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We present time-dependent behavior of the transport and magnetic properties in electron-doped manganites.
The relaxation of the electrical resistivity ��� shows a clear correlation with the microscopic properties of the
samples observed through transmission electron microscopy. Two different relaxation mechanisms could be
distinguished in La0.23Ca0.77MnO3. One of them was found to be common to different electron-doped manga-
nites and is associated with a defective formation of the charge-order �CO� phase. The second one is the result
of the coexistence of the CO phase with a secondary charge-disordered �CD� phase. In this case, a low-
temperature boundary between static and dynamic phase-separation regimes is determined by the appearance
of a small ferromagnetic moment associated with the CD volume. These results show that kinematic con-
straints and magnetoelastic interactions are key ingredients for a proper understanding of phase-separated
manganites.
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Ferromagnetic/antiferromagnetic �FM/AFM� phase sepa-
ration �PS� in the manganese perovskites has attracted con-
siderable attention in recent years due to the enormous mag-
netoresistance �MR� inherent to this state.1 FM-metallic and
AFM-insulating phases compete for the volume of the mate-
rial, resulting in two-phase coexistence. The application of a
magnetic field tilts the balance toward the FM state, inducing
the growth of the metallic domains and a large drop of the
electrical resistivity.

Despite the extensive experimental and theoretical re-
search work done on phase-separated manganites,1 new ex-
perimental results evidence the need of a deeper understand-
ing of the PS phenomenon.2–9 Disorder-induced PS �Refs. 1
and 10� and charge segregation1,11 dominate the landscape of
theoretical models and seem to explain the occurrence of PS
quite successfully. However, even though dynamic effects
have been often observed,2,8,9 these are not directly included
in the usual theories of PS. Moreover, an alternative scenario
where PS is the result of the inability of the system to reach
the real ground state because of kinematic restrictions cannot
be discarded.2,3,8,12 In a recent work,2 we have shown that the
La0.23Ca0.77MnO3 manganite presents a phase-separated
state, where charge-ordered �CO� orthorhombic and charge-
disordered �CD� monoclinic domains coexist.13 In this sys-
tem, elastic effects were argued to be at the origin of the
dynamic nature of the observed PS. A particular lamellar
pattern has been observed, where the CD phase appears as
sheets embedded in the CO matrix, suggesting that strain
fields at the interfaces play an important role. Indeed, strain
effects have been suggested to influence the physical proper-
ties of a variety of manganite compounds presenting phase
separation.2–4,12,14–17

In this work we complement our previous paper on
La0.23Ca0.77MnO3 �Ref. 2� by studying the temporal evolu-
tion of the magnetic and transport properties in this and simi-
lar compounds. We report the presence of two competing
mechanisms that contribute to the relaxation of the electrical

resistivity. One of them is intrinsic to the CO phase and can
also be observed in La1/3Ca2/3MnO3 and Pr1/3Ca2/3MnO3
�PCMO�, where the CD phase is not present. The second
mechanism, related to the motion of the domain boundaries
separating the CO and CD domains, is strongly influenced by
the magnetic state of the material. The competition between
these two mechanisms can give some peculiar time evolution
of the resistivity, decreasing in time after an initial increase.

La1−xCaxMnO3 and Pr1−xCaxMnO3 polycrystalline
samples were prepared by the nitrate decomposition route,18

starting from high-purity La2O3, Pr6O11, CaCO3, and MnO.
The final sintering process was performed at 1500 °C during
24 h. Electrical resistivity ��� data were obtained by the
usual four-probe method in a Quantum Design physical
property measurement system �PPMS� for temperatures T
between 30 and 300 K. The resistivity as a function of time
�t� was recorded after cooling the samples from 300 K at 4
K/min, followed by a careful stabilization at the measuring
temperature within �2 mK. Magnetization �M� measure-
ments were carried out in a superconducting quantum inter-
ference device �SQUID� magnetometer, with an applied field
H=100 Oe. The transmission electron microscopy �TEM�
experiments were performed in a JEOL 2010F �200 kV� mi-
croscope under the experimental conditions previously
described.17

In Fig. 1 we show the very dissimilar temporal evolu-
tion of the resistivity for the La0.23Ca0.77MnO3 and
La1/3Ca2/3MnO3 samples, measured at T=90 K during 24 h.
On the contrary, the temperature dependence of � is quite
similar in both samples: on cooling, the resistivity exhibits a
pronounced increase at the CO transition �at TCO�220 and
278 K for x=0.77 and 2/3, respectively�, followed by a
strong insulating behavior at lower temperatures �see inset of
Fig. 1�. This demonstrates that the opposite slopes in ��t�
cannot be attributed to a systematic temperature drift during
the experiment �both samples were measured simultaneously
in the same run�. The different time dependences indicate
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deep differences in the physical properties of the two doping
levels.

In Fig. 2 we show the logarithmic relaxation rate of the
resistivity, S=d�log �� /d�log t�, as a function of temperature
for both samples �S was calculated in the timeframe
10 min� t�20 min�. The dynamic behavior of the studied
samples is summarized in this plot, where the difference be-
tween x=2 /3 and 0.77 in La1−xCaxMnO3 becomes even
more evident. For x=0.77, negative values of S are only

found in the range 64 K�T�135 K �0.3�T /TCO�0.6�.
Outside this interval S is always positive. We have previ-
ously shown2 that, in this sample, the decrease of � with time
at intermediate temperatures is induced by the expansion of a
secondary �less resistive� CD phase that appears immersed
within the predominant CO volume. This regime is labeled
as “dynamic PS” in Fig. 2. Even though this secondary phase
appears at higher temperatures �at TCD�170 K�0.77TCO�,
the phase-separated state remains static for T above 135 K
�“static PS” regime for 0.6�T /TCO�0.77 in Fig. 2�.2 Nota-
bly, in this static PS regime where the CO and CD domains
remain static, the negative relaxation rate is lost and the
resistivity for x=0.77 increases with time �S�0�. In agree-
ment with this picture, the sample with x=2 /3, where the
secondary CD phase was not observed and the volume
is purely charge ordered,17 does not show a negative relax-
ation rate. On the contrary, for x=2 /3 the resistivity
increases with time over the whole temperature range
below TCO �typically with a logarithmic time dependence,
�� log t�. At this point we must note that in some cases a
minor amount of monoclinic phase �a few percent� has been
observed in La1/3Ca2/3MnO3,19–21 while in some other cases
this minority phase was not detected.17,22,23 Considering that
this monoclinic phase starts to show up at doping levels x
right above 2/3,24 it is not surprising to have such a discrep-
ancy, which can be readily attributed to different sample
quality, stoichiometry, and preparation routes, as it was pre-
viously suggested.21 In our x=2 /3 sample we did not find
evidence of a monoclinic phase. Nevertheless, even if there
is a small amount of CD phase, its insignificant volume frac-
tion would not affect the physical properties or the conclu-
sions of our work.

We conclude that positive values of S are not related to
the CO/CD coexistence but are a property of the charge-
ordered phase itself. This means that either in the static PS
regime or in the pure CO phase the positive relaxation rate is
related to the same physical phenomenon, i.e., the resistivity
of the CO phase increases with time. Even more remarkably,
the evolution of � has a clear correlation with the micro-
scopic properties of the CO phase, as demonstrated by the
TEM experiment shown in Fig. 3 for x=0.77. In this figure
we plot the temporal evolution of the peak intensity of the
CO superlattice reflections �SLRs� around the �204� funda-
mental peak �these satellite reflections appear in electron-
diffraction patterns as a consequence of the lattice modula-
tion typical of the CO phase�.2 These data were collected at
T=176 K �T /TCO=0.8�, where � increases with time �see
Fig. 2 and inset of Fig. 3�. As observed, the intensity of the
CO superlattice peaks also increases over the same time in-
terval. The width of these peaks is comparable to the reso-
lution limits of our TEM experiments. Therefore, from the
electron-diffraction patterns we are not able to determine
whether the average correlation length of the CO phase also
changes with time. Our TEM observations, however, clearly
indicate that after cooling the sample below TCO some
non-CO volume is still present and slowly transforms into
the CO state as the time evolves. Previously,2 we attributed
this phenomenon to the existence of small mobile defects in
the CO phase of the La0.23Ca0.77MnO3 compound, which also
show up in magnetization measurements as a difference be-
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FIG. 1. �Color online� Resistivity as a function of time at T
=90 K for the La1−xCaxMnO3 samples. The solid line shows the
logarithmic behavior for x=2 /3. Inset: temperature dependence of �
for the same samples.
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FIG. 2. �Color online� Temperature dependence of the logarith-
mic relaxation rate of the resistivity, S=d�log �� /d�log t�, for the
La1−xCaxMnO3 samples �open triangles for x=0.77 and open circles
for x=2 /3�. We also include S�T� for Pr1/3Ca2/3MnO3 �labeled as
PCMO, solid diamonds�. The labels ‘‘static PS’’ and ‘‘dynamic PS’’
refer to the different relaxation regimes for the sample x=0.77 in its
phase-separated state, while “pure CO” indicates a pure charge-
order phase. TC indicates the low-temperature boundary between
the static and dynamic PS regimes for x=0.77. This temperature
coincides with the appearance of a small FM moment in the sample.
Below T� the positive relaxation rate for La1/3Ca2/3MnO3 and
Pr1/3Ca2/3MnO3 rapidly decreases, indicating the freezing of the
motion of defects within the CO phase.
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tween the field-cooling �FC� and zero-field-cooling �ZFC�
data. Due to the charge-localized nature of the CO phase, the
presence of defects provides a mechanism for charge trans-
port instead of acting as scattering centers as it would be in
conducting materials. Therefore, as these defects are ex-
pelled out of the CO volume the resistivity increases with
time.

In the closely related Pr1/3Ca2/3MnO3 a time-increasing
resistivity is also observed at all temperatures below TCO
�273 K �see, for example, the curve labeled as PCMO in
the inset of Fig. 3�. In fact, the dynamic properties of PCMO
and La1/3Ca2/3MnO3 turn out to be qualitatively the same,
i.e., they show similar S�T� curves. Also, TEM experiments
in PCMO show the CO phase alone, with no evidence of
CD-monoclinic domains, exactly as in La1/3Ca2/3MnO3.
Moreover, in the PCMO compound we have recently un-
veiled the presence of nanoscopic FM droplets embedded
within the CO-AFM background,6 which give rise to a FC-
ZFC irreversibility and exchange-bias behavior �a shift of the
M vs H curves after cooling the sample with an applied
magnetic field�. These two phenomena had been verified to
occur in La1/3Ca2/3MnO3 as well. Finally, we mention that a
small positive relaxation rate of the resistivity was also ob-
served in La0.20Ca0.80MnO3. All these similarities give fur-
ther support to the picture of a defective CO state, universal
to these electron-doped manganites. Likely, these nanoscopic
defects are formed at the CO transition due to the disordered
growth of the CO volume. As evidenced in previous TEM
experiments,17 the transition at TCO�278 K in
La1/3Ca2/3MnO3 signals the appearance of charge-ordered
clusters within the nonordered volume. As the temperature
decreases the CO clusters rapidly grow and percolate, leav-
ing small structural defects trapped within the distorted CO
matrix.

Presumably, as the temperature decreases below TCO the
defects become more unstable inside the CO matrix, favoring
a faster escape from the CO volume with a consequent in-
crease in the relaxation rate �see S vs T for x=2 /3 and
PCMO in Fig. 2�. However, in both La1/3Ca2/3MnO3 and
Pr1/3Ca2/3MnO3 the maximum of S at intermediate tempera-
tures and its rapid decrease below T��0.5TCO �see Fig. 2�
indicates that at low temperatures the thermal energy is not
enough to allow the motion of the defects. While other dy-
namical processes in manganites were successfully described
using stretched exponential behaviors,9 our increasing ��T�
curves are better described by a logarithmic form, as shown
in Fig. 1. Logarithmic time dependences likely originate
from a distribution of energy barriers and, as in the case of
the relaxation of the magnetization in magnetic nanopar-
ticles, our T� plays the equivalent role of a blocking tempera-
ture for the thermally activated motion of the nanoscopic
defects. Pushing further the comparison, the relationship be-
tween the characteristic activation energy for the relaxation
of the system and the blocking temperature is given by U
� ln��0��kT�, where �0�109 s−1 is the relaxation attempt
frequency, ��103 s is the characteristic measurement time,
and k is the Boltzmann constant. Using T��140 K for
La1/3Ca2/3MnO3 and Pr1/3Ca2/3MnO3, we estimate a typical
activation energy U�0.3 eV. This value is at an energy
scale similar to the hopping energy for the thermally acti-
vated motion of polarons in manganites.25 Then, we specu-
late that as the defects move through the CO volume they
must overcome an energy barrier associated to the lattice
distortion of the surrounding CO phase.12

In the La0.23Ca0.77MnO3 sample, the increasing resistivity
of the CO phase competes against a totally different relax-
ation mechanism, i.e., the motion of the domain boundaries
that separate the CO-orthorhombic domains from the CD-
monoclinic ones. These domain boundaries correspond to
structural interfaces between regions of different lattice
structures; thus they can be directly observed in TEM experi-
ments. Indeed, high-resolution TEM images show that, for
temperatures below 135 K �T /TCO�0.6�, the coexistence of
the CO and CD phases becomes dynamic;2 the CD-
monoclinic domains expand and advance over the CO vol-
ume. The more delocalized nature of the charge carriers in
the CD phase induces the reduction in the overall resistivity
of the material �d� /dt�0� in the same temperature range.
This dynamic coexistence extends down to T�64 K �dy-
namic PS regime in Fig. 2�. At this temperature the relax-
ation rate changes sign and becomes positive again, indicat-
ing the freezing of the motion of the domain boundaries.
Furthermore, it is remarkable that this change in the dynamic
properties coincides with the occurrence of a magnetic tran-
sition. As shown by the M-T curves in Fig. 4, at TC
�64 K �T /TCO�0.3� the sample develops a small FM mo-
ment. This behavior denotes the strong coupling between the
magnetic and lattice degrees of freedom in this manganite;
when the FM component disappears the structural interfaces
are allowed to move and the CD-monoclinic volume starts
expanding.

In order to disentangle the origin of this FM component,
we designed the magnetic relaxation experiment depicted by
the sketch shown inside Fig. 4. The maximum negative re-
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FIG. 3. �Color online� From electron-diffraction experiments we
obtained the charge-order superlattice reflections �SLRs� around the
�204� fundamental spot. This figure presents the time dependence of
the peak intensity of these SLRs for the La0.23Ca0.77MnO3 sample
�x=0.77� at T=176 K. The inset shows that at a similar tempera-
ture �170 K� the resistivity also increases with time, as it does in
La1/3Ca2/3MnO3 �x=2 /3� and Pr1/3Ca2/3MnO3 �PCMO�.
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laxation rate of the resistivity is found at 90 K �T /TCO
�0.4, see Fig. 2�. Therefore, we cooled the sample x=0.77
from 300 to 90 K at 4 K/min, with an applied magnetic field
H=100 Oe. The sample was kept at 90 K for different peri-
ods of time �the waiting time tw�, during which the phase-
separated state was allowed to relax. Then, the cooling pro-
cess down to 10 K was resumed. Finally we measured the
different M vs T curves on warming, as presented in Fig. 4.
Since at 90 K the CD volume increases with time, each of
these curves corresponds to different amounts of CD-
monoclinic phase in the material.

As observed in Fig. 4, for temperatures above TC there is
no significant difference in the magnetization for different tw,
as both the CO and CD phases are AFM and expected to
have similar small magnetizations.2 However, below TC
there is a small but clear increase in the magnetic moment
when tw changes from 0 to 20 h. This behavior is more
clearly observed in Fig. 5, where we plot M as a function of
tw at two selected temperatures �these data were taken from
the M-T curves like those shown in Fig. 4�. At 10 K
��TC�, the unambiguous increase in magnetization with tw
indicates that a phase with a larger magnetic moment �the
one that develops the FM contribution� is gaining importance
as tw increases. Since it is the CD phase that expands during
the waiting time, we conclude that the FM component ap-
pearing at TC�64 K must be associated with the presence
of the charge-disordered monoclinic domains.

We must note that although it is clearly observed,
the magnitude of this FM component is extremely small.
Typical FM manganites measured under the same magnetic
field �100 Oe� show, at the Curie temperature, magnetization
jumps �M of the order of 5–15 emu/g.18,26 However, in
La0.23Ca0.77MnO3 the �M at TC�64 K is only

�0.001 emu /g or less ��0.002 emu /g with H=500 Oe�.
This is only a small fraction, �0.01%, of the typical values
in FM manganites. Regularly, in other phase-separated man-
ganites where a FM phase coexists with a low-magnetization
phase, this fraction could be taken as a measure of the FM
volume fraction. However, the TEM images of
La0.23Ca0.77MnO3 show that the volume fraction of CD phase
responsible for the FM component is well above 0.01%, be-
ing around �20%.2 In fact, neutron-scattering experiments
in the similar La1/4Ca3/4MnO3 compound show a 25% vol-
ume fraction of the CD-monoclinic phase.24 We conclude
then that the FM moment that appears at TC could corre-
spond to a slight canting of the spins in the CD-monoclinic
volume. The magnetic configuration of this monoclinic phase
corresponds to a C-type antiferromagnet,27 where the charge
carriers are confined in one-dimensional straight FM chains.
Adjacent chains are compensated, producing a macroscopic
AFM order. Then, a weak electronic coupling between these
chains may be able to induce a spin canting, giving a small
net FM moment.28 It is also possible that this FM contribu-
tion appears at the interfaces between the CD and CO do-
mains. In this case, the small increase in magnetization as a
function of tw would be related to the creation of a few new
domain boundaries and/or their expansion during the relax-
ation process at 90 K. Likely, the FM moment could develop
as a result of modified magnetic interactions across the
abrupt and strained interfaces between the CO and CD
domains.2 Moreover, the magnetic structure of the CO phase
corresponds to antiferromagnetically coupled zigzag FM
chains,21,24 reminiscent of the charge exchange �CE�-type
structure typical of half-doped compounds, and different
from the C-type structure of the monoclinic regions. The
difference in the magnetic structures of these AFM phases
could also play role in determining the appearance of a FM
moment at the interfaces.

Whichever is the case, it is remarkable that this small FM
moment has such a notable effect, freezing the domain
boundary dynamics below TC. It is reasonable to think that a
strong magnetoelastic coupling is responsible for this behav-
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ior, as already observed in other similar compounds where
the CD-monoclinic phase is also present.27 The CO and CD
phases are structurally different, showing different angles be-
tween the different structural axes.2 Therefore the domain
boundary motion necessarily implies atom displacements,
i.e., strong martensitic strains would be naturally present at
the CO/CD interfaces.3,4,16 The ferromagnetic moment could
require specific structural characteristics, especially around
these interfaces, such that it becomes energetically unfavor-
able to change the surrounding lattice with the consequent
trapping of the domain boundaries. This interplay between
magnetic and structural phases is another feature of the deli-
cate energy balance that dominates the overall physical prop-
erties of the manganese perovskites. Of course, the relative
influence of this kind of magnetoelastic interactions on the
phase stability of phase-separated manganites would com-
pete with several other intrinsic as well as extrinsic factors,
such as substrate-induced strain in thin films,15 sample
nanostructuring,29 grain boundaries,20 etc. However, it is
clear that in our case the magnetic transition plays a crucial
role in determining the dynamic properties of the structural
phase coexistence.

As the temperature of the La0.23Ca0.77MnO3 sample rises
across the magnetic transition at TC�64 K the dynamics of
the structural interfaces becomes activated. As a conse-
quence, the competition with the intrinsic relaxation of the
CO phase is highlighted and the time evolution of the resis-
tivity shows a distinctive feature. As shown in Fig. 6 for T
=64 K ��TC�, ��t� shows a positive slope at the beginning
of the experiment, indicative of the intrinsic relaxation of the
resistivity of the CO phase. However, after approximately
135 min the resistivity reaches a maximum and starts de-
creasing again, indicating that at long time scales the domain
boundary dynamics dominates in the relaxation of the resis-
tivity. This kind of ��t� curve was also obtained at 65 K, with
the only difference that the domain boundary dynamics
�negative slope� becomes dominant after a shorter time of
�100 min, as expected. At T=70 K the expansion of the
CD-monoclinic domains dominates, and the initial increase
in resistivity is no longer observed. On the other side of the
magnetic transition, at T=60 K the structural interfaces are
already frozen and d� /dt is always positive. This means that
the dynamic transition is as sharp as the magnetic transition
occurring at TC, confirming the intimacy between both ef-
fects.

In summary, we observe that time relaxation phenomena
are common to several electron-doped manganites. However,

TEM experiments demonstrate that the microscopic mecha-
nisms of the relaxation can be quite different. On one hand,
resistivities increasing with time are observed in several
compounds, which can be attributed to a nonperfect charge-
ordered phase whose ordering improves with time. On the
other hand, the presence of the secondary �charge-
disordered� phase in La0.23Ca0.77MnO3 induces a decrease in
the resistivity with time through the motion of the CO/CD
structural interfaces. Notably, we found that a change in the
magnetic moment of the CD phase drives a dynamic transi-
tion in the phase-separated state. At this dynamic transition,
the competition between the two different resistivity relax-
ation mechanisms is highlighted. These results reveal a close
interplay between magnetic and lattice degrees of freedom
�magnetoelasticity� and its large effect on the delicate energy
balance of manganite compounds.
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