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Direct Imaging of Nanoscale Phase Separation in La,s5Cag4sMnOj3:
Relationship to Colossal Magnetoresistance
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A nanoscale phase is known to coincide with colossal magnetoresistance (CMR) in manganites, but its
volume fraction is believed to be too small to affect CMR. Here we provide scanning-electron-
nanodiffraction images of nanoclusters as they form and evolve with temperature in La,_,Ca,MnO5, x =
0.45. They are not doping inhomogeneities, and their structure is that of the bulk compound at x = 0.60,
which at low temperatures is insulating. Their volume fraction peaks at the CMR critical temperature and
is estimated to be 22% at finite magnetic fields. In view of the known dependence of the nanoscale phase
on magnetic fields, such a volume fraction can make a significant contribution to the CMR peak.
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Doped manganites have been extensively studied for
their unusual properties such as colossal magnetoresis-
tance (CMR) [1,2]. A CMR peak generally appears near
the temperature of a transition from a high-temperature
insulating paramagnetic (PM) phase to a low-temperature
conducting ferromagnetic (FM) phase, leading to sugges-
tions that it arises from spin alignment in a percolation path
of FM islands [3]. Recently, both experiments and theory
led to the realization that nanoscale phase separation
underlies the insulating-metal transition and is the key to
understanding the high-field MR effect of the type that
produces CMR in these materials [4,5]. Evidence for the
nanoscale phase has been provided by diffraction tech-
niques. It was found that the PM-FM phase transitions in
CMR manganites often entail a fairly wide temperature
range in which not only the PM and FM phases coexist, but
a third “CO” phase [6,7], which is the ground state at other
doping levels [1,2], is also present [8—11]. This third CO
phase is characterized by unique superlattice reflections
with a correlation length of a few nanometers and has
attracted particular attention because it forms in the same
temperature range as CMR [8,10]. These data are hard to
quantify, however. In particular, it has not been definitively
established whether the short range CO phase is a fluctua-
tion in an otherwise homogeneous sample [12] or it exists
in the form of clusters, which would be the signature of
nanoscale phase separation [9,10]. Furthermore, the role of
the nanoscale CO phase in the formation of the CMR peak
has not been established experimentally. On the contrary,
available estimates of the volume fraction of the CO phase
[smaller than 0.1% in Lag ;5(Cag 45Sr0.55)02sMnO;3 [10] or
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at most a few percent in Laj ¢;Caj33MnO;3 [9]] have been
viewed as far too small to account for a major role in the
CMR phenomenon [10]. These volume-fraction estimates,
however, are highly uncertain because they are derived
from diffraction data without direct observation of the
nanoscale CO phase [9,10] and its spatial distribution.

In this Letter, we use an experimental structural probe
with nanometer resolution, namely, scanning electron
nanodiffraction (SEND), to study mixed-phase regions in
the phase diagram of one of the most widely studied
systems, La;_,Ca,MnO; (LCMO), at doping level x =
0.45 [13]. According to the known LCMO phase diagram
[1], at x = 0.45 the ground state is FM, becoming PM at
high temperatures, while for x = 0.5 the ground state is
CO. LCMO at x = 0.45 exhibits a CMR effect around the
PM-FM transition temperature. Our technique gives direct
images of a nanoscale CO phase as it evolves through the
PM-FM transition region and permits determination of its
volume fraction. We find that the CO-phase volume frac-
tion is maximum at precisely the same temperature as the
CMR reaches its peak and is large enough (22% at finite
fields within the electron microscope) to account for a
significant fraction of the total CMR peak over a back-
ground magnetoresistance that is caused by conventional
spin alignment mechanisms [3]. We also provide evidence
that the CO nanoscale phase is not caused by chemical
inhomogeneities and discuss other possible origins.

The experiments were performed on single-crystal do-
mains of polycrystalline LCMO prepared by the nitrate
decomposition route [14]. Results obtained from different
single-crystal domains are similar, and representative re-
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FIG. 1 (color online). Left: A schematic showing the principle
of the SEND. Right: END patterns at the [010] zone of Pnma
Laj 55Cag45MnO;5 for the beam located off and on a CO cluster,
shown as position I (no SLRs) and II (SLRs marked by the
arrows), respectively.

sults are shown in this Letter. Figure 1 shows the principle
of SEND and the interpretation of the data. The electron
beam in a transmission electron microscope (TEM) is
focused down to a probe size ~1.7 nm with a convergent
angle of less than 1 mrad and scanned over the sample in a
single-crystal domain. The small convergent angle is
achieved on a JEOL 2010F TEM using a 4 wm condenser
aperture. At every point, an electron nanodiffraction
(END) pattern is acquired. Only when the electron beam
is located on the CO phase do superlattice reflections
(SLRs) corresponding to the ordered structure appear.
The measured intensities of the SLRs allow us to map
the real space distribution of the CO phase. The local
superlattice wave vector gco/a* is determined to be 0.40
from the recorded END patterns from this material, which
is the same as that of the long range CO phase that exists at
low temperatures in bulk materials at x = 0.60 [15]. This
result is consistent with previous publications [§—10] with
the added feature that our diffraction data are obtained
from individual nanodomains. Figure 2 shows images ob-
tained in this way as the temperature is increased through
the FM-PM phase transition in the La 55Cag 4sMnO5 sam-
ple. From the intensity images, cluster diameters are
around 3-4 nm with a certain size distribution that is
possibly affected by the size of the electron beam, the
scanning step, and the noise on the END patterns. The
CO nanoclusters’ size is in agreement with previous esti-
mates based on the widths of diffraction spots [8—10],
which suggests that there is no significant electron beam
effect on the size distribution of the CO nanoclusters. The
SEND maps, however, definitively establish that the CO
phase is present as static nanoclusters in this material. As
can be directly seen from the images, the density of CO
clusters peaks at a temperature of ~253 K.

T=160 K

T=210K

FIG. 2 (color online).

Resistivity measurements of the La 55Cag 4sMnO5 sam-
ple under multiple magnetic fields are shown in Fig. 3(a).
The CMR effect is clearly shown with a peak at 7 ~ 253 K
in Fig. 3(b). The volume fraction of the CO nanoclusters is
determined using the intensity maps shown in Fig. 2 and
the thickness of the samples obtained by the simulations
(see auxiliary material [16]). The volume fractions are
plotted in Fig. 3(b) to compare with the magnetoresistance.

Figure 3(b) clearly demonstrates that the density of CO
nanoclusters peaks at 7'~ 253 K, in coincidence with the
maximum CMR effect. In order to explore the role of the
nanoclusters in the appearance of the CMR peak, we first
note that the magnetization curve of LCMO at x = 0.45
shown as the inset in Fig. 3(b) shows that the system is
dominated by the FM phase below T ~ 230 K. Therefore
the background magnetoresistance below 7 ~ 230 K,
whose presence is consistent with observations in other
systems [4], can be accounted for by conventional mecha-
nisms in terms of spin alignment [3]. We will now make the
case that the nanoclusters play an important role in the
formation of the CMR peak.

First we estimate the volume fraction of the nanoclusters
as follows. We determined the thickness of the sample
using convergent beam electron diffraction (CBED), which
is known as a highly accurate technique for local thickness
measurement. A CBED pattern was recorded in the same
area as the SEND images. The experimental CBED pattern
was compared with simulations based on the known crystal
structure of Lay;CaysMnO; (see auxiliary material [16]).
We obtained 8 = 1.5 nm. Given this thickness, we counted
the number of the CO nanoclusters from the SEND maps in
the scanning areas and estimated the volume fraction of the
CO nanoclusters to be 22 = 7% at the peak value inside our
microscope (see auxiliary material [16] for details). In
estimating the error bar we included the uncertainty in
the thickness, in the nanocluster radius, and in the nano-
cluster count.

The key result is that the volume fraction is quite large,
compared with previous inferences from indirect data. The
volume fraction of 22 = 7% exists in the presence of a
2.8 T magnetic field within the electron microscope,
caused by the objective lens [17]. Experimental data in
Ref. [11] on Nd 7Sry3MnO5 have shown that the intensity
of the CO SLR decreases by a factor of 2 when the
magnetic field increases from 0 to 2.8 T. Assuming that
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Intensity maps of the superlattice reflections in Lag 55Ca 45sMnOj5 as the temperature is raised through the FM-

PM phase transitions. A color scale of relative intensity is shown on the right. The flat blue area has the intensity of SLRs below the
noise level. Each map is from an area of 12 X 12 nm? with the scanning step of 1 nm in a single crystal domain, although each image is

not necessarily in precise registration with any other.
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' (b) ? FIG. 3 (color online). (a) Resistivity

versus temperature of the
Lag 55Cap4sMnO; sample are measured
under different magnetic fields H = 0, 1,
and 4 T. (b) The magnetoresistance
[p(0) — p(4T)]/p(0) is plotted (black
line) and compared with the volume frac-
tion of the CO nanoclusters (red squares)
estimated using the SEND maps shown
in Fig. 2. In the inset, we show the
0 magnetization as a function of tempera-
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the nanoclusters in our samples exhibit a similar variation
with the magnetic field, we conclude that the volume
fraction at zero magnetic field is much larger than 22%,
whereas at 4 T the volume fraction is smaller than 22%. We
finally note that the CO nanoclusters are likely to be much
more resistive than PM clusters because at doping levels
x > 0.5, during the PM-to-CO transition, the material be-
comes monotonically more resistive [1]. The net conclu-
sion is that at x = 0.45, during the PM-to-FM transition, in
the neighborhood of ~253 K, the appearance of the CO
nanoscale phase adds significant additional resistivity that
is sensitive to magnetic fields and can be a major contribu-
tor to the CMR peak superposed on the background mag-
netoresistance. The most likely origin of this background
magnetoresistance is spin alignment [3], as the CO nano-
clusters have a very small volume fraction at tempera-
tures below 7 ~ 230 K and thus do not affect the mag-
netoresistance of the system.

We turn now to explore the possible physical mechanism
for the formation of the structurally distinct CO nanoclus-
ters at large volume fractions. First, we rule out the possi-
bility that they are merely chemical inhomogeneities by a
histogram distribution of the wave vector (gco/a*) mea-
sured in individual nanoclusters shown in Fig. 4(a) [18,19].
They are clearly centered about gcg/a” = 0.40, or x.q =
0.60, where x. is defined by x4 = 1 — gco/a*. This
specific relationship between x.; and g-o was established
in LCMO compounds at doping levels x = 0.5, where the
CO phase is most stable and becomes the ground state at
low temperatures [15]. If the nanoclusters were a manifes-
tation of chemical inhomogeneities, the distribution of the
chemical concentration should be centered on the bulk
average doping level x = 0.45 and the SLRs should
come from all of the nanoclusters with local doping x.; =
0.5; i.e., there would be more CO nanoclusters with x.; =
0.50 than with x. = 0.60, which is clearly not the case.
This conclusion is further confirmed by the images of the
CO clusters at T = 255 K in the Lag 55Cag 45sMnO5 sample
through thermal cycling, as shown in Figs. 4(b) and 4(c).
With the help of alignment marks at the sample edge, the
second image was obtained from the same area as the first
image after warming up to and then cooling from 7 =
350 K, a temperature that is high enough to melt most CO

Temperature (K)

i A ture under a magnetic field of 1 T.

clusters but chemical dopants are still unlikely to move.
The two images show only a small amount of correlation of
cluster sites and shapes [20], which shows that there is no
local pinning of the CO nanoclusters, ruling out the possi-
bility of local chemical inhomogeneity as the cause of the
wave vector mismatch.

The question of why the nanoclusters in LCMO at x =
0.45 exhibit a structural order with gco/a* = 0.40, which
is the same as the structure observed in LCMO at x = 0.60
at low temperatures, is difficult to answer definitively. A
mismatch of the gco/a” has been reported to arise from
multiple sources. One is the effect of external strain on the
long range CO superstructure [21]; in our case, the gco/a*
value is constant from different crystal domains with dif-
ferent strains. Thus we can exclude an external-strain
effect as the cause of the mismatch. The other possibility
is the effective x.¢. Since we showed that x.g is not the
result of chemical disorder, it may be the result of electron
transfer. In such a case, the nanoclusters would have an
electron density that corresponds to x = 0.60, which would
result in an extra positive charge of =0.15¢ per Mn site in
the CO nanoclusters in Lay 55Cagy 4sMnO5. Although such a
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FIG. 4 (color online). (a) Distribution of CO wave vectors
gco/a” from individual nanoclusters observed from the
Lay 55Cag4sMnO; sample at 7 = 253 K. The distribution is
centered at an effective doping x.¢ = 1 — gco/a™ (plotted as
the top axis) which equals 0.60. (b),(c) The intensity maps of the
CO SLRs obtained using SEND at 7' = 255 K. Both maps were
obtained at the same temperature and from the same area in the
Lag 55Cag 4sMnO5 sample, but the map in (c) was recorded after
a thermal cycle where the sample was warmed up to 350 K and
cooled down again. The color scale is the same as that in Fig. 2.
The backgrounds are bright field TEM images showing the same
features at the sample edge which help to locate the scanning
area.
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transfer would entail costly Coulomb energies, it has been
shown that in nanoscale clusters the electronic energy gain
due to phase coexistence may stabilize the charge segre-
gation [22,23]. Also, it may be possible that the reduced
phonon energies, i.e., the elastic energy gain by the long-
wavelength distortions, can balance the Coulomb energy.
However, neither our structural SEND results nor available
theoretical results have linked the CO superstructure in the
nanoclusters to nanoscale charge segregation directly at
finite temperature. Alternatively, the CO superlattice ob-
served in the nanoclusters may simply reflect the pertinent
distortions that occur in a CO phase at x = 0.45, and the
similarity with those at x = 0.60 is coincidental. Finally,
we note that all mechanisms that have been proposed so far
for the CMR phenomenon, including the theoretical simu-
lations that find nanoscale CO-phase separation [23], rely
heavily on the assumption that the PM-FM phase transition
is governed by magnetic effects. The existence of a struc-
tural nanoscale phase during the transition in the LCMO
system points to the possibility that structural entropies
compete with magnetic entropies. This possibility is con-
sistent with the simulations that find a CO nanoscale phase
only if coupling to lattice modes is included [23]. On the
other hand, the formation of the CO nanoclusters introdu-
ces significant surface areas between the nanoclusters and
the matrix. Consequently, there is a considerable surface
energy that competes with the volume free energies and
may play an important role in determining the size of the
CO nanoclusters.

In summary, our SEND results demonstrate with nano-
scale resolution that nanoclusters with dimensions
~3-4 nm in diameter evolve concomitantly with the
PM-FM transition region in Lajs5Caj45sMnO3. The vol-
ume fraction of the nanoclusters peaks at the CMR tem-
perature and is large enough to contribute significantly to
the CMR peak in terms of reduced conducting volume. The
data establish that the nanoclusters are not chemical-
doping inhomogeneities. The scanning electron probe
technique developed opens a door to the exploration of
nanoscale phase separation and its correlation to physical
properties in other complex materials.
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