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Magnetic fingerprints of the very fast jumps of colossal magnetoresistance in the phase-separated
manganite La,,5Pr49Cag37,sMnO;
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We found that colossal variations of resistance in Lag 5,5Pr 40Cag37sMnO5 in about 100 us occur simulta-
neously with magnetic avalanches that last about 1 ms. These findings are interpreted as macroscopic finger-
prints of the percolative phase separation upon application of the external magnetic field. Depending on the
fraction of the ferromagnetic phase x, the colossal magnetoresistance jumps appear to be caused either by
fluctuations of x, accompanied by fast propagation of the magnetic avalanches through the sample, or by a
phase transition from charge ordered antiferromagnetic phase to charge delocalized ferromagnetic phase.
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The extraordinary colossal change of resistivity observed
in many Mn-based oxides after the application of a magnetic
field, colossal magnetoresistance (CMR), is nowadays a very
attractive and active field in basic and applied research.'> A
well established fact is that these compounds have a very
complex phase diagram, characterized by the presence of
regions where phases with different magnetic and electronic
properties coexist, being the charge delocalized ferromag-
netic (CD-FM) and the charge ordered antiferromagnetic
(CO-AFM) phases the two most conspicuous ones involved
in the phase-separated state.*>

It was argued that a true phase-separated state can develop
in systems displaying first order phase transitions (FOPTS) in
the presence of quenched disorder. The conjunction between
these spread FOPTs with a slow growing dynamic of the
equilibrium low temperature phase against the metastable
one gives rise to the formation of nonequilibrium “glasslike
behaved” states, which are frozen below a state-dependent
blocking temperature.® The list of known systems sharing
this behavior is quickly increasing:”® magnetoresistant
manganites,>’®  doped  CeFe,,”'®  magnetocaloric
GdsGey,'"1? etc. The most spectacular feature displayed by
these kinds of systems is perhaps the existence of field-
induced magnetic avalanches (MAs) at low temperatures.
Beyond specific characteristics of the magnetic and structural
states in each compound, MAs were observed in Co doped
PrysCagsMnO5,'* Fe doped LaysCaysMnO; (Ref. 14),
Lag »,5Pry 40Cag 17sMn05,"> (Sm,Sr)MnO;,'%!7 CeFe,,'® and
GdsGe, (Refs. 19-21) among others. One key ingredient for
obtaining MA is the existence of strongly blocked metastable
states at low temperature. These blocked states remain al-
most unchanged until the applied magnetic field overcomes
certain threshold value.'> The very recent report on the spa-
tial propagation of magnetic avalanches?? seems to play an
important role in the explanation of the abrupt transition be-
tween CD-FM and CO-AFM phases. The experimental evi-
dence that this transition occurs via a deflagration phenom-
enon associated with the fast growth of the size of the
CD-FM clusters has introduced fresh ideas in the field. The
existence of blocked configurations in the very low tempera-
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ture regime (7<<6 K) of magnetoresistant manganites opens
the possibility to study percolation effects in bulk samples
through a fine control of the amount of the conducting phase
embedded in the insulating host.

Very interesting percolative models have been proposed,
and conclusive microscopic and mesoscopic experiments
have been performed.?>~>> Ultrasharp jumps in the resistivity
as a function of temperature in the vicinity of the metal-
insulator transition of a Las_,Pr,Ca3sMnO; [LPCM(y)]
wire have been recently reported,”® showing that percolative
transport is enhanced by spatial confinement effects. The for-
mation of filamentary conduction paths was also found in
mesoscopic manganite-based devices under the application
of magnetic or electric fields. Resistivity jumps observed in
such experiments were also tied to the spatial confinement of
the current paths.?*

In this work, we study both the generation of magnetic
avalanches and percolation effects in the very low tempera-
ture regime of a phase-separated manganite. The control of
the conduction channels is here based on physical confine-
ment of the conducting paths, taking advantage of the exis-
tence of strongly blocked states. We have monitored phase
transition under both the influence of sweeping magnetic
fields and the effects induced by surface acoustic waves
(SAWs) by simultaneously detecting MAs and resistivity
within millisecond scales. Our goal was to elucidate the ex-
perimental macroscopic magnetic fingerprints of the percola-
tive transport through the CD-FM domains, which has been
suggested to explain the occurrence of the CMR effect.

Then, we proceeded to perform two different kinds
of experiments. In both, polycrystalline samples of composi-
tion Lag,y5Pr)40Cap37,sMnO5 with dimensions of about
1 X 1X2.5 mm® were used. The assembly was placed in the
bore of a commercial superconducting magnet system ca-
pable of producing magnetic fields up to 5 T and tempera-
tures in the range of 300—2 K. In the first set of experiments,
we measured simultaneously the time evolution of the MA
associated with the phase transition between the CO-AFM
and CD-FM phases and the temperature of the sample. These
experiments highlight the heat diffusion process that takes
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FIG. 1. (Color online) Detection of magnetic avalanches. In (a), time evolution of both the pick-up coil voltage and temperature during
a magnetic avalanche, at the same time notice the magnetic field was sweeping at 300 Oe/s. The avalanche occurred spontaneously around
H=30 kOe at T=2.5 K, t=0 corresponds to the appearance of the avalanches, around H=30 kOe. The inset shows the same graphic in a
much spread window. In (b), time evolution of magnetization and temperature during the avalanche process at 7=4 K. The avalanche was
ignited by a SAW pulse applied at t=0 under a constant applied field, H=28 kOe, in a sample that was cooled under H=11 kOe. The inset

shows M(t) and T(¢) over a narrower time window.

place during a MA.?> We are able to control the ignition of
MAs by either sweeping the magnetic field or directly apply-
ing surface acoustic waves to the sample.

Figure 1(a) depicts time dependence of the pick-up coil
voltage and the temperature variation, while the magnetic
field was swept at a constant rate of 300 Oe/s at the initial
temperature 7=2.5 K. The pick-up coil was placed at the
center of the sample determining the magnetization varia-
tion. A MA was clearly detected by both the pick-up coil and
the thermometer at a magnetic field around H=30 kOe. In
Fig. 1(b), we show a MA induced at constant magnetic field
H=28 kOe and initial temperature 7=4 K under the effect of
SAWs. In this case, we depict time dependence of magneti-
zation and temperature. The magnetization measurement was
carried out by continuously recording the voltage detected by
the rf—superconducting quantum interference device of the
magnetometer. The SAW pulse was applied at t=0 and the
MA appeared a few milliseconds later. During that elapsed
time where the magnetization hardly changed, the tempera-
ture immediately increased after the onset of the SAW pulse
and afterwards, the ignition of the MA was accompanied by
a second, more pronounced, increase in temperature. MAs
occur in times of a few milliseconds and the remarkable
point is that no matter what was the initial value of the
CD-FM phase x of the sample, MAs are always accompanied
by a rapid change in the temperature of the sample. We can
thus monitor the occurrence of the magnetic avalanches by
just reading the temperature variation of the thermometer
over the sample. Slow magnetization variations of the
sample do not produce any appreciable increase on its
temperature.??

In the next, we discuss the second type of experiments in
which we directly detect the very fast jumps in the resistance
associated with the percolative phase separation induced by
the external magnetic field. In these experiments, in addition
to measuring the temperature variation of the sample, we
connected two wires at the two edges of the sample and
injected a small current (10 xA) to measure the voltage drop

across the sample. We first performed the field cooling pro-
cess of the sample at a constant cooling rate down to the
lowest desired temperature between 2 and 4 K. This process
allows us to control the concentration x of the CD-FM phase.
The concentration x is fully determined by the cooling rate
and the value of the external applied magnetic field during
the cooling process. In the case of the zero field cooling
process, the x value was lower than 7% for temperatures
between 2 and 4 K, indicating that the sample was mostly in
the CO-AFM phase. The magnetization after MA always
reach the value corresponding to the saturation magnetiza-
tion of the ferromagnetic phase, x=1. It has been recently
shown that the magnetic field values at which the avalanches
do appear are fully determined by the value of x.>> Two main
aspects should be noticed here. The first one highlights the
fact that the micrometer size of the CD-FM domains seems
to be a good reason to explain the deterministic behavior of
the appearance of the magnetic avalanches in a sample of a
few millimeter.> The second aspect refers to the percolative
phase separation needed to explain the electrical conductor
behavior of randomly connected CD-FM clusters. This prob-
lem is similar to the case of having an electrical network and
calculating the probability p, which all nodes of the network
are connected with an electrical current flowing through
them. When the network has a large number of nodes, the
probability p becomes critical; below a threshold value of p,
the probability of percolation is always 0 and above that
value is always 1. In our case, p is related to the concentra-
tion and patterning of the two phases in the sample. From the
measurement of the electrical resistance of the sample for
different values of x at a zero magnetic field and tempera-
tures between 2 and 4 K, we clearly stated that for x<7%,
the sample was a perfect insulator with a resistance of giga-
ohms, while for x> 10%, the electrical resistance decreased
to hundreds of kilohms. Resistances of gigaohms overflow
the measuring limits of our voltmeters, and consequently, we
consider the manganite as an insulator; open circuit (OC).
On the other hand, the sample having x=1 corresponds to the
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FIG. 2. (Color online) Temperature and electrical resistance
evolution during a MA. The sample was zero field cooled until T
=2.5 K. The magnetic field was swept up to 5 T with a rate of
300 Oe/s. Near H=30 kOe (i.e., t=0), the MA is clearly detected
with the thermometer at the same time as the resistivity abruptly
changes from insulator to a few hundreds of ohms. The inset cor-
responds to a magnification of the resistance evolution during the
CMR avalanche. Zero time is considered at the appearance of the
avalanche.

case having only CD-FM phase, with electrical resistance of
a few hundreds of ohms.

Figure 2 shows the evolution, after cooling the sample in
zero external magnetic field until 7=2.5 K, being x=6%, of
both the electrical resistance and the temperature of the
sample when the magnetic field is swept from O up to 4 T.
From this figure, we deduce that the electrical resistance does
not change until the magnetic field reaches the threshold
value at which the MA takes place. The MA was accompa-
nied by an abrupt and fast reduction in the electrical resis-
tance. The inset shows a magnification of the CMR ava-
lanche around the instant at which MA took place. The
abrupt resistance jump always occurs in times of the order of
100 us and goes from insulating values to a few hundreds of
ohms.

Figure 3 shows the evolutions of both electrical resistance
and temperature for the same case as those reported in Fig. 2
but for a temperature of 3 K. While the initial state at 3 K
and H=0 was the same as that at 2.5 K, the evolution to a
fully ferromagnetic phase is different when the magnetic
field is swept. A few seconds before the occurrence of the
MA, the sample abruptly decreased from OC to hundreds of
kilohms. After this initial CMR effect, the resistivity slowly
decreased until the MA took place and then, a small, but very
fast, change in the resistance was detected. It can also be
seen in Fig. 3(b), magnification of Fig. 3(a), that the resis-
tance evolved in time (e.g. sweeping the magnetic field) fol-
lowing a sequence of different abrupt and fast changes in-
stead of a monotonously decreasing downward trend.

It is well known that when either the sweeping fields are
slow or the fraction of CD-FM phase is larger than some
critical value x (this value is deterministic and depends on
the size and geometry of the sample??), MAs do not occur
and the CD-FM phase follows a continuous evolution until
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FIG. 3. (Color online) Temperature and electrical resistance
evolution during a MA with earlier percolation. In (a), the sample
was zero field cooled until 7=3 K. The magnetic field was swept up
to 5 T with a rate of 300 Oe/s. The MA is clearly detected with the
thermometer near H=30 kOe (i.e., t=0) and at the same time a
small and sudden resistivity change appeared. Before the occur-
rence of the MA, the resistance abruptly decreased from OC to
hundreds of kilohms and then other small and fast changes are
detected. Zero time is considered at the appearance of the ava-
lanche. In (b), a magnification of (a). Two curves of the same ex-
periment are plotted in order to elucidate the stochasticity of the
resistance and the deterministic character of the MA.

the whole sample becomes ferromagnetic. Figure 4 shows
the evolution of electrical resistance in one of these cases.
The sample was field cooled with a magnetic field H
=12 kOe, and the value of x when the lowest temperature
(T=2.9 K) was reached was approximately 25%. The elec-
trical resistance of the sample in this case was 300 k(). We
can also observe in the figure that the temperature of the
sample remained constant with the sweeping magnetic field
indicating the absence of MA. In this case, despite the slow
and continuous evolution of the magnetization due to relax-
ation, the electrical resistance had abrupt changes in times of
the order of hundreds of microseconds, whereas in these time
scales, the sweeping magnetic field did hardly modify the
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FIG. 4. (Color online) Temperature and electrical resistance
evolution without MA. The sample was field cooled with H
=12 kOe until 7=2.9 K. There is no MA in this case, but several
resistance jumps can be observed. Time origin (¢=0) has been con-
sidered arbitrarily around H=15 kOe. Sweep field of 300 Oe/s.
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value of x. These abrupt and fast resistance variations are
only due to the patterning connecting the CD-FM clusters in
the sample. This is the experimental evidence that the perco-
lative phase separation induced by the effect of the external
magnetic field is fully responsible for the CMR jumps. Due
to the proximity in the energies of the coexisting phases, it is
very easy to displace the phase boundaries by, for example,
an external magnetic field. This possibility is at the basis of
the colossal magnetoresistance effect: small variations of the
amount of the coexisting phases can lead to the percolation
of the conducting phase (CD-FM), giving raise to huge
changes in the resistivity.

In conclusion, our experiments clearly show that MAs do
always induce fast resistance jumps. These jumps may also
occur with no appreciable changes in the magnetization of
the sample. We may, therefore, link MA induced either by
the external magnetic field or by SAWs associated with the
phase transition from CO-AFM to CD-FM phases with co-
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lossal changes of the resistance. As a matter of fact, for x
values smaller than 7%, the fast resistance jumps are always
due to the occurrence of MA at well determined values of the
magnetic field and a certain power of the SAWs. For x values
larger than 10%, the resistance jumps are mostly due to the
percolation effect associated with the rearranging of the
CD-FM clusters inside the sample.
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