma space
group evident. The lower solid
lines show the difference profiles
and the tick marks show the re-
flection positions. In the lower
panels, the Rietveld plot in the full
angular range 5°–50° and its ex-
pansion for Bragg angles larger
than 22° are also shown.
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display nearly the same height, implying a larger FWHM for
the �202� reflection. In addition, the Gaussian contribution to
the peak shape is very small, W�10−4 deg.2 with negligible
Lorentzian Scherrer broadening, Y �10−4 deg. The peak
shape appears to be dominated by the Lorentzian contribu-
tion, X�0.223 deg. due to strain effects. Such type of broad-
ening could be better taken into account by employing the
formalism developed by Stephens17 that yielded much better
fits of the peak shapes. It is tempting to associate the ob-
served selective peak broadening with the remarkable soft-
ening of the shear modulus observed on approaching the
charge ordering temperature TCO �see below� from above.18

As the shear modulus reaches its minimum value, the lattice
becomes unstable to strains and the crystal structure changes
to a more distorted, lower symmetry phase. Finally, we per-
formed a combined Rietveld refinement of the SXRPD and
NPD profiles, which proceeded smoothly and resulted in
very good quality-of-fit factors. The final results are summa-
rized in Table I.

Figure 2 shows selected regions of the SXRPD profile of
La0.25Ca0.75MnO3 at 5 K. Exploratory refinements with the
orthorhombic structural model used successfully at 295 K
immediately reveal the presence of more than one phase.
After subtracting the majority phase whose diffraction profile
resembles that at 295 K, the difference pattern is very similar
to that exhibited by La1−xCaxMnO3 at a doping level of x
=0.8 below TCO�180 K. The structural properties of this
phase have been analyzed in detail in Ref. 12 and for T
�TCO, it adopts the so-called C structure, where only orbital
ordering without any accompanying charge ordering is
present. In addition, this transition is accompanied by a
monoclinic distortion �	�91.6°, space group P21/m�, al-
lowing the facile identification of this phase. A two-phase
structural model was therefore employed in the Rietveld re-
finement of the SXRPD data with satisfactory results �agree-
ment factor RWP�10%�. However, careful inspection of the
profile near the background level still revealed several weak
peaks not accounted for by the two-phase structural model.
These peaks can be indexed using fractional Miller indices or
equivalently a modulation vector ks= �� ,0 ,0� with �= 1

4 . The
strongest superlattice peaks appear as satellites of intense
primitive perovskite reflections with in-phase La and Mn
contributions and nonzero l Miller indices �� 3

4 ,2 , ±1� ,
� 5

4 ,2 , ±1� , � 7
4 ,4 , ±2� , � 9

4 ,4 , ±2� , � 11
4 ,1 , ±1�,� 3

4 ,2 , ±3� , � 5
4 ,2 ,

±3� , � 5
4 ,0 , ±6� , � 7

4 ,4 , ±2��. We note that similar satellite
peaks but with a components of the structural modulation
vector equal to 1

2 and 1
3 were observed in La1−xCaxMnO3

with x= 1
2 and x= 2

3 , respectively,2,3 and provided the diffrac-
tion signatures of the charge and orbitally ordered 2a and 3a
superstructures. Therefore these data provide at this stage
strong evidence that the majority phase of the x= 3

4 compo-
sition at 5 K corresponds to an analogous CO and OO 4a
superstructure. Moreover such an observation favors an iden-
tical mechanism being responsible for the formation of the
superstructures in all three compositions.

Following the successful indexing of the weak superlat-
tice diffraction peaks, careful inspection of the difference
profile, �Yobs−Ycalc� further revealed the presence of addi-
tional intensity unaccounted by the two-phase model. At-

tempts to attribute this to impurity phases were not success-
ful. However, one attractive possibility to consider is that the
high-temperature single phase material did not transform
completely to the 4a-superstructure on cooling, but part of it
dissociated into two components, namely into the C and 3a
structures. Indeed, after incorporating the 3a structure as a
third phase in the Rietveld refinements by using the struc-
tural model from Ref. 3, the agreement factors further im-
proved �
RWP�2.0% �. Ignoring for the moment the pres-
ence of the superlattice Bragg peaks and using an average
structural model for the 4a superstructure, we refined the
SXRPD data at T=5 K in order to estimate both the weight
fraction of the three phases present and to derive reliable
structural parameters for the average 4a structure. The
weight fractions of the three phases refined to 60�1�, 23�1�,
and 17�2� % for the 4a, C, and 3a structures, respectively.
The three-phase decomposition of the SXRPD profile at 5 K
in the region of the �202� / �040� doublet is shown in panel
�b� of Fig. 2.

Having identified all phases present and the average struc-
ture of the majority phase, we are therefore in a position
to deal with the modulated 4a structure. In order to
analyze quantitatively the modulated crystal structure, we
employed the simple model developed by Böhm,19 in
which a simple cubic lattice of size a is modulated with
an asymmetric rectangular wave of amplitude B and period
Ma. D1a and �M −D1�a denote the width of the domains and
the polarization is assumed to be along the z axis with the
modulation wave vector along x. If both M and D1 are
integers, the diffraction intensity of the satellite diffraction
peaks with n=1,2 ,3 , . . ., are given by I�h+n /M ,k , l�
= �F0�h ,k , l��2 �2 sin�2�lB�sin�n�D1 /M� /M sin�n� /M��2.19

Here F0�h ,k , l� is the structure factor of the unmodulated
unit cell. This transverse modulation model does not predict
satellites in the hk0 plane in reciprocal space in qualitative
agreement with our experimental data and in contrast with its
longitudinal counterpart for which satellites in the hk0 plane
are expected.20 In addition, the absence of second-order �n
=2� satellites denotes that the observed modulation is sym-
metric �M =4,D1=2�. Theoretically the first-order satellites
are more intense than higher-order ones, a fact also in agree-
ment with the experimental result, although no third order
satellites are observed. Furthermore, the most intense satel-
lites observed correspond to main reflections with l=3, a fact
supporting the assignment of the polarization vector along
the c axis.

In applying the above model to our case, we used a unit
cell four times larger �along the a axis� than that of the
average structure. We also assumed the P21/m space group,
thereby preserving the reflection planes at y= 1

4 and y= 3
4 . In

this model, there are five Mn sites at �0,0 , 1
2

�, � 1
8 ,0 ,0�,

� 1
4 ,0 , 1

2
�, � 3

8 ,0 ,0�, and � 1
2 ,0 , 1

2
� �see Fig. 3�a��. The Mn and

�La, Ca� ions in the x=0 and x= 1
2 planes remain unaffected,

while those at x= 1
8 , 1

4 , 3
8 and at x= 5

8 , 3
4 , 7

8 shift along the z
axis in opposite directions �negative and positive, respec-
tively�. This rectangular displacement modulation model can
by realized by adopting two additional structural parameters,
describing the rigid shift of the Mn4+ octahedra and of the
neighboring La3+ ions, respectively �see Fig. 3�a��. The
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model accounts for all the resolved satellite Bragg peaks and
the Rietveld refinement converges to a lower value for RB
�RB=4.0% vs RB=4.5%�. The shifts of the Mn4+ octahedra
and the La3+ ions away from their positions in the average

structure refine to 
z1=−0.018�1� and 
z=−0.015�1�, re-
spectively, at T=5 K. We note that as we are dealing with
very weak superlattice peaks, we do not expect a substantial
improvement in the RB factor. The region of the SXRPD

TABLE I. Results of the Rietveld refinement for La1/4Ca3/4MnO3 �T=295 K: combined refinement of SXRPD ��=0.48994 Å� and NPD
��=1.594 Å� data; T=5 K: average structure refined from NPD ��=1.594 Å� data, superstructure refined from SXRPD ��=0.50187 Å�
data�. At T=295 K, a single phase structural model based on the space group Pnma �No. 62� was used. The La, Ca, and apical oxygen �O1�
atoms occupy the 4c, �x , 1

4 ,z� site, Mn the 4b �0,0 , 1
2

� site and the equatorial oxygen �O2� atom the general 8d �x ,y ,z� site. At T=5 K, a
three-phase structural model was used, comprising the 4a superstructure �majority phase, space group P21/m� and two minority phases, C
structure �space group P21/m� and 3a structure �space group Pnma�. �xa

La, 1
4 ,za

La�, �xa
O1 , 1

4 ,za
O1�, and �xa

O2 ,ya
O2 ,za

O2� are the fractional coor-
dinates of the La, O1 and O2 atoms in the average structure model at T=5 K. Numbers in parentheses are statistical errors at the last
significant digit.

T �K� 295 K
5 K

4a superstructure, 
z=−0.015�1�, 
z1=−0.018�1�, P21/m

a �Å� 5.35142�6� 21.4732�1�
b �Å� 7.54682�4� 7.4689�1�
c �Å� 5.35579�6� 5.3750�1�, 	=90°

La La1 La2 La3 La4 La5 La6 La7 La8

x 0.0212�1� xa
La+ �n−1� /8, n=1−8, xa

La=0.023�1�, za
La=−0.005�1�

z −0.0032�2� za
La 1

2 −za
La+
z za

La+
z 1
2 −za

La+
z za
La 1

2 −za
La−
z za

La−
z 1
2 −za

La−
z

100U, B �Å2� 0.74�1� 0.84�1�

Mn Mn3�1� Mn4�1� Mn4�2� Mn4�3� Mn3�2�
x 0 1/8 1/4 3/8 1/2

y 0 0 0 0 0

z 1/2 
z1 1 /2+
z1 
z1 1 /2

100U, B �Å2� 0.48�2� 0.68�1�

O1 O1�1� O1�2� O1�3� O1�4� O1�5� O1�6� O1�7� O1�8�
x 0.4877�4� xa

O1+n /8, n=1−8, xa
O1=0.4869�5�, za

O1=0.0656�5�
z 0.0629�3� za

O1+
z1
1
2 −za

O1+
z1 za
O1+
z1

1
2 −za

O1 za
O1−
z1

1
2 −za

O1−
z1 za
O1−
z1

1
2 −za

O1

100U, B �Å2� 1.5�1� 0.42�6�

O2 O2�1� O2�2� O2�3� O2�4� O2�5� O2�6� O2�7� O2�8�
x 0.2758�7� xa

O2+ �n−1� /8, n=1−8, xa
O2=0.2758�6�, ya

O2=0.0325�1�, za
O2=0.7258�9�

y 0.0315�1� ya
O2

z 0.7251�8� za
O2+
z1

1
2 −za

O2+
z1 za
O2+
z1

1
2 −za

O2+
z1 za
O2−
z1

1
2 −za

O2−
z1 za
O2−
z1

1
2 −za

O2−
z1

100U, B �Å2� 0.85�2� 0.67�2�

S400 0.25�1� 0.0007�1�
S040 0.05�1� 0.0324�7�
S004 0.27�1� 0.287�7�
S220 0.01�1� 0.010�5�
S202 2.08�2� 0.092�1�
S022 0.02�1� 0.34�1�

Mn1 Mn2 Mn3 Mn4 Mn5

Mn-O1�2 �Å� 1.9177�3� 1.901�1� 1.901�1� 1.901�1� 1.901�1� 1.901�1�
Mn-O2�2 �Å� 1.9150�1� 1.945�2� 1.918�2� 1.918�2� 1.918�1� 1.870�1�
Mn-O2�2 �Å� 1.9214�2� 1.992�2� 1.929�2� 1.929�2� 1.929�1� 1.993�2�

RWP
SXRPD �%� 7.5 6.1

Rexp
SXRPD �%� 4.0 1.1

RWP
NPD �%� 5.2

Rexp
NPD �%� 4.4
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profile, in which the most intense satellite Bragg peaks are
observed, is shown in panel �c� of Fig. 2.

The refined superstructure model leads to a structure
in which the unshifted Mn octahedra at x=0 and 0.5
display characteristics that resemble those expected for Jahn-

Teller distorted Mn3+O6-units, with two long in-plane
Mn-O2 bonds ��2.0 Å�, two short in-plane bonds
�1.870�1� Å,1.945�2� Å�, and two out-of-plane bonds with
intermediate lengths �1.901�1� Å�. The Mn-O bond lengths
for the other octahedra remain as in the average structure.

FIG. 2. �Color online.� �a� Observed ��� and calculated �solid line� synchrotron x-ray powder �T=5 K,�=0.50187 Å� diffraction profiles
of La0.25Ca0.75MnO3. Panel �b� shows an expanded region of the Rietveld refinement in the vicinity of the �202� / �040� doublet, where the
three-phase coexistence can be clearly seen. �c� An expanded region of the SXRPD profile in which two of the strongest 4a superlattice
Bragg peaks �� 3

4 ,2 ,3� , � 5
4 ,2 ,3�� are present. The lower solid lines show the difference profiles and the tick marks show the reflection

positions of the three phases. The inset in panel �a� shows the phase diagram of the La1−xCaxMnO3 series for x�0.5 from Ref. 5.

FIG. 3. �a� Schematic drawing of the trans-
verse square modulation model of the 4a super-
structure on the a-c plane. The Mn and La atoms
at x=0 and x= 1

2 remain unshifted, while the other
atoms move as the arrows show. �b� �Color on-
line.� Projection into the a-c plane of the super-
structure in La0.25Ca0.75MnO3.
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Figure 3�b� depicts a projection of the 4a superstructure
model into the a-c plane. We note that the long in-plane
Mn-O bonds form a zigzag pattern, comparable to that ob-
served in the 2a superstructure at the x=0.5 doping level.2

As the long Mn-O bond is believed to be related to a
�3z2−r� eg type orbital, its observed arrangement may be the
structural signature of eg type orbital ordering. Therefore, in
analogy with the 2a and 3a structures, our 4a structural
model for the x= 3

4 compound displays a real-space charge
and orbital ordering on Mn ions. Of course, based on the
Mn-O bond lengths alone, we cannot draw any definitive
conclusions about integer charges associated with the
“Mn3+” and “Mn4+” sites, as these differ significantly from
those encountered in LaMn3+O3 and CaMn4+O3. This inter-
mediate situation, concerning the distribution of the eg elec-
trons may be related to the presence of small amplitude
charge density waves suggested recently.21–24

We have also tested alternative structural models such
as the paired stripes one,4 in which Mn3+ ions are concen-
trated in 8.3-Å-wide bistripes with composition
�La,Ca�3Mn2

3+Mn4+O9 and the same orbital order arrange-
ment as in x=1/2 compound. The remaining part of the
structure consists of Mn3+-depleted regions with composition
5�La,Ca�Mn4+O3. Rietveld refinements based on this model
were very unstable, presumably because of the presence of
three phases and the very large number of free parameters.
Nonetheless the Wigner crystal model presented above re-
mains superior, as the paired stripes model predicts a number
of second order satellite reflections which are not observed in
the present SXRPD data.

B. Temperature variation of the structural
and magnetic properties

Figure 4�a� shows the temperature variation of the unit
cell parameters for the three phases 4a, C, and 3a, as they
were estimated by the Rietveld refinements of the SXRPD
data at several temperatures. The inset of Fig. 4�a� shows the
temperature variation of the monoclinic angle 	 of the C
phase. At 295 K, only a single phase is present adopting the
O* structure �c�a�b /	2�. On cooling, the b-axis length
decreases, while a and c increase slightly. By further cooling,
an abrupt change of the unit cell parameters occurs at the
temperature interval 180 K�T�250 K, with an inflection
point, for instance in the b�T� curve, at TCO�220 K. In the
same temperature regime, the SXRPD patterns develop com-
plicated diffraction peaks, which at lower temperatures can
be analyzed successfully with the three-phase structural
model mentioned above.

Figure 4�b� shows the temperature variation of the weight
fractions of the 4a, C, and 3a phases, while panel �c� of Fig.
4 shows the temperature dependence of the mass magnetic
moment,  �left axis� and its first derivative, d /dT �right
axis�, measured in zero field �ZFC� and field cooling �FC�
modes in a magnetic field of 100 Oe. The magnetization in-
creases with decreasing temperature below 300 K, display-
ing a maximum at 247 K, and then decreases rapidly due to
the development of the charge-ordered state. The peak in the
magnetization curve is not related with a magnetic transition,

FIG. 4. �Color online.� �a� Temperature variation of the unit cell
parameters of the 4a, C, and 3a phases in La0.25Ca0.75MnO3. The
inset shows the temperature dependence of the monoclinic angle of
the C phase. Circles, squares and triangles correspond to the c, a,
and b /	2 unit cell axes, respectively. The semifilled, empty and
solid symbols correspond to the C, 4a, and 3a phases, respectively.
�b� Temperature variation of the weight fractions of the three
phases. �c� Temperature variation of the mass magnetic moment, 
and its temperature derivative d /dT.
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as the neutron-diffraction data do not show magnetic peaks
in this temperature range �see below, Fig. 5�. However, this
change may be related to the change from uncorrelated �or
weakly ferromagnetically correlated� Mn spins to antiferro-
magnetically correlated ones due to the charge and orbital
ordering for T�TCO. At 108 K, the magnetization displays
irreversible behavior �the ZFC branch does not coincide with
the FC one�. The SXRPD and NPD data do not show any
obvious anomaly corresponding to the onset of the magnetic
irreversibility at 108 K. This feature may be related to the
dynamic effects between charge-ordered and charge-
disordered domains observed recently for the composition
La0.23Ca0.77MnO3.25 The transition to a long-range ordered
antiferromagnetic state occurs in the temperature interval
150 K�T�195 K, where diffraction peaks of magnetic ori-
gin appear in the NPD profiles �see below, Fig. 5�. The sig-
nature of this transition in the magnetization data can be
found in the temperature evolution of the d /dT curve. In-
deed, one can see two characteristic points at 165 and 194 K
�Fig. 4�c��, which correspond to the two small shoulders in
the �T� curve. The anomaly at 194 K occurs at the same
temperature that the monoclinic angle of the C structure be-
comes 90°, thereby implying that it is the signature of the
antiferromagnetic transition in the C phase. The second point
at 165 K coincides with the Néel temperature of the 4a
phase. These two points will be further discussed in the fol-
lowing section on magnetic neutron scattering. Finally, the
inflection point of the �T� vs T curve, identified at �220 K
is related to the inflection point which appears in the tem-
perature variation of the unit cell parameters of the 4a phase.
It is at this temperature that the satellite peaks start to de-
velop. Therefore, this temperature represents the charge or-
dering temperature �TCO=220 K�. The identification of TN at
160 K and of TCO at 220 K for the 4a phase agrees very well

with the results of the specific heat and magnetization mea-
surements of Zheng et al.18

C. Magnetic structure

Figure 5 shows the temperature evolution of the neutron-
powder-diffraction patterns ��=1.595 Å� in the angular re-
gion where the most intense magnetic Bragg peaks appear.
The diffraction peaks in the range 12° �2��22° originate
from long-range magnetic order of the Mn spins, as they
disappear between 170�T�195 K. The most intense reflec-
tion near 2�=17.6° belongs to the family of magnetic dif-
fraction peaks, which correspond to the propagation vector
kC=� 1

2 ,0 , 1
2
�. Contributions to the intensity of this peak

come from the magnetic structures of both the 4a and C
phases. Below and above this reflection, there are two addi-
tional magnetic reflections, whose indexing is consistent
with the propagation vector k1/4=� 1

4 ,0 , 1
2
�, inherent in the 4a

superstructure. Remarkably, the intensity of the � 1
2 ,1 , 1

2
� re-

flection approaches zero at a different temperature �slightly
above 190 K� from that at which the � 1

4 ,1 , 1
2

� and � 3
4 ,1 , 1

2
�

magnetic reflections disappear �near 170 K�. Combining
these experimental observations with the results of the mag-
netization measurements, we conclude that the feature in
�T� at 165 K, corresponds to the onset of antiferromagnetic
ordering in the 4a phase �TN�4a�=165 K� and the one at
194 K corresponds to the antiferromagnetic ordering transi-
tion of the C phase �TN�C�=194 K�.

Figure 6 shows the results of the Rietveld refinement of
the powder-neutron-diffraction data ��=2.44 Å� at 5 K. The
intensity of the observed magnetic peaks can be coreectly
accounted for when we use a magnetic moment mC
= �1.8,0 ,−1.8��B �m�kC� for the impurity C structure, in
agreement with Ref. 12, and a magnetic moment mC

4a

= �1.8�1� ,0 ,−1.8�1���B �m�kC� for the 4a structure. At this
point, we note that the magnetic structure of the 4a phase is
essentially similar to that of the C-type antiferromagnetic
arrangement, contributing significantly to the intensity of the
� 1

2 ,1 , 1
2
� magnetic Bragg peak. However, the presence of the

� 1
4 ,1 , 1

2
� and � 3

2 ,1 , 1
2
� satellites implies a concomitant mag-

netic modulation which is related to the structural modula-
tion. In order to account for the magnetic diffraction peaks,
we used a 4a�b�2c magnetic cell for the 4a structure.
Keeping in mind that the majority of the magnetic intensity
contributions originates from the C-type arrangement of the
Mn spins, we can reproduce the magnetic Bragg peaks by
assuming a C-type magnetic structure in which the spins of
the Mn3�1� and Mn3�2� sites are perturbed in such a way as
to account for the presence of the magnetic Bragg peaks
which correspond to the k1/4 propagation vector. More spe-
cifically, we retained the z-spin component of the Mn�1� and
Mn�5� sites identical to that of the C structure, while the
corresponding x-spin component was compatible with the
k1/4 propagation vector. The best agreement was achieved
when the magnetic moment of the Mn4�1�, Mn4�2�, and
Mn4�3� sites was �±1.8�1� ,0 , ±1.8�1���B and that of the
Mn3�1� and Mn3�2� sites �±3,0 , ±2��B. A projection of the
magnetic structure in the y=0 plane is shown in the inset of

FIG. 5. �Color online.� Selected region of the low-
angle neutron-powder-diffraction profile ��=1.595 Å� of
La0.25Ca0.75MnO3 at several temperatures between 5 and 230 K
showing the evolution of the most intense magnetic Bragg peaks
�denoted by dashed lines� with temperature.
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Fig. 6 where it is evident that all the spins in the y= 1
2 plane

are antiferromagnetically coupled with those in y=0. Inter-
estingly, this model contains all the essential features of the
crystallographic superstructure, explaining magnetically the
ordering of the Mn sites. The two Mn sites attributed before
to Mn3+-like ions carry a magnetic moment which is canted
with respect to the C-type background of the remaining Mn
sites. It should be noted that based on the RB factor, this
magnetic model is not unique; however, it captures the main
characteristics of the 4a superstructure.

IV. DISCUSSION

The majority of phase transformations that occur in the
solid state take place by thermally activated atomic move-
ments. There are also transformations that are diffusionless,
i.e., from start to completion of the transformation, indi-
vidual atomic movements are less than one interatomic spac-
ing. Phase separation can originate from kinetic reasons �in-
terplay between driving force and energy barrier�,
whereupon the system cannot attain equilibrium and is
trapped in a metastable state. Furthermore inhomogeneities
and disorder can locally favor one phase over another and
pin the domain pattern.

Let us discuss the dissociation reaction, which takes place
at TCO in the La0.25Ca0.75MnO3 system. By assuming a
chemically homogeneous material, the observed phase coex-
istence might be inherent in the particular physics of manga-
nite perovskites and might be tuned by parameters such as
magnetic field and strain. At T=300 K, we observe a single
phase pattern. Upon cooling to TCO�220 K, phase dissocia-
tion takes place. We stress that we find this dissociation oc-
curring in several La1−xCaxMnO3 samples with calcium con-
tent near x= 3

4 and it is not a peculiarity of the particular
sample studied here. This finding may be related to the high-
resolution lattice images observed by Mori et al.4 in a sample
with the same nominal stoichiometry where they occasion-

ally observed defect structures with 3a and 5a periodicities.
If for the moment we ignore the existence of the 4a super-
structure, the situation is reminiscent of the dissociation re-
action, which produces the 3a and C structures, as depicted
in the phase diagram in the inset of Fig. 2. It is now impor-
tant to consider the mechanisms which may explain the com-
plicated phase coexistence on cooling. Atomic diffusion
across a few thousands of Å at 220 K is improbable. There-
fore, if the low-temperature coexistence was related to pre-
existing heterogeneity of the A-site cations, reflecting inad-
equate sample preparation protocol, all phases should be also
present at 300 K. However, only one average structure is
unambiguously evident from the high-resolution SXRPD
profiles. This may imply that the difference in the cell con-
stants of the three phases is so small that leads to diffraction
patterns with unresolved overlapping diffraction peaks even
at the very high resolution of the present experiments. The
small difference of the diffraction peak centroids may then
account for the observed selective peak broadening. On the
other hand, if the A-site cations are randomly distributed,
then a single phase should be present at 300 K. In this case,
when the structural transition takes place, large strain may
develop between the nucleation centers and the pristine ma-
terial. Then such strain could prohibit transformation of the
complete sample volume in an analogous fashion to the
mechanism of martensitic phase transitions where metastable
unchanged small domains coexist with the stable trans-
formed phase.

Another remarkable characteristic of the diffraction pat-
terns is the strong temperature dependence of the anisotropic
broadening parameters. As we mentioned in the previous
section, we successfully took into account the anisotropic
Bragg peak broadening using the Stephens formalism.14,17 At
295 K, the largest strain parameter is S202�295 K�=2.0�1�.
On cooling, S202 for the 4a phase approaches a maximum
value at TCO �S202�TCO��8.1�2�� and then decreases
smoothly until it reaches a nearly temperature-independent
value of �1.5�1�. In contrast, when the C phase appears at

FIG. 6. �Color online.�
Rietveld refinement of the
low-angle part of the PND profile
�2�=20° –70° ,�=2.44 Å� of
La0.25Ca0.75MnO3 at 5 K. The in-
set shows a schematic representa-
tion of the magnetic structure of
the 4a phase projected into the
a-c plane.
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T=210 K, its S202 parameter is significantly larger
�S202�210 K��17.1�3�� than that of the 4a phase. This value
decreases on cooling down to 140 K and then increases
slightly approaching a value of 8.2�2� at 5 K.

Here it is interesting to compare our results with those
obtained for Bi0.15Ca0.85MnO3 by Llobet et al.26 For this
composition, it was proposed that the sample is a heteroge-
neous two-phase mixture at all temperatures. Despite the
single-phase diffraction patterns apparent at 300 K, the very
close similarity of the structures of the two components
makes it impossible to identify them. However, the structural
transition driven by the orbital ordering unmasks the two
phases and the macroscopic preexisting phase segregation
comes into sight. The two coexisting orthorhombic phases
were identified as a minority one—which does not undergo
any structural transition on cooling—and a majority one
which transforms to monoclinic symmetry at T=120 K. Al-
though at first sight, similar behavior appears to be exhibited
by the present sample, there are several distinct differences.
If La0.25Ca0.75MnO3 was described at 300 K as a three-phase
mixture, then the difference in the unit cell parameters and
the available resolution would have allowed the identifica-
tion of at least two �4a and C� of the three phases. As their
unit cell parameters differ by �0.03 Å, unambiguous identi-
fication of the two phases should have been possible by
SXRPD. The most important argument presented by Llobet
et al.26 in support of preexisting heterogeneity in
Bi0.15Ca0.85MnO3 was that if the strain between the domains
would have been the key parameter, then the microstrain
terms in the high-temperature orthorhombic phase should
have been smaller than those of the strained low-temperature
minority orthorhombic phase. However, as the low-
temperature majority monoclinic phase exhibited larger mi-
crostrain parameters than the minority orthorhombic phase,
Llobet et al.26 concluded that macroscopic phase segregation
preexisted. In the La0.25Ca0.75MnO3 system, different behav-
ior is observed. The low-temperature minority phase displays
significantly larger microstrain parameters than the high-
temperature one. In addition, the low-temperature majority
phase displays lower values of the microstrain parameters.
These observations imply that a different mechanism is re-
sponsible in the present system. In Bi0.15Ca0.85MnO3, the
chemical heterogeneity was attributed to deficiency of the
�Bi, Ca� sites. The volatility of Bi during the solid state
preparation is well known. If the same type of deficiency is
present in the �La, Ca� sites of La0.25Ca0.75MnO3, then simi-
lar behavior would have been expected for related samples
with x= 1

2 , 2
3 , and 4

5 , where similar preparation conditions are
used. Therefore it seems reasonable to conclude that in the
case of the La1−xCaxMnO3 series with 0.5�x�0.9 the
samples are stoichiometric at ambient temperature thereby
ruling out the cation non-stoichiometry scenario.

The other classical model for explaining phase coexist-
ence is that of a martensitic transformation. It has been in-
deed proposed that the charge ordering �CO� transition in
some of the manganite perovskites exhibits clear signatures
of a matrensitic transformation. For example, micrographs of
the Bi0.2Ca0.8MnO3 system below TCO show lenticular charge
ordered domains.27 Martensitic transformations proceed by
diffusionless formation of martensitic islands within a parent

phase crystal lattice. Since the crystal lattices of the two
phases involved are different, in order for them to fit to-
gether, significant atomic displacements producing elastic
strain are required �accommodation strain�. As the tempera-
ture is reduced, the accommodation strain grows and ther-
moelastic equilibrium is established defining the amount of
martensite and the remaining high-temperature phase. Let us
examine if our results can be explained in terms of a marten-
sitic transformation scenario. The minority phases display
large anisotropic strain with S202 being always the dominant
microstrain parameter. We also stress that the values of the
microstrain parameters increase as the temperature is low-
ered. This behavior is not compatible with that for a conven-
tional martensitic transformation. If the martensitic transition
was the dominant mechanism, then one would expect the
majority phase to exhibit large microstrain contrary to the
experimental results.

The large microstrain of the minority phases could result
if these were of submicron size and were occurring in parts
of the crystallites that for some reason were prevented from
transforming into the 4a structure. The accommodation of
the 3a and C structures inside the 4a structure produces large
fluctuation of the strain field in the �h0h� direction. Alterna-
tively, since we are near the C-structure phase boundary,
short-range concentration inhomogeneities �small regions
with large fluctuation of the dopant level x� could produce
this coexistence. The 4a structure due to the small difference
from the C structure demands a high uniformity in the La/Ca
ratio in order to form. Based on the simple superstructure
models developed above, the majority of the superstructure
unit cell contains parts which adopt the C structure. Conse-
quently, small perturbations of the La/Ca ratio could prevent
formation of the 4a phase. This type of coexistence is inher-
ent in the charge ordering phenomena as the real space
charge localization period increases, for instance, from 2a to
3a and eventually to 4a in the present system. In order for
charge ordering to take place, a threshold value of crystallite
size is necessary. In small crystallites, the surface energy
may be comparable to the charge ordering energy, thereby
prohibiting the CO transformation. We must note, however,
that the microstructural parameters both above and below the
CO temperature do not show small diffraction domains but
rather that their energy is governed by microstrain effects.
We also note the arguments of Ahn et al.28 who have pro-
posed that “texturing” effects, similar to ours, may be due to
the intrinsic complexity of the system with strong coupling
between the electronic and elastic degrees of freedom lead-
ing to local energetically favorable configurations and pro-
viding a natural mechanism for the self-organized inhomo-
geneities over micrometer scales.

Finally we refer to the very good agreement of our results
with those of Tao et al.25 for a sample with stoichiometry
La0.23Ca0.77MnO3. High-resolution dark field images of fun-
damental reflections and the corresponding CO superlattice
spots revealed the coexistence of the charge ordered 4a
phase and the charge-disordered C phase. In agreement with
our results, the observed coexistence cannot be attributed to
either chemical segregation or composition variations in the
sample but most probably it is related to strong magnetoelas-
tic effects.
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V. CONCLUSION

In conclusion, we have experimentally demonstrated that
the La1/4Ca3/4MnO3 system exhibits a complicated transition
at TCO. For T�TCO, the high-temperature phase transforms
to a three-phase mixture comprising the 4a-�60�1�% �,
C-�23�1�% �, and 3a-�17�2�% � structures. The 4a super-
structure results from a transverse modulation �perpendicular
to k� of the positional atomic parameters with polarization

along the c axis. The observed phase coexistence is charac-
teristic of the very complex crystal chemistry of the manga-
nite perovskites.
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