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It is generally accepted that electronic and magnetic phase separa-
tion is the origin of many of exotic properties of strongly correlated
electron materials, such as colossal magnetoresistance (CMR), an
unusually large variation in the electrical resistivity under applied
magnetic field. In the simplest picture, the two competing phases
are those associated with the material state on either side of the
phase transition. Those phases would be paramagnetic insulator
and ferromagnetic metal for the CMR effect in doped manganites.
It has been speculated that a critical component of the CMR
phenomenon is nanoclusters with quite different properties than
either of the terminal phases during the transition. However, the
role of these nanoclusters in the CMR effect remains elusive
because the physical properties of the nanoclusters are hard to
measure when embedded in bulk materials. Here we show the
unexpected behavior of the nanoclusters in the CMR compound
La1−xCaxMnO3 (0.4 ≤ x < 0.5) by directly correlating transmission
electron microscopy observations with bulk measurements. The
structurally modified nanoclusters at the CMR temperature were
found to be ferromagnetic and exhibit much higher electrical con-
ductivity than previously proposed. Only at temperatures much
below the CMR transition, the nanoclusters are antiferromagnetic
and insulating. These findings substantially alter the current under-
standing of these nanoclusters on the material’s functionality
and would shed light on the microscopic study on the competing
spin-lattice-charge orders in strongly correlated systems.

nanoscale inhomogeneities ∣ superlattice

It is widely believed that electronic inhomogeneities due to the
complex spin-lattice-charge interplay (1–9) and the percolation

of the conducting phase in manganites (10–18) are essential to
the understanding of the colossal magnetoresistance (CMR) me-
chanism (19–21). However, the competing magnetic, lattice, and
charge orders result in very intricate phase-separation scenarios
in the materials and, therefore, it is difficult to unravel the role of
individual phases in the CMR effect. Firstly, the dimension of the
percolative phases that yields the CMR effect is under intensive
debate. Submicron percolating network was observed using sev-
eral imaging techniques (10–12), although evidence by various
diffraction techniques and scanning tunneling microscopy (STM)
supports nanoscale phase separation to be the key to study the
CMR (3–9, 15–18). Secondly, among the nanoscale phases, a
phase in form of nanoclusters with unique structural character-
istic has attracted great attention because its appearance coin-
cides with the CMR effect in a wide range of doped manganites
without exception (3–9). This nanoscale phase was found to have
satellite-superlattice reflections detected by neutron scattering,
synchrotron X-ray, and electron diffractions during a paramag-
netic (PM) to ferromagnetic (FM) phase transition upon cooling
(3–9). The superstructure modulation exhibits in the nanoclusters
with maximum density in the intermediate temperature range
and very small density in both the high-temperature PM-insulat-
ing phase and the long-range-ordered low-temperature FM-
metallic phase. Nevertheless, the role of these nanoclusters is
still mysterious due to the difficulty of measuring their physical
properties in bulk materials. Indeed, the structurally modified

nanoclusters were hypothesized to be antiferromagnetic (AFM)
and insulating to establish a possible relationship between the
nanoclusters and CMR in the previous works (3–9). Without
further observation of the phases at various length scales and
direct measurement of the properties of these phases, under-
standing of the mechanism of the CMR effect as well as basic
properties of manganites remains a daunting task.

In this article, we report the evolution of the intrinsic phases in
La1−xCaxMnO3 (LCMO, 0.4 ≤ x < 0.5) as a function of tempera-
ture and doping level using a number of transmission electron
microscopy (TEM) techniques. In order to explain the measured
physical properties of the materials, we correlated the bulk
measurements with the TEM observations over the length scales
from nanometers to microns. In particular, we explored the role
of the FM submicron domains (without superstructure) and
the nanoclusters (with superstructure) in the CMR effect in
La1−xCaxMnO3 materials and provided strong evidences for the
unexpected relationship between those phases and the CMR
effect in these compounds (see Fig. S1).

Results and Discussion
Fig. 1A shows the magnetization as a function of temperature
for LCMO samples at 0.4 ≤ x ≤ 0.5 under a magnetic field
H ¼ 10 kOe (1 Oe ¼ 1 × 10−4 T in a vacuum). The magnetiza-
tion monotonically increases upon cooling for 0.4 ≤ x ≤ 0.45.
However, it peaks at intermediate temperatures with large hys-
teresis for x ¼ 0.48 and 0.50. The drop of the magnetic moment
in these compositions at approximately 120 K has been usually
ascribed to the emergence of some AFM volume in the bulk ma-
terial (19). As demonstrated in Fig. 1B, the sample at x ¼ 0.48
exhibits very unusual magnetic properties. Below the PM–FM
transition at T1 ∼ 240 K, an unexpected transition at T2 ∼ 120 K
occurs where the magnetic moment increases at nearly zero field
(5 Oe) but decreases at slightly larger magnetic field (200 Oe).
The transition temperature T2 upon cooling differs from warming
due to strong thermal hysteresis, and only the dataset upon cool-
ing process is discussed here (see Fig. S2). The magnetic transi-
tion at T2 cannot simply be explained by the previous theory (e.g.,
the appearance of the AFM volume in the bulk material).

In order to understand the magnetic properties of the x ¼ 0.48
sample, we used a dedicated Lorentz microscope (JEOL 2100F-
LM) that has a negligible magnetic field at sample position (22).
Fig. 2A shows that the FM domains form at T� ∼ 227 K and
the domain-wall intensity continuously increases upon cooling.
It is worthy of mentioning that, because Lorentz imaging is a
low electron-dose method, beam-heating effect can be ignored
and the temperature determination is sufficiently accurate for
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the formation of the FM submicron domains. Because the local
magnetization of the FM domains is directly reflected by the
domain-wall intensity and the observed formation of the FM sub-
micron domains does not have abrupt change* below T�, we may
conclude that the FM submicron domains are not responsible for
the transition at T2 for x ¼ 0.48. Moreover, the magnetic hyster-
esis curve measured as a function of applied field, shown in
Fig. 2B, unambiguously illustrates that the FM submicron do-
mains are not the only FM phase at T ¼ 200 K, a temperature
between T� and T2. Deviating from a standard hysteresis loop,
the magnetic hysteresis behavior only appears at the very center
part of the M-H curve, enlarged in the inset of Fig. 2B. Such
features could be interpreted as a combination of two types of FM
phases, one as conventional FM submicron domains (with hyster-
esis) and the other as single-domain FM nanoclusters (without
observable hysteresis).

On the other hand, the existence of a nanoscale phase, or the
structurally modified nanoclusters, in the sample x ¼ 0.48 was re-
vealed by electron diffraction as diffused superlattice reflections
(SLRs) in the [010] zone (Fig. 2C). The correlation length of the
nanoclusters is ca. 3–4 nm measured from the full width at half
maximum of the SLRs in electron diffraction. The wavenumber
of the superstructure, qS∕a�, was further determined as a function
of temperature, as shown in Fig. 2D. Interestingly, there are two
temperatures where the structural characteristic of the nanoclus-
ters (the value of qS∕a�) drastically changes: one is approximately

240 K and the other is approximately 120 K, both coinciding
with the magnetic transitions observed in the same sample. More-
over, the resistivity measurement of the sample (Fig. 2E) shows a
metal-insulator transition at T2.

What could we learn from the above experimental evidences?
At room temperature, the system is mainly PM. Upon cooling,
the density of the structurally modified nanoclusters rapidly in-
creases at a temperature around T1 (240 K) and FM submicron
domains (without superstructure) are formed at T� (227 K). At
the temperature range between T� and T2, the structurally mod-
ified nanoclusters emerge and coexist with the FM submicron
domains. The magnetic property measurements and the TEM ob-
servations strongly indicate the role of these nanoclusters in the
magnetic transitions, and the magnetic order of the nanoclusters
could be possibly derived as follows. Firstly, if these nanoclusters
are PM or AFM in the temperature range between T� and T2,
they would give negligible contribution to the total magnetiza-
tion. Because the other phase, FM submicron domains, was ob-
served to be irresponsible for the transition at T2 (Fig. 2A), there
would be no abrupt increase (at 5 Oe) or decrease (at 200 Oe) in
magnetization at T2 (Fig. 1B). Hence, this possibility is not sup-
ported by the experimental results. Secondly, if the nanoclusters
are FM, then the magnetic behavior between T� and T2 can be
well explained by the scenario proposed in Fig. 3. For very small
magnetic fields (H < 50 Oe, Fig. 3A), the spin direction of the
structurally modified FM nanoclusters is opposite to their sur-
rounding (i.e., the FM nanoclusters are coupled antiparallelly
to the magnetization of the FM submicron domains), possibly re-
sulting from a superexchange interaction at the interfaces of the
nanoclusters, giving negative contribution to the total magnetiza-
tion. Small magnetic fields could easily align the spin orientations
of the FM nanoclusters to the field direction, making the total
magnetization greater than that of the FM submicron domains
(Fig. 3B, H ¼ 200 Oe). Moreover, the observation of the coexis-
tence of the FM nanoclusters and the FM submicron domains in
the temperature range between T� and T2 (Fig. 2B and Fig. S3)
also supports the notion that the structurally modified nanoclus-
ters are FM.† At T2 ∼ 120 K, the structurally modified FM
nanoclusters transform into the AFM state and give no more con-
tribution to the magnetization—i.e., the total magnetization of
the material at temperature below T2 only arises from the con-
tribution of the FM submicron domains. We note that a previous
study on the LCMO system (x ¼ 0.47) by neutron scattering
found the transition temperature to the AFM state is lower than
the transition temperature associated with the structural super-
lattice (23), which is in consistent with the scenario we proposed
here.

The volume fraction of the structurally modified nanoclusters
(FM between T� and T2; AFM below T2) is hard to measure
precisely by TEM in this case. Experiments using the scanning
electron nanodiffraction technique developed in ref. 8, which
provides the capability to map the nanoclusters in real space,
were performed for x ¼ 0.48. However, the results show that the
superlattice reflections appear in the electron nanodiffraction
patterns nearly at every location during the scanning of the elec-
tron beam over the sample below T�. Considering the incident
electrons probe the projection of the three-dimensional distribu-
tion of the nanoclusters that are homogeneously arranged, we
arrive at the volume fraction of the structurally modified na-
noclusters close to 50%, or even larger in the bulk sample for
x ¼ 0.48. This significant volume-fraction value was indeed con-
sistent with the estimation using bulk property measurements

Fig. 1. Magnetization measurements for La1−xCaxMnO3 bulk samples.
(A) Magnetization as a function of temperature for bulk LCMO 0.4 ≤ x ≤ 0.5
under a magnetic field H ¼ 10 kOe. (B) Magnetization (normalized to the
low temperature value M0) as a function of temperature upon cooling with
various applied magnetic fields (H ¼ 5, 50, 200 Oe) for LCMO, x ¼ 0.48.

*Although we observed that the FM domain walls are not pinned on the samples through
various thermal cycling, the average domain width and the orientation of the FM
domains remain statistically the same once they form swiftly at the formation tempera-
ture ∼227 K in x ¼ 0.48 upon cooling.

†It is also possible that the nanoclusters are AFM at intermediate temperatures with
uncompensated moments at the nanocluster surface. However, the magnetic property
measurements suggest that ∼40% of the total magnetization of the material comes from
the FM component inside the nanoclusters (see figure S3). This significant fraction implies
that it is more likely that the whole nanoclusters are FM than the scenario of uncompen-
sated FM moments at the nanocluster surface
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based on the model we proposed above that these nanoclusters
occupy roughly 40% in this bulk material (see Fig. S3 for details
and the real space distribution of the nanoclusters using super-
lattice reflection only in dark field images, shown in Fig. S4).
It should be mentioned that the structurally modified nanoclus-
ters could be suppressed by magnetic fields greater than 10 kOe
(24), although small magnetic fields below 200 Oe are unlikely
to change the density of such nanoclusters but realign their spin
directions.

The model depicted in Fig. 3 A and B has another important
outcome on the physical properties of the structurally modified
nanoclusters—i.e., in their FM state, these clusters are conduc-
tive. The zero-field resistivity sharply increases upon cooling
below T2 (see Fig. 2E), which has to arise from a sudden mod-
ification of the transport properties within the structurally mod-
ified nanoclusters (i.e., the electrical conductivity of the FM

nanoclusters is much larger than that of the AFM nanoclusters).
Moreover, the conductivity of the FM nanoclusters is likely
comparable to the conducting property of the FM submicron
domains, which are metallic at temperatures between T� and T2

(otherwise the resistivity in the temperature range below T�

would be determined by the predominant metallic submicron do-
mains and the metal-insulator transition at T2 would be hardly
noticeable). The conductivity of the FM submicron domains con-
tinuously increases as the temperature decreases and it further
lowers the bulk resistivity at temperatures below T2. A synopsis
of the phase transitions and coexistence at x ¼ 0.48 is depicted
in Fig. 3C. We note that the small temperature interval between
T1 and T� (ca. 10 K) is insignificantly reflected in the property
measurements at x ¼ 0.48 (Fig. 1 and Fig. 2E). However, the
separation of these two temperatures is evidently observed in
the resistivity measurements in LCMO in other doping levels

Fig. 2. Microscopic observations and property measurements of the La1−xCaxMnO3 (x ¼ 0.48). (A) A series of Lorenz Fresnel images showing the evolution of
the FM-CD submicron domains upon cooling (from right to left) for LCMO x ¼ 0.48. The images show the typical FM domains with the black (divergent wall)
and white lines (convergent wall) as 180° FM-domain walls. The transition temperature of the FM submicron domains T � is determined to be 227 K. A reversal
evolution was also observed with the same transition temperature during warming process. (B) Magnetization vs. field measurement for x ¼ 0.48. The center
part of themeasurement is enlarged shown in the inset. (C) Typical electron diffraction pattern at the [010] zone at intermediate temperature showing diffused
SLRs from the structurally modified nanoclusters at x ¼ 0.48, as satellites surrounding the fundamental reflections. (D) The wavenumber of the SLRs, qS∕a�, as a
function of temperature for x ¼ 0.48, eye-guided by the dash line. (E) Resistivity measurement as a function of temperature, for x ¼ 0.48, upon cooling at zero
field (top line) and under a magnetic field of 10 kOe (bottom line).
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at 0.4 ≤ x ≤ 0.45, which will be elaborated below. The observa-
tion of T1 and T� demonstrates that the structurally modified
component and nonmodified component of this material have
different transitions, although the origin for the two transition
temperatures being close, but not exactly the same, is not yet un-
derstood.

In order to reveal doping dependence in other CMR LCMO,
in Fig. 4 A–D, we show the data obtained for x ¼ 0.45 (Fig. S5),
demonstrating essentially identical results for x ¼ 0.39, including
the bulk property measurements and the TEM observations).
Fig. 4A shows the similar FM submicron domain formation as
that for x ¼ 0.48, with a swift formation temperature T� ∼ 230 K
for x ¼ 0.45. We note that these domains form or melt within a
temperature range of 1–2° upon cooling or warming, as observed
from our Lorentz images as well as those reported in ref. 25 using
electron holography with higher spatial resolution on LCMO.

Transport measurements (Fig. 4B) indicate that the resistivity
peaks at T1 ∼ 253 K (clearly above T�), where the FM submicron
domains are yet to form over the sample. CMR has been mea-
sured as the suppression of this resistivity peak by application of
a magnetic field. Therefore, the explanation of the resistivity
drop at intermediate temperatures at zero-field is as important as
the understanding of the behavior of the resistivity peak under
applied magnetic field in the CMR mechanism. Clearly in con-
trast with some previous results in other CMR manganites
(10–12), our data support the conclusion that growth and perco-
lation of FM submicron domains are not at the root of the resis-
tivity drop at zero field in LCMO for 0.4 ≤ x < 0.5. The observed
formation of the FM submicron domains here has features of a
typical second-order phase transition, thus dynamic FM fluctua-
tions are expected at temperatures above T� during the transition
of the matrix without superstructure. The behavior of these fluc-
tuations, however, is beyond the scope of the paper.

We further note that the structurally modified nanoclusters
could play a significant role in the resistivity drop at the zero field.
Unlike the constant volume fraction (ca. 40%) of the nano-
clusters below T1 for x ¼ 0.48, the structurally modified nanoclus-
ters have maximum density at T1 where the CMR occurs for
x ¼ 0.45 and 0.39, and the density quickly decreases at low tem-
peratures (see Fig. S1). For example, the volume fraction of these
nanoclusters is approximately 20% at T1 ∼ 253 K and approxi-
mately 5% at 160 K for x ¼ 0.45 (8). Therefore, if the structurally
modified nanoclusters in x ¼ 0.45 and 0.39 still have magnetic
transition from intermediate temperature to low temperature
upon cooling, that transition has much less influence in the bulk
magnetization than the case for x ¼ 0.48. However, the observed
anomaly and reversed thermal hysteresis behavior in magneti-
zation allows us to infer the magnetic property of these nanoclus-
ters shown in Fig. 4C. Because the FM submicron domains
were observed to have second-order PM–FM phase transition
without hysteresis (see the left part in the inset of Fig. 4C), re-
versed thermal hysteresis in the magnetization can only be attrib-
uted to the structurally modified nanoclusters, suggesting FM
component in these nanoclusters at intermediate temperatures.
More evidently, such conclusion is supported by the direct obser-
vation of the FM nanoclusters using Lorentz imaging, shown in
Fig. 5. At CMR temperature T ¼ 253 K when the structurally
modified nanoclusters already exist, while the FM submicron
domains are yet to form upon cooling, static nanoclusters with

Fig. 3. Interpretation of the results obtained for x ¼ 0.48. (A) FM nanoclus-
ters (with superstructure) embedded in a FM submicron domain (without
superstructure). At zero field, the spin directions of the FM nanoclusters
are opposite to those in the FM matrix; (B) The spin directions of the FM
nanoclusters are aligned with the submicron FM matrix under the applied
magnetic field of H ¼ 200 Oe. (C) A summary of the phase separation
through the phase transitions for LCMO x ¼ 0.48.

Fig. 4. Structural and property measurements of
the La1−xCaxMnO3 (x ¼ 0.45, see Fig. S5 for results
obtained at x ¼ 0.39). (A) A series of Lorenz Fresnel
images showing the evolution of the FM submicron
domains (without superstructure) upon cooling
(from right to left) for LCMO x ¼ 0.45. The FM sub-
micron domains have a sharp formation temperature
T � ∼ 230 K. (B) Resistivity measurement as a function
of temperature for x ¼ 0.45. The formation tempera-
ture T� of the FM submicron domains is clearly below
the peak, being more related to a kink in the curve.
(C) Magnetization as a function of temperature upon
cooling (black) and warming (red) for x ¼ 0.45 under
magnetic field H ¼ 10 Oe. The difference is plotted
at the bottom. The inset implies the total magnetiza-
tion is a superposition of contribution from the ma-
trix of the FM submicron domain (Left) and the FM
nanoclusters (Right). (D) The intensity of the SLRs sur-
rounding the (004) reflections (normalized to the
fundamental reflections) in electron nanodiffraction
patterns (with one example showing as an inset) as a
function of temperature, obtained from individual
structurally modified nanoclusters for x ¼ 0.45. It
clearly shows a drastic increase of the intensity of
the SLRs at the temperature around 170 K (eye-
guided by the dash line), suggesting a structural tran-
sition of the superstructure inside the nanoclusters.
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size ca. 3–4 nm show the contrast due to the FM component in
real space images in Fig. 5 (similar result for x ¼ 0.48 is shown in
Fig. S6). In addition, a structural transition indicated by the in-
tensity of the SLRs in the electron nanodiffraction provides some
clues, as shown in Fig. 4D. Similar to the magnetic transition ac-
companied by the structural transition for x ¼ 0.48, the structural
transition occurs approximately 180 K could also be coupled with
a magnetic transition for x ¼ 0.45 (i.e., from FM state to AFM
state in the structurally modified nanoclusters). Moreover, the
intensity increase in SLRs at low temperatures suggests better
ordering of the crystal superstructure with antiferromagnetism
than that with ferromagnetism inside the nanoclusters. The typi-
cal magnetization from FM to AFM transition in the structural
modified nanoclusters is drawn on the right of the inset of Fig. 4C,
showing the thermal hysteresis. Similar to x ¼ 0.48, the super-
position of the contribution from the FM submicron domains and
the structurally modified nanoclusters well explain the magneti-
zation measurements for x ¼ 0.45 (and x ¼ 0.39). We particularly
note that previous STM experiments showed the presence of
static metallic nanoclusters in similar systems at the CMR tem-
perature (17, 18), which can only be attributed to the structurally
modified FM nanoclusters observed here.

The CMR effect in LCMO and other similar manganites is
highly related to the following two descriptions of the material’s
behavior: (i) Upon cooling, the resistivity increases and has a
drastic drop at intermediate temperature under zero magnetic
field; (ii) the resistivity peak collapses by applied magnetic field.
Understanding either part is critical to the interpretation of the
CMRmechanism. Based on the above results and discussions, the
fairly good electrical conduction and the percolation of these
nanoclusters (with its volume fraction greater than 15%, ref. 8,
the 3D percolation threshold) at the CMR temperature could
cause the resistivity drop in LCMO at zero field. However, dy-
namic and metallic FM fluctuations (without superstructure)
that occur above T� (close to the CMR temperature) during the

second-order PM–FM transition could account for the CMR
effect as well. With all these considered, our present results sug-
gest that the CMR effect, in LCMO from x ¼ 0.4 to 0.5, is most
probably the result of an intricate interplay among the dynamic
FM-metallic fluctuations, the static FM clusters with structural
modulation, and the surrounding PM-insulating domains, all at
the nanometer scale.

The experimental findings presented here strongly indicate
that the structural modulation inside the nanoclusters in LCMO
for 0.4 ≤ x < 0.5 could be intrinsically different than that in a
reported charge ordered (CO) phase in LCMO for x ≥ 0.5. The
long-range CO phase was observed with structural superlattice at
low temperatures in LCMO for x ≥ 0.5 (26–30).‡ Previous work
hypothesized the structural similarity between the superstruc-
tures inside the nanoclusters (for x ≤ 0.5) and long range CO
phase (for x ≥ 0.5) (3–9). However, the long range CO phase has
been widely reported to be AFM and insulating (26, 27, 31),§

whereas the structurally modified nanoclusters are FM with good
conducting properties at intermediate temperatures in LCMO
at 0.4 ≤ x < 0.5. Because the superstructures corresponding to
the SLRs arise from competing spin, orbital, charge, and lattice
orders, the pronounced difference in properties suggest that the
hypothesized structural similarity cannot stand between the na-
noclusters and the long-range CO phase. We believe such results
are necessary to answer the questions raised in previous reports
(8, 32). In particular, this hypothesized similarity in structures
was used to estimate the volume fraction of the nanoclusters by
comparing the SLRs’ intensities obtained from nanoclusters and
long-range CO phase (32). Later work found such estimation
is lower by orders of magnitude than the value obtained from

Fig. 5. Direct observation of the FM nanoclusters using
Lorentz imaging (x ¼ 0.45). (Upper) Two images obtained
from the same sample location at T ¼ 253 K show the con-
trast of nanoclusters. Black and white lines correspond to
the domain walls between the static FM nanoclusters
and the PM matrix, shown in the cartoon at the top-right
corner. The black and white domain walls switch using po-
sitive and negative defocus values, with typical ones circled
in the images as a guide for eyes. The insets in the upper
two images are intensity profiles crossing a nanocluster
(dashed line). The nanoclusters’ size were measured to be
approximately 3–4 nm from the center of the black line
to the center of the white line, which is consistent with
the nanoclusters’ size measured from other microscopic
methods. (Lower) Two images obtained at T ¼ 295 K from
the sample location the same as the upper two images.
With no observable contrast from nanoclusters at room
temperature, the images suggest that the contrast of the
nanoclusters in the upper images is due to the in-plane
FM component inside the nanoclusters. The electron dif-
fraction pattern at the bottom-right corner shows the
sample is at the [100] zone axis. We noticed that the con-
trast of the FM nanoclusters is consistent with what ob-
served in the La0.25Pr0.375Ca0.375MnO3 (LPCMO) system
using Lorentz imaging (14), although the size of the
nanoclusters in LCMO is much smaller than that in LPCMO.

‡We here retain the CO epithet which we directly refer to the superlattice related ordering
although the nature of the ordering is still controversial in manganites (see ref. 28–30)

§There is only one exception for observations of AFM-CO phase in ref. 31, showing long-
range CO phase could be ferromagnetic at low temperatures in LCMO at x ¼ 0.5.
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direct observations in real space (8), which can now be explained
by the fact that the superstructures of nanoclusters substantially
differ from that of the long-range phase at varied temperature
ranges.

The precise origin of the structurally modified nanoclusters
is still lacking theoretically. Monte Carlo calculations have
shown that the AFM nanoclusters with the superstructure would
be prominent in systems (7), and FM characteristics can result in
the appropriate region of the parameters space (electron–
phonon coupling and t2g-spins exchange) (33). Other studies sug-
gested that short-range phases with structural modulations have
versatile transport properties (34, 35). Although our findings
strongly propose that the structurally modified nanoclusters are
FM, the direction of the FM component inside the nanoclusters
cannot be exclusively determined by the TEM data showing here.
The in-plane FM component of the nanoclusters were observed
at both [100] and [001] zone, suggesting the spin direction with
components normal to a and c axes in the Pnma notation for
the crystal orientation. Moreover, the magnet-field effect on the
nanoclusters is not fully understood. With those open questions,
the observed temperature and dopant dependence of the struc-
tural modified nanoclusters will stimulate theoretical studies that
require significant computational efforts focusing on the basic
microscopic interactions in manganites. In addition, we note that
the competition between the FM nanoclusters and large FM
domains was observed to play an important role in other strongly
correlated systems, such as doped cobaltite (36). Therefore, we
anticipate that our findings will guide a pathway to a deeper un-

derstanding of the nature of the CMR phenomenon and the com-
peting degree of freedom in strongly correlated functional oxides.

Materials and Methods
High-quality polycrystalline bulk La1−xCaxMnO3 (0.4 ≤ x ≤ 0.5) were synthe-
sized using the procedure in ref. 37. TEM experiments were carried out in
numerous locations of the samples with various preparation procedures
(by ion milling and crashing) to ensure the results presented here are indeed
representative and can be correlated to the bulk properties. In particular, the
Lorentz imaging of the FM submicron domains and the electron diffraction
of the nanoclusters obtained from samples prepared by ion milling and
crashing are the same. The scanning electron nanodiffraction (SEND), the
dark-field imaging of the nanoclusters, and Lorentz imaging of the FM
nanoclusters were performed on the samples prepared by ion milling in
order to find thin areas. The SEND and the dark-field imaging were done
in a conventional TEM (JEOL 2010F and JEOL 3000F) with a magnetic field
ca. 2–3 T in the sample space. The Lorentz imaging of FM domains and
FM nanoclusters were done in a dedicated Lorentz microscope (JEOL
2100F-LM) with a magnetic field ca. 4 Oe in the sample space (22). The spatial
distribution of the CO nanoclusters was observed to be homogeneous for
x ¼ 0.39 and 0.45 in the crystal domains using scanning electron nanodiffrac-
tion and dark-field images.
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