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Creation and annihilation of conducting filaments in mesoscopic manganite structures
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Anomalous transport properties are observed in mesoscopic (several hundreds of nanometers to several
micrometers) structures of manganite Pry¢5(Cag7551( 25)035MnO5: (i) spontaneous jumps of resistance occur
during both the ramping of magnetic field and the relaxation after the field cycle; and (ii) in certain ranges of
temperature and magnetic field, steplike negative differential resistance (NDR) emerges in the current vs
voltage measurements as the bias voltage reaches critical values. Two elements are responsible for the appear-
ance of these giant sharp resistive steps: (i) a field- and temperature-dependent mixture of ferromagnetic
metallic (FMM) and charge-ordered insulating (COI) phases found in this material; (ii) similarity between
device dimensions and the size of competing FMM and COI domains. The phenomenology of the observed
spontaneous steps is consistent with the filamentary conduction that has been previously observed in these
materials with multiphase coexistence. The switching of individual conducting filaments manifests themselves
as the discrete resistance steps in the mesoscopic samples while its effect is much less visible in continuous
films. A local Joule heating-induced annihilation of conducting filaments is proposed as the underlying mecha-

nism for the NDR.
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I. INTRODUCTION

The discovery of “colossal magnetoresistance” (CMR) in
1994 reignited a lot of interest in hole-doped manganese ox-
ides with the perovskite structure, also known as
manganites.! In these materials, a complex interplay among
the charge, spin, lattice, and orbital degrees of freedom has
challenged our understanding of transition-metal oxides.>?
Zener linked the delocalization of the valence electrons with
ferromagnetism through double exchange, which correlates
charge and spin.* The coupling of charges with phonons and
orbitals comes about through the Jahn-Teller effect, which
tends to compete with the double exchange and localize car-
riers with a self-induced crystal distortion.>® All of these
competing interactions lead to a very rich and complex phase
diagram, with a ferromagnetic metal (FMM) and a charge-
ordered insulator (COI) being the two most relevant phases.’

Because of the near energetic degeneracy of various
neighboring phases, magnetic and structural phase bound-
aries can be readily modified by external perturbations,
which leads to many extraordinary properties with CMR as a
specific example. There is compelling evidence, both experi-
mental and theoretical, suggesting that in many cases the
CMR effect occurs as a percolative process.” Quenched
chemical disorder and an inhomogeneous distribution of
strain result in the coexistence of FMM and COI phases with
domain size as large as ~1 um.®° The magnetic field modi-
fies the energetic balance between these competing phases
and their phase fractions respond in kind. For example, as
soon as the FMM phase fraction reaches the percolation
threshold, the sample resistance plummets. Because of the
vast resistivity contrast between FMM and COI phases, cur-
rent transports through connected FMM domains, effectively
forming conducting filaments.'%!! Among various techniques
of observing directly multiphase coexistence, magnetic force
microscope images were used to correlate the percolation of
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FMM domains with the steep resistivity drop at the transition
temperature.'” Such conducting filaments were also observed
by a magneto-optical imaging technique.!' Besides magnetic
field, other types of external perturbation, such as electric
current or electromagnetic radiation, can also create conduct-
ing filaments.'>!3 Along the filaments, the connecting chan-
nels between the FM domains can be narrow.'* Such weak
links may make the conducting filaments fragile and sensi-
tive to external perturbations. It is clear that many issues
remain open regarding the morphology and dynamics of the
conducting filaments and the interaction between them.'#

Although the exact origin and nature of the phase coex-
istence remains an area of debate, there is consensus that
submicrometer scale phase coexistence does exist in many
manganite samples, both bulk and thin films. In these
samples, however, conventional magnetic and transport mea-
surements often render averaged results of the coexisting
phases, smearing their individual contributions. Because of
the percolative, filamentary nature of transport, mesoscopic
structures with confined geometries are expected to differ
from those of bulk and thin-film samples, which possess
many more spatial degrees of freedom. The present work is
an investigation of the impact of this scaling down the effec-
tive sample dimension into the mesoscopic (several hundreds
of nanometers to several micrometers) regime, comparable to
the domain size of the coexisting phases.

The material system we select is
Prj 65(Cag 75510 25)0.3sMnO; (PCSMO), a canonical system
with multiphase coexistence.!> In bulk PCSMO samples, it
has been well established by neutron diffraction, magnetiza-
tion, and electrical conductivity measurements that the COI
and FMM phases coexist in a wide temperature range. A
charge-ordering transition at ~220 K was followed on cool-
ing by a sluggish first-order transition into FMM phase. Be-
low T¢ of 160 K, mesoscopic COI and FMM domains de-
velop and coexist, which is also the focus of this report.
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Here we report two sets of experiments focusing on the
transport properties of PCSMO structures laterally confined
to the mesoscopic scale. In the first set of experiments, a
magnetic field triggers spontaneous jumps in resistance, but
no clear anomaly is observed in the magnetization of the
sample. These observations are consistent with the creation
of conducting filaments without significant modification of
the FMM phase fraction. Turning off the magnetic field an-
nihilates the conducting filaments, which again produces dis-
crete jumps in resistance. In the second set of experiments,
we measure the current-voltage characteristics of the mesos-
copic structures. As we reported previously,'® in certain re-
gimes of temperature and magnetic field, we observe a sharp,
steplike decrease of current, or negative differential resis-
tance (NDR), at critical bias voltages. The effect of tuning
external parameters on this phenomenon indicates strong
correlation with phase separation and filamentary transport.
We propose that the origin of this effect is annihilation of
individual conducting filaments by local Joule heating,
which transforms local FMM regions to COI. These sets of
experiments, then, demonstrate two complementary aspects
of transport in a patterned structure of mixed phase manga-
nites: magnetic field creates new conduction pathways lead-
ing in a stepwise way to enhanced conductivity; current de-
stroys these pathways, abruptly reducing the current carried
by the FMM filaments. A device length scale comparable to
that of the phase-segregated components is essential to ob-
serving these complementary transport phenomena.

II. EXPERIMENTS

EpltaXlal 800-1& thin films of Pr0.65(Ca0_7SSr0_25)0'35Mn03
were grown on SrTiO; (STO) substrates by pulsed laser
deposition. Detailed deposition conditions and structural
characterizations have been reported previously.!”!® The
substrates were held at constant temperatures between 700
and 800 °C under an oxygen pressure of 400 mTorr. After
deposition, the samples were slowly cooled to room tempera-
ture in an environment of ambient oxygen. X-ray diffraction
data shows that all films are (001) oriented with a small
tensile strain of ~0.5%. The morphology of the films and the
fabricated structures was imaged by a Dimension 3000
atomic force microscope (AFM) from Digital Instruments.
Magnetization measurements were performed on a Quantum
Design superconducting quantum interference device
(SQUID) magnetometer. For transport measurements, we
used a Quantum Design physical properties measurement
system (PPMS) locally modified to measure high resistance.
The current-voltage characteristics were measured with a
Keithley 6487 picoammeter/voltage source. Submicrometer
structures of PCSMO were patterned using electron-beam
lithography. Since the ion-milling rate of manganite films is
even smaller than that of the e-beam resist, patterned samples
were etched 20 s in a diluted HCI solution prior to ion mill-
ing. Such a combination of chemical etching and ion milling
allows reproducible submicrometer patterning without any
significant damage from the Ar ions.

III. ANOMALOUS MAGNETORESISTANCE AND SLOW
RELAXATION

It is relevant to explore how these films behave vis-a-vis
their bulk analogs. In particular, we wish to establish that
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FIG. 1. (Color online) (a) ZFC and FC magnetization vs tem-
perature curves measured in an applied field of 0.5 T for an
800-A PCSMO film. (b) Plots of resistance vs temperature mea-
sured under various magnetic fields for the same film. Arrows indi-
cate the directions of cooling and warming.

FMM and COI phases coexist in these films over a substan-
tial temperature and magnetic field range. Magnetization and
transport data demonstrate that this is, indeed, the case. Fig-
ure 1(a) shows the zero-field cooled (ZFC) and the field
cooled (FC) magnetization vs temperature curves measured
in an applied field of 0.5 T for an 800-A PCSMO film. The
small feature near 220 K is a signature of the CO transition,
in agreement with the bulk behavior."> Below the CO tem-
perature, magnetization shows an upturn, corresponding to
increase of the FM phase. The FC curve continues to in-
crease with decreasing temperature. However, the FM phase
fraction remains below 20%, as indicated by the low-
temperature magnetization of only ~0.8 wz/Mn. The ZFC
curve peaks at ~35 K, below which the two curves depart
from one another.

Plots of resistance vs temperature measured under various
magnetic fields are shown in Fig. 1(b). All curves show re-
sistive peaks, which are most likely percolative transitions
instead of homogeneous insulator-metal transitions. The
transport properties of the sample are dramatically modified
by the magnetic fields. A field of 2 T increases the resistive
peak temperature by ~150 K. The resulting magnetoresis-
tance (MR) is colossal and is on the order of 10%. The high
MR suggests that the ratio of resistivity between COI and
FMM phases must be larger than 10% at low temperatures
since the material is a mixture of two phases both before and
after the transition. All curves, especially those under lower
magnetic fields, show substantial thermal hysteresis, which is
characteristic of manganites with the FMM and COI phases
competing in the vicinity of a first-order phase transition.

The AFM images of two typical structures, a 0.9 um
X 9.2 um bridge and a 1.2 um X 6 um “S”-shaped structure
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FIG. 2. (Color online) R(T) under various magnetic fields data
for the sample with a shape of narrow bridge. As an example, for
the 1.5-T curve, the arrows specify the directions of cooling and
warming. In general, the cooling curve shows higher resistance than
the warming curve. Also shown are the AFM images of two typical
structures, a 0.9 um X9.2 um bridge and a 1.2 um X6 um “S”-
shaped structure.

are shown in Fig. 2. Figure 2 shows R(T) data for the narrow
bridge. Qualitatively similar transport behaviors were found
for the “S”-shaped structure. First, without magnetic field no
peak is found down to the lowest temperatures for which we
could measure a resistance. We believe that this is a natural
consequence of the mesoscopic confinement. A single
micrometer-scale COI domain can in principle block the cur-
rent flow in this narrow constriction, while many alternative
paths exist in film and bulk samples. Alternatively, it is also
possible that an extrinsic defect could cause such an insulat-
ing behavior, amplified by the confined geometry. However,
under a magnetic field of 1.5 T, a resistance peak appears at
75 and 115 K on cooling and warming, respectively. It is
unlikely that an extrinsic defect in the film would respond to
magnetic fields. Furthermore, increasing the field moves the
resistance peaks to even higher temperatures. At low tem-
peratures, a magnetic field of 6 T reduces the sample resis-
tance to 1000 (). Ignoring contact resistance, the resistivity
of the film is estimated to be smaller than 1 m{) cm at 25 K,
indicating a high fraction of the FMM phase under these
conditions. By analogy to bulk materials, we argue that this
demonstrates a FMM phase fraction large enough to perco-
late through the structure. These characteristics are qualita-
tively reproduced in all mesoscopic structures. The combined
transport and magnetization data are qualitatively similar to
those found in bulk samples of PCSMO. In addition, the
behavior parallels that found by Zhang er al. for films of
Laj 33Pr34Cag33MnO5 in which FMM/COI phase coexist-
ence has been established by magnetic force microscopy
studies.'”

We now turn to a more detailed examination of the mag-
netotransport characteristics of these structures. Figure 3(a)
shows the MR and M(H) curves measured on the same
sample. The resistance is too high to measure on the increas-
ing branch when the field is below 2 T. The high resistance
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FIG. 3. (Color online) (a) Resistance vs magnetic field curves
measured after ZFC to 75 K. Also shown are two magnetization vs
magnetic field curves measured with different field steps (2000 Oe
and 500 Oe, respectively) and average ramping (measurement)
speeds (~10 Oe/s and ~3 Oe/s, respectively), demonstrating the
reproducibility of the data. The increase and decrease of the mag-
netic field are indicated by arrows. (b) Relaxation of magnetization
and resistance after the magnetic field cycle as described in text.
The magnet charging speed is 200 Oe/s during the magnetic field
cycle. The time dependence of the magnetization is fitted to the
stretched exponential form shown as the solid line.

suggests that the FMM domains are separated or poorly con-
nected. This assertion is corroborated by the M(H) curve. A
plateau at ~1 T corresponds to full alignment of the regions
which are ferromagnetic at zero field,'® but a higher field is
required to transform COI phase to FMM, as indicated by the
metamagnetic transition at ~1.8 T. Both resistance and mag-
netization curves show significant hysteresis, hallmarks of
the magnetic field-induced conversion of COI to FMM
phase. The most significant feature is that the MR data of
mesoscopic structures at 75 K where FMM and COI coexist
exhibit anomalous behaviors. Both branches of MR curves
produced by increasing and decreasing H are interrupted by
spontaneous jumps. The onset of these resistive jumps shows
no apparent dependence on the measurement protocols such
as field step size and ramping speed. Unlike the MR curves,
M(H) curves measured at difference field step sizes and
speeds do not show the steplike jumps above experimental
noise. Therefore, it is unlikely that these resistive jumps are a
result of homogeneous magnetic transitions. Rather, we sug-
gest that small, localized regions in the bridge become elec-
trically connected by the FMM phase at these jumps. At
these jumps, either some COI phase is converted to FMM or
the morphology of the FMM phase changes without an in-
crease in phase fraction. If the former, then the steplike
higher magnetization resulting from the conversion of these
regions is apparently too small to measure in the SQUID
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FIG. 4. Resistive relaxation after the magnetic field cycle mea-
sured on a continuous film. The inset is an amplified view.

magnetometer. We suggest that the jumps in the MR curves
originate from the magnetic-field-induced creation and anni-
hilation of single or a few conducting filaments. These neg-
ligible modifications of the FMM phase fraction are ampli-
fied and exhibit steplike features in the MR measurements.

We have also examined the time-dependent magnetic and
transport properties of the samples. The sample is ZFC to
75 K. Then the magnetic field is ramped to 6 T with a speed
of 200 Oe/s where the sample is kept for 10 min and we
start measurements after ramping the field back to zero with
the same speed. Shown in Fig. 3(b), at 75 K the slow in-
crease (decrease) of the resistance (magnetization) after the
field cycle is consistent with a decreasing FMM phase frac-
tion. The most notable feature is the sudden jumps in R(¢)
sporadically distributed over the waiting period of 1.5 h.
Several runs for different samples all exhibit such jumps,
although the exact time of the jumps is not reproducible. The
absence of any apparent singularity in the magnetization
measurement agrees with the behavior seen in the M(H)
curves. Similar relaxation effects were observed in a
Pry 67Cag33Mn0O5 single crystal, which has been interpreted
as the suppression of the metallic paths below the percolation
threshold.?’

There are two additional features during relaxation worth
mentioning briefly. First, after the resistive jumps we fre-
quently observe a two-level switching behavior whose am-
plitude is ~10% in Fig. 3(b). Such a switching behavior has
been noted in Las;g_Pr,Ca;sMnO;z and Lay;3Ca;3sMnOs,
where it was linked to the concerted fluctuation between the
FMM and a less conducting phase.”’?> Second, the relax-
ation of magnetization obeys reasonably well the stretched
exponential form M(t)=M,—M, exp[—(t/7)?] with B~0.4
and 7~ 325 s. This form was used previously to characterize
the time decay of the remanent magnetization in a spin
glass.?3 It was proposed that the slow dynamics of the FMM
domain boundaries could lead to such a spin-glass-like
behavior.?*

Since it is a result of inhomogeneous, filamentary conduc-
tion, the occurrence of the spontaneous resistive jumps is not
expected to depend on sample size. However, the character-
istics of the steps may. Figure 4 demonstrates the relaxation
behavior of a continuous film with the same composition and
thickness as the mesoscopic structures. The effective area
measured is about 5 mm long and | mm wide. Although

PHYSICAL REVIEW B 74, 214423 (2006)

invisible on the large scale of the main panel, small resistive
jumps do exist, as can be seen in the inset. Compared to
mesoscopic structures, the magnitude of the steps is reduced
by almost 10°. However, we need to note here that the spon-
taneous giant resistive jumps and/or slow relaxation have
also been observed in bulk samples of manganites with other
compositions.!®?23:26 The characteristics of these anoma-
lous transport behaviors depend on the sample composition,
degree of disorder, ramping speed of external magnetic field,
etc. In some of the previous studies, the spontaneous resis-
tive jumps were contributed to the conversion of atomic clus-
ters, which may not form conducting filaments as in our
samples. Nevertheless, our experimental data reported here is
consistent with the mesoscopic phase separation and fila-
mentary conduction observed in PCSMO and manganites
with other similar compositions.'%!!:15

It remains an open question whether the spontaneous re-
sistive jumps observed in the MR and relaxation measure-
ments are a result of modified FMM phase fraction or a
morphological change of the FMM domains. Concerning the
latter scenario, small linking FMM clusters and larger do-
mains could merge together under stress from the surround-
ing phase.”’” Such a morphological modification of the con-
ducting filaments could also lead to large resistive jumps.
Both scenarios require little or no change of magnetization,
consistent with the experimental observation. Tools capable
of observing magnetic domains directly are required to dis-
tinguish these two scenarios.

IV. NEGATIVE DIFFERENTIAL RESISTANCE DUE TO
ANNIHILATION OF CONDUCTING FILAMENTS

Recently, it was demonstrated that electric field and cur-
rent also have colossal effects on the transport properties of
manganites, comparable to CMR.!"!228 Such voltage and
current effects are usually ignored in MR measurements with
constant bias. In Fig. 5, current vs voltage (I-V) curves were
taken on the “S”-shaped PCSMO structure at six tempera-
tures from 100 to 225 K. At 100 K and for H<2 T, the
1-V curves are ohmic. At 2 T, the I-V curve becomes convex
as the voltage increases. Similar current-induced nonlinear
conductions observed in Pry ;Cay sMnOj thin films were sug-
gested to be a result of Joule heating.”® The most salient
feature of the I-V curve is a steplike decrease in current, or
NDR, at a threshold voltage (V) of ~37 V. V, decreases
systematically with increasing magnetic field. At and above
2.4 T, a second threshold voltage, V,, emerges, which also
systematically moves to lower voltage with increasing mag-
netic field. These NDR steps are quite sharp at 100 K and the
I-V curves exhibit slight hysteresis at the steps upon reducing
the bias voltage. A typical loop taken at a field of 2.8 T is
shown in the inset of Fig. 8, where the threshold voltage is
slightly lower as the voltage ramps back to zero. Consecutive
ramping up of voltage results in the same curve within the
measurement error.

The I-V curves taken at 100 K on the narrow bridge
sample with the same composition of PCSMO are shown in
Fig. 6. Qualitatively similar NDR behaviors are found on
both types of samples (“S”-shaped structures and narrow
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FIG. 5. (Color online) Current
vs voltage curves of the “S”-
shaped PCSMO structure mea-
sured in various magnetic fields at
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bridges) although the exact values of the critical magnetic
field and the threshold voltages to trigger NDR are different.
Therefore, the anomalous behavior observed in the I-V
curves is a common feature for the mesoscopic PCSMO
structures. In the following analysis and discussion, we will
focus on the data taken on the “S”-shaped structure.

The NDR steps have a T dependence that can be corre-
lated with the FMM/COI mixed phase characteristics of the
PCSMO composition. At 125 K, NDR steps appear under
magnetic fields =2.8 T; a precursor feature can be seen at
2.6 T. Their magnitude is smaller than that at 100 K. Both of
these temperatures are deep in the region with phase coex-
istence, as shown by the hysteretic behavior in Fig. 2. At
150 K, the NDR steps are smoothed but still persist. At
175 K, which approaches the edge of the hysteresis region,
no NDR features are observed under conditions accessible to
our experiment, except some remnant features at the voltages
where NDR steps occur at lower temperatures. The convex
curvature of the /-V curves persists at 200 K but totally dis-
appears at 225 K, which lies outside of the hysteresis region
of the RT curves. This temperature dependence strongly sug-
gests that phase separation is indispensable for the onset of
these NDR steps.

Similar NDR was observed in vanadium dioxide at its
Néel temperature of 68 °C.3° This transition from a low-T
monoclinic semiconductor to a high-T tetragonal metal has a
first-order displacive nature.3! VO, and our PCSMO samples
share the following common characteristics: (i) their transi-
tions are first order, involving two phases with different
structural, magnetic, and electrical properties; (ii) near the
phase transition temperature, two phases coexist in both ma-
terials; (iii) due to the conductivity contrast between the
phases, the current distribution is inhomogeneous and con-
centrates in low-resistivity filaments. In VO,, NDR is pro-
duced by a thermally induced resistive switching of the con-
ducting filaments.>>33 In the following, we argue that a
similar Joule heating-assisted transition also triggers the
anomalous /-V characteristics in our samples. In this sce-
nario, as the bias voltage, or equivalently, the injected ther-
mal power, reaches a critical value, a local Joule heating
process assists one or a few conducting filaments to trans-
form from the FMM phase to another phase with much
higher resistance, presumably the competing COI phase. The

200 (e), and 225 (f) K. The volt-
age sweep rate is ~0.5 V/s. As an
example, arrows identify critical
voltages, Vc; and V(,, on the
125 K, 52 T curve.

20 30
vV(V)
annihilation of the conducting filament leads to the observed
sudden decreases of current, or NDR. The small hysteresis
shown in the inset of Fig. 8 is consistent with the first-order
nature of the conversion between the phases.

To substantiate the hypothesis of heating-induced annihi-
lation of conducting pathways, we analyze the /-V data using
a straightforward resistor-network model. Due to the notori-
ous difficulty associated with the theoretical estimation of
resistivity, random resistor network models have been
adapted to simulate the conduction in phase-separated
manganites.’ Such a network could possess complex con-
figurations, even with a coarse-grain approximation. In our
case, however, because the sample size is comparable to the
dimension of FMM filaments, we use a considerably simpli-
fied, strictly phenomenological model built up of three par-
allel resistors. The model is schematically shown in the inset
of Fig. 7(a). R, and R, represent “weak-link” resistors (con-
ducting filaments composed of connected ferromagnetic me-
tallic domains) that undergo an abrupt transition as V is in-
creased. R; is taken collectively to represent all remaining
conductive pathways that do not undergo a resistive transi-
tion in the bias voltage region we can access experimentally.
A load resistor, R;, represents all contributions from external
resistance sources (contacts, leads, etc.). Below the threshold
voltage V¢, the overall resistance of the system is the par-
allel combination of R, R,, and R; (ignoring for the moment
R;). At V¢, R, abruptly becomes far more resistive (consid-
ered to be infinite in this analysis, a simplifying assumption
that does not obscure the physics of the problem), and the
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FIG. 6. (Color online) Current vs voltage curves of the PCSMO
narrow bridge structure measured in various magnetic fields at
100 K. The voltage sweep rate is ~0.5 V/s.
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FIG. 7. (Color online) Filamentary conduction in the manganite
structure is modeled as a network of parallel resistors as shown in
the inset. (a) and (b) plot the square of the critical voltages vs the
corresponding calculated values of R; and R, from the magnetic-
field-dependent /-V curves taken at 125 K. Note that our proposed
model suggests that the linear fit lines should go through the origin.

network reduces to a simpler parallel combination of R, and
R;. Similarly, at V,, R, becomes infinite, redistributing cur-
rent through Rj.

While this phenomenological model clearly simplifies the
microscopic physics of the system, no additional complexity
needs to be added to explain the I-V data. Specifically, the
model (i) shows that the current (resistance) should decrease
(increase) abruptly after each step and (ii) explains why a
constant power input is found for the steps as magnetic field
is varied. This latter observation is an essential consequence
of the proposed resistor network scheme. Point (i) is easily
seen to result from the progressive removal of conductive
pathways at the critical voltages. The loss of such pathways
at each step must lead to an increase in the total resistance of
the network. Point (ii) can be seen by extracting magnetic-
field-dependent values of R; and R, at the threshold voltages
and computing the power injected into each filament. For
example, for the case of 125 K and 5.2 T, shown as the top
I-V curve in Fig. 5(b), the resistance values of the total net-
work before (R,IIR,IIR;) and after (R,lIR;) the first NDR
step are 2.5 KQ and 3.8 K(), respectively. Then R, is calcu-
lated to be 7.3 K(). Similarly R, is calculated to be 43.4 KQ
using the resistance values across the second NDR step. Us-
ing this procedure, at the base temperature of 125 K, the
values of R; and R, are extracted for each magnetic field. If
the transitions are indeed thermally driven, then we would
expect that they should occur at well-defined input power
thresholds. These threshold power values occur when the net
energy input (i.e., power delivered to the device minus ther-
mal losses to substrate, contact, etc.) is sufficient to surmount
the energy barrier between FMM and COI phases in some
localized area of the filaments, phenomenologically labeled
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FIG. 8. (Color online) Series of I-V curves measured at 100 K
and 2.8 T with R; varying between 0 and 34 KQ with a step of
2 K(). The arrow indicates the direction of increasing R;. The inset
shows a complete hysteresis loop without any load resistance. The
units of the inset are the same as the main figure. The arrows indi-
cate the field ramping directions. Also shown are /-V curves of two
subsequent runs under the same conditions. Their overlapping with
each other demonstrates the reproducibility of the switching.

as R; with i=1,2. At this point, the local region will convert
from FMM to COI phase, effectively shutting off conduction
in this path (i.e., R;— infinity). The power delivered to a
resistor is simply given by P,-=V%1/R,-. Therefore, if Vél Vs
R, is linear, the slope indicates a specific power value deliv-
ered to R, at V¢, (and likewise into R, at V,). Indeed, in
Fig. 7(a), V24, vs R, is well fit by a straight line, from which
P;~0.16£0.02 mW.  Similarly, Fig. 7(b) yields
0.42+0.05 mW for P,. Naturally, it is expected that these
values will be sensitive to sample details, substrate proper-
ties, and other extrinsic effects. Thus, no particular quantita-
tive significance should be attached to them. However, the
observed linear relationship between R; and Vg, is a neces-
sary consequence for the model proposed above. We note
that the process of heat injection and dissipation is highly
inhomogeneous as a result of the filamentary conduction.
Therefore this process of inhomogeneous heat exchange and
the final local temperatures in the system are challenging to
analyze quantitatively.

This phenomenological model is in an extremely simple
form and other models with a more complex network con-
figuration may be also consistent with the experimental data.
Indeed, R; can be added in series to simulate the contact
resistance or other sources of parasitic resistance. We find
that R; ~400 () improves our fits slightly, but such an arbi-
trary modification adds no physical insight.

Our assumption of constant critical powers at the steps
also corresponds to constant critical current, which does not
depend on the load resistance. To verify this, we add in series
a variable resistor to systematically change the value of R;
from 0 to 34 KQ with a step of 2 KQ. Figure 8 shows the
I-V curves modulated by R;, taken at 100 K and under 2.8 T.
Indeed, regardless of the value of R;, the first and second
steps always occur at 1.33 mA and 1.59 mA, respectively.
The constant spacing of 2.6 V between the first critical volt-
ages is a result of the incremental load resistance. Eventually,
a load resistance of 32 K{() eliminates the steps in the voltage
range measured. This systematic displacement of /-V curves
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FIG. 9. (Color online) I-V curves taken at 125 K under various
magnetic fields for a continuous PCSMO film. The voltage sweep
rate is ~0.5 V/s.

also sheds light on the absence of steplike features in the
continuous film shown in Fig. 9. The macroscopic dimension
of the continuous film is accompanied by a much more com-
plex equivalent resistor network. Since the total power is
distributed over many more degrees of freedom, the Joule
heating on individual resistors (filaments) is much reduced
and not enough to trigger a NDR transition.

Finally, the phenomenology of the NDR steps and their
dependence on the magnetic field and temperature should be
dramatically modified in manganites with different chemical
compositions. Both the fraction and the domain morphology
of the ferromagnetic phase, and therefore the conducting fila-
ments if they exist, can be tuned systematically by composi-
tion. Our preliminary results indicate that the mesoscopic
structures of Lay;Sr)3MnO5; do not have any NDR steps in
their 7-V curves, presumably a result of the absence of a
strong multiphase coexistence. We also fabricated narrow
bridges of another canonical manganite, Laj,Cay;MnO;
(LCMO). The magnetization and transport measurements
done on continuous LCMO films show a T, of ~200 K,
lower than the bulk value of 250 K,3> consistent with previ-
ous studies on strained LCMO films.?® The R(T) curves of
the mesoscopic bridge structures (not shown here), however,
show much reduced resistive peak temperatures of ~88 K
and substantial thermal hysteresis, suggesting the significant
effect of the sample sizes on the transport properties. In Fig.
10, we show the magnetic-field-dependent /-V curves taken
at 100 K on a 0.9 um X 5.2 um bridge of LCMO. After cer-
tain critical voltages, the I-V curves show numerous switch-
ing steps with sizes much smaller than those observed in the
PCSMO samples. Voltage cycles result in significant hyster-
esis. Although the exact origin of these complex behaviors in
La, ;Caj3sMnO; remains unclear at this stage, they are likely
to result from the response of the connected conducting do-
mains to the external magnetic field and the injected thermal
power, which is similar to the PCSMO samples.

V. CONCLUSIONS

In summary, steplike resistive transitions are observed in
mesoscopic manganite structures. These steps are triggered
by either magnetic or electric field. Specifically, the MR
curves exhibit spontaneous jumps, which were also observed
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FIG. 10. (Color online) I-V curves taken at 100 K for a
0.9 um X 5.2 um bridge with the composition of Laj;Cay3MnOj;.
The solid (dashed) lines are the I-V curves taken with increasing
(decreasing) voltages. The voltage sweep rate is ~0.5 V/s. The
arrow indicates the magnetic field increased from O to 7 T with a
step of 1 T.

during resistive relaxation after magnetic field cycles. The
absence of corresponding singularities in the magnetization
measurements suggests that the conduction is not homoge-
neous but filamentary. Such resistive steps also exist in con-
tinuous films. However, their magnitude is dramatically re-
duced due to the averaging effect over a much higher number
of filaments. In the same samples, by tuning temperature and
external magnetic field we also observed steplike NDR at
critical voltages. We explain these observations as a heating
effect that effectively annihilates the conduction along a spe-
cific conducting filament by locally converting an FMM re-
gion to COI as the injected power reaches critical values.
Under the same experimental conditions, NDR does not exist
in continuous films due to the much lower heating power
distributed into individual filaments. Both magnetic and elec-
tric fields have been shown to affect the creation and annihi-
lation of conducting filaments in maganites with multiphase
coexistence, but through different routes. The magnetic field
always favors the growth of FMM phase over other phases,
effectively creating filamentary conducting paths. On the
other hand, the electric field or current-triggered effects on
manganites has different origins. In the present case, the ob-
served anomalies in the /-V curves are not directly induced
by the bias voltage or current, but rather by Joule heating.
It is still under debate whether the widely observed phase
separation originates from intrinsic or extrinsic factors.
Strong phase separation is often observed in samples with
pronounced chemical or structural disorder and inhomogene-
ities. However, even single crystals exhibit such a coexist-
ence of multiple phases, although they are free from any
perceptible impurities or substrate stress.!'3” Furthermore,
the disorder does not fix the domain pattern or pin the move-
ment of domain boundaries.!' In our experiments, the meso-
scopic confinement may modify the morphology and dynam-
ics of the filamentary domains. The fact that we have found
similar transport behavior in structures with different shapes
argues for an intrinsic nature to the observed phenomenon. It
is unlikely that spin-dependent scattering across some extrin-
sic chemical and structural impurities alone could produce
all the systematic dependence of the data on the temperature
and magnetic field. In fact, defects accidentally created dur-
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ing sample fabrication, such as uneven boundaries and large
particulates, destroy the steplike resistive transition. These
defect samples also show little MR effect, probably a result
of excessive pinning of domain walls. Even though intrinsic
in many cases, multiphase coexistence and the ensuing for-
mation of conducting filaments do not necessarily represent
the true equilibrium state of the system. Strong relaxation of
resistance and dependence on magnetic history observed in
both our samples and others suggests a metastable state with
a spin-glass-type hierarchical energetic landscape.’® Even
nanosized manganese clusters could switch between different
phases, giving rise to giant random telegraph noise.>

For the compositions studied here, the presented dramatic
modification of transport properties results directly from the
mesoscopic dimension of the samples. It may have important
implications for scaling down other similar materials with
phase coexistence. Currently, we are studying structures with
different dimensions to explore systematically the effect of
confinement. There are several questions left unanswered:
what is the largest dimension for the sample to retain its
anomalous transport properties? After being scaled down far-
ther, will the sample remain phase-separated or become
single phase? What are the effects of film thickness and
chemical composition? Our preliminary results suggest that
for  this specific manganite composition  of

PHYSICAL REVIEW B 74, 214423 (2006)

Pry 65(Cag 75510 25)0.35sMn0O3, the NDR feature exists only in
devices with dimensions of a few micrometers or smaller.
However, more systematic studies on the dimension and
composition dependence are needed to achieve better under-
standings of these anomalous transport properties. Finally, it
is crucial to observe the change of the filamentary conduct-
ing paths using direct tools with submicrometer spatial reso-
lution, such as magneto-optical imaging techniques, mag-
netic force, or electron microscopy.'%!140

Note added in proof. Recently, we became aware of the
work by Zhai et al.*! Their observation and interpretation of
giant discrete resistance steps in laterally patterned structures
of manganite with phase coexistence are consistent with the
findings reported here.
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