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Evidence of nanoscale structural phase separation in large bandwidth La0.2Sr0.8MnO3
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We have investigated the structural evolution of La0.2Sr0.8MnO3 using temperature dependent high resolution
synchrotron x-ray diffraction technique. In a wide temperature range, La0.2Sr0.8MnO3 reveals nanoscale structural
inhomogeneity consisting of cubic and tetragonal phases. The present results suggest that domains of nanometer
size of the tetragonal (low temperature) phase start nucleating in the cubic (high temperature) phase even above
the Néel temperature (TN). The tetragonal phase fraction increases substantially below TN. Detailed analysis
suggests that the twinned phase is tetragonal, orbital ordered, and insulating. At temperatures below 170 K,
a small amount of the cubic phase is retained. The present results reveal the significance of the connectivity
between the nanoscale structural phase separation with the physical properties.
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Strongly correlated electron systems show many exotic
behaviors due to strong coupling between charge, spin, orbital,
and lattice degrees of freedom.1 One interesting phenomenon
in the condensed matter physics is the observation of charge
ordering in many mixed valence transition metal oxides,2

which often leads to insulating phases due to localization of
charge carriers.1,2 The existence of charge ordering in the
metallic phase is a rare event, although such a possibility
has been predicted theoretically.3 The observation of linear
specific heat at low temperature in the nonmetallic systems
is another fascinating physical phenomenon, which has been
attracting the attention of researchers for a significant period.4

Such behavior was observed in the amorphous systems and
this was understood by the tunneling model proposed by
Andersonet al.5 In the case of manganites, both the above
mentioned physical phenomena are ubiquitous.6 The occur-
rence of charge ordering and resulting insulating behavior are
so widely observed that the jump in the resistivity has often
been attributed to the signature of charge ordering.1,2

La0.2Sr0.8MnO3 is cubic and metallic at room temperature
(RT). It undergoes electronic and magnetic transitions from
metal to insulator and paramagnetic to C-type antiferromag-
netic at ∼TN = 265 K.7–12 In addition, it exhibits a jump
in resistivity that can be attributed to a possible signature
of charge ordering. However, recent transmission electron
microscopy (TEM) studies have revealed the signature of
charge ordering significantly above TN.10 Interestingly, it
shows the coexistence of two phases, charge ordered cubic
with an unidentified crystal structure of a twinned phase in
the temperature range 260 K to 98 K. On cooling the sample,
the twinned phase appears to grow at the cost of the charge
ordered phase and is associated with the resistivity behavior.10

High resolution photoemission results revealed finite density
of states even in the insulating phase below TN. A hard gap
was observed only below 200 K. Ironically, the specific heat
exhibits a linear dependence with temperature below 10 K in
this insulating phase.11,12 Evidently, the system is complex,

with a plethora of unresolved fundamental issues such as the
observation of linear specific heat in a gapped phase, existence
of charge ordering in the insulating phase, the nature of metal
to insulator transition at TN, etc. Probing the connectivity
between the phase coexistence and physical properties requires
quantitative information about the phase fractions and its
gradual thermal evolution.

Thus we employed high resolution synchrotron x-ray
diffraction studies on La0.2Sr0.8MnO3 as a function of temper-
ature. The advantages of this technique are that one can achieve
ultrahigh resolution and extract quantitative information of the
phase fractions. Our results show a signature of the domains
of the tetragonal phase in the matrix of cubic phase for
temperatures well above RT whose sizes above 250 K are
too small to be manifested as a distinct peak in the diffraction
patterns. In the temperature range 250 to 170 K, distinct peaks
related to the tetragonal phase are observed and its fraction
grows at the cost of the cubic phase. Our studies have shown
the twinned tetragonal phase is orbital ordered and insulating.
For T < 170 K, the fraction of the cubic charged ordered
phase remains unaltered. The significance of these results in
understanding the various physical properties has also been
discussed.

Synchrotron x-ray diffraction measurements were per-
formed on the high-resolution powder diffractometer ID31
at the ESRF, Grenoble. The powder sample was sealed in
a borosilicate capillary and data were recorded for twelve
different temperatures in the range 300–90 K with wavelength
of λ = 0.399 93 Å. The beam is monochromated by a cooled
double-crystal monochromator. The capillary was spun on the
axis of the diffractometer to reduce any preferred orientation
and packing effects. A bank of nine detectors is scanned
vertically to measure the diffracted intensity as a function of
2θ . Each detector is preceded by a Si(111) analyzer crystal
and the detector channels are approximately 2◦ apart. The
instrumental contribution to the full width at half maximum
(FWHM) is around 2θ = 0.003◦.
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FIG. 1. (Color online) Synchrotron x-ray powder diffraction
patterns of La0.2Sr0.8MnO3 at 300 K and 90 K. The Bragg peaks
(111), (200) in the cubic and tetragonal phases are shown in the
insets (a) and (b), respectively. The inset (b) also contains the pattern
in the expanded scale in the angular region 8◦ to 12◦.

Significant changes in the Bragg profiles of x-ray powder
diffraction patterns of La0.2Sr0.8MnO3 occur as the sample is
cooled from 300 K to 90 K (Fig. 1). The peaks are indexed
using the FULLPROF Rietveld profile refinement software.13,14

All the peaks at RT correspond to the cubic phase with space
group Pm3m consistent with our finding in earlier studies.11

At 90 K, except for the cubic (hhh) Bragg profiles, the peaks
appear as multiplets. For example, the (200) cubic peak appears
to be split into a triplet at 90 K, while the (111) remains as
singlet—this is shown with clarity in the inset of Fig. 1(b).
Detailed analysis reveals that the pattern at 90 K can be indexed
with coexisting cubic and tetragonal structural models. As
shown in the right inset of Fig. 1(b), the triplet corresponds
to two tetragonal reflections (200T ) and (002T ) and one cubic
reflection (200C). The singlet nature of (111) peak at 90 K
implies identical values of d111 for both the phases. Thus the
gradual cubic to tetragonal transformation occurs in such a
way as to preserve the integrity of the (111) plane, which can
be considered as the invariant plane of this transformation.

In general most of the noncubic perovskites possess
octahedral tilts giving rise to superlattice reflections in the
diffraction pattern.15 For example, the parent compound,
LaMnO3, has octahedral structure (space group Pbnm) with
octahedral tilts conventionally designated as a−a−c+ in
Glazer’s notation.15 The two possible octahedral tilts, a0a0c+
and a0a0c−, compatible with the tetragonal distortion of the
cubic lattice, is expected to give rise to superlattice reflections
at 2� ∼ 9.5◦ and 9.9◦, respectively. However, as is evident
from the left inset of Fig. 1(b), no trace of extra peaks could be
observed in this angular region of the diffraction pattern. The
tetragonal structure therefore does not consist of an octahedral
tilt. This implies that, as in the cubic phase, all the Mn-O-Mn
angles in the tetragonal phase are either 90◦ or 180◦. The most
symmetric space group consistent with this tetragonal structure
was found to be P4/mmm. Rietveld profile refinement of the
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FIG. 2. (Color online) Typical Rietveld fittings of the x-ray
diffraction patterns for 300 K and 90 K. The open circle and the solid
line correspond to the observed and calculated patterns, respectively.
The difference pattern is given by the line below the experimental
patterns. The vertical bars correspond to the Bragg reflections.
Rp , Rwp , Re, and χ 2 correspond to the profile, weighted profile,
the expected weighted profile factors, and the reduced chi-square,
respectively. The magnified view of the fit in the angular range 11.8◦

to 12.15◦ is shown in the inset.

90 K pattern was accordingly carried out using Pm3m and
P4/mmm phase coexistence model. The good quality of the
Rietveld fit shown in Fig. 2 confirms this choice of structural
model at 90 K.

The variation of the cubic phase fraction as a function of
temperature is shown in Fig. 3(a). Just below TN, the cubic
phase fraction decreases drastically from about 79% at 250 K
to about 9% at 150 K. Below 170 K, the phase fractions remain
almost unchanged down to 90 K. The temperature variation
of the cubic and tetragonal lattice parameters are shown in
Fig. 3(b). In the cubic phase, the lattice parameter gradually
decreases with decreasing temperature that can be attributed
to the thermal contraction. But for the tetragonal phase, it
shows a decrement in the c parameter and a corresponding
increment in the a parameter. With a further decrease in
the temperature, there is no significant change seen in the
lattice parameter a whereas the lattice parameter c decreases.
The unit cell volume exhibits a continuous decrease with
decrease in temperature in both cases. The unit cell volume
for the tetragonal phase appearing below TN is found to be
less than the value of the cubic phase as shown in Fig. 3(c).
Thus there is a discontinuous change in the unit cell volume,
Fig. 3(c), which suggests that the structural transition is
first order in nature. The behavior of the lattice parameters
in the tetragonal phase where c < a may be related to the
coupling between the electronic and lattice degrees of freedom.
In the octahedral crystal field, the Mn 3d levels split into
triply degenerate, t2g , and doubly degenerate, eg , bands. A
compression along the z axis leads to further splitting of
the bands—the doubly degenerate eg band will split into two
nondegenerate bands possessing b1g and a2g symmetry, with
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FIG. 3. (Color online) Temperature dependence of (a) cubic
phase fraction and (b) lattice parameters. Open diamond and circle
correspond to the tetragonal phase and open square corresponds to the
cubic phase. The vertical line at 265 K marks the Néel temperature
(TN). The size of the symbols are equivalent to the error bars. (c) Unit
cell volume of the cubic (open circle) and tetragonal (open square)
phases.

b1g band consisting of dx2-y2 orbital having lower energy.
Mn3+ has four 3d electrons. Considering Hund’s rule, three
electrons will occupy the t2g up spin band. In the presence
of distortion, the fourth electron will occupy the dx2-y2 band.
Thus the longer a parameter as compared to the c parameter
is indicative of the occupation of the electrons in the dx2-y2

orbitals than the dz2-r2 orbitals. Such preferential occupation
of dx2-y2 orbitals as compared to d3z2-r2 and its cooperative
behavior suggests orbital ordering. The above results suggest
that orbital ordering may be responsible for the stabilization
of the tetragonal phase. Such orbital ordering finally leads
to superexchange interaction and stabilizes the material in
the C-type antiferromagnetic phase. These interactions can
be understood based on Goodenough and Kannamori’s rule,16

where the magnetic structure depends on the occupation of the
neighboring eg orbitals.

Here, we discuss the temperature evolution of a few
representative Bragg profiles. On cooling, a weak tetragonal
peak becomes barely visible at 250 K [Fig. 4(a)]. Interestingly,
the peak heights of the Bragg reflections (hkl) continuously
decrease on cooling even in the cubic phase [Fig. 4(b)]. In
contrast, the height of the (hhh) peaks remain unaffected at
all temperatures [Fig. 4(c)]. The temperature variation of the
peak intensities of (200) and (222) cubic reflections is shown
in Fig. 5(a). The systematic decrease in the intensity is possibly
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FIG. 4. (Color online) Temperature evolution of the intensity of
(a) tetragonal Bragg peak in an expanded scale, (b) cubic (211)
Bragg reflection, and (c) (222) Bragg reflection. The inset shows
the behavior of the FWHM of (211) peak.

a manifestation of genuine structural changes taking place in
the system at subnanometer length scale. The intensity lost
at the peak position must be distributed between the peak and
the tail region of the individual Bragg profiles. The gradual
increase in the FWHM of a representative cubic (211) peak
on cooling in the temperature range 300 to 230 K, shown in
the inset of Fig. 4(b), confirms this point. It is most likely that
the extra intensity away from the cubic Bragg peaks position
is due to the scattering by the subnanometer sized nuclei of
the tetragonal phase in the cubic matrix. It is interesting to
note that the FWHM and peak count of the (222) reflection
remain nearly unaffected in the entire temperature range. As
mentioned above, this can be understood by the fact that the
dhhh of the cubic and tetragonal peaks are almost equal at
all temperatures, even for the subnanometer sized tetragonal
nuclei. Since, in general, it is well known that increase of
temperature leads to decrease in the intensity of the Bragg
reflections due to thermal diffuse scattering, the peak count in
Fig. 5(a) is expected to exhibit a maximum somewhere above
room temperature, i.e., when the system becomes free from the
nuclei of the low temperature tetragonal phase. This implies
that the coherently scattering domain size of the tetragonal
phase remains small in the system, presumably due to high
density of stable nuclei formed in the temperature region 300
to 250 K.
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FIG. 5. (Color online) Temperature dependence of (a) the inten-
sity of cubic (200) and (222) Bragg reflections and (b) the domain
size of the tetragonal and cubic phase fractions.

These results clearly suggest that the pure cubic structure
would exist somewhere above room temperature. On cooling
the sample, the tetragonal phase starts nucleating in the cubic
matrix, whose size keeps on growing with further reduction of
temperature. Down to 230 K, the size of the nuclei of the tetrag-
onal phase is not large enough to give the distinct diffraction
patterns. The rough estimate of the domain size of the cubic
and tetragonal phases were obtained by using the Scherrer
formula and are shown in Fig. 5(b). At 300 K, because the
average structure is cubic, the size obtained is the average grain
size. At 210 K, the domain size of the cubic and tetragonal
phases are found to be ∼108 and 43 nm, respectively. On
reduction of temperature to 150 K, the domain size of the
cubic phase decreases to ∼65 nm and that of the tetragonal
phase increases to ∼78 nm. Further decrease of temperature
below 150 K does not lead to any significant change in the
domain size and phase fraction [Fig. 3(a)] of both the phases.

The present work unambiguously establishes the coexis-
tence of two structural phases in a wide temperature region.
It is expected that these two phases should have different
electronic properties. At room temperature the compound is
metallic and weakly charge ordered as revealed by our PES and
TEM studies, respectively.10,11 On reducing the temperature,
the weak charge ordered phase becomes stronger and distinct
superlattice peaks are evident at around 235 K. Around this
temperature, finite spectral DOS (density of states) is also
observed at the Fermi level where we found ∼50% cubic
phase fractions. The hard gap only opened up below 200 K
where the tetragonal phase fractions are more than 80%.
These observations clearly suggest the insulating nature of the
tetragonal phase and also appear to question the conventional
existence of insulating behavior in the charge ordered region,
which is cubic in our case.

Temperature dependent high resolution synchrotron x-ray
diffraction studies have been carried out on La0.2Sr0.8MnO3.
Above the room temperature, the tetragonal phase starts
nucleating in the matrix of the cubic phase. As the temperature
is reduced, the competing fractions of the tetragonal phase
grow in size at the cost of the cubic phase, although it is
still possible to discern the former phase in the diffraction
profiles for T < 250 K. Our detailed analysis has shown
that the twinned tetragonal phase is orbital ordered and
insulating and the cubic charge ordered phase gets frozen at
low temperatures. The implications of these results in under-
standing the various physical properties have been discussed,
which suggests that the physics of overdoped manganites
cannot be understood within the homogenous picture. It
appears that intrinsic inhomogeneity is a generic feature in
similar such systems and further studies are required in this
direction.
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