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Giant 1/f noise in perovskite manganites: Evidence of the percolation threshold
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We discovered an unprecedented magnitude of tifientise near the Curie temperaturé.) in low-T,
manganites. The scaling behavior of thé mbise and resistance provides strong evidence of the percolation
nature of the ferromagnetic transition in the polycrystalline samples. The steplike changes of the resistance
with temperature, observed for single crystals, suggest that the size of the ferromagnetic domains depends on
the size of crystallites.

In the beginning of the colossal magnetoresista@dR) deviation mode with an equivalent noise bandwidth 1 Hz.
research on manganites, it was realized that the ferromag-he dc voltage applied to the sampl, and S, were re-
netic (FM) transition occurs simultaneously with the metal- corded simultaneously as a function offor the samples
insulator transitiod™ The CMR was attributed to the biased with a fixed dc current (16—1073 A). It has been
magnetic-field-induced shift of this transitiéithe nature of  verified that the spectrum of the noise has a power-law form
the transition changes drastically when the transition tem/f” in the frequency rangé=1-10> Hz with y close to
peratureT, is varied with the chemical pressut&Vvhile the  unity for all temperatures. All the data discussed below were
transition in the highF, materials bears a resemblance with Obtained in the linear regime, where the rms noise was linear
the second-order transitiGrthe low-T, manganites demon- [N current.
strate many features which are intrinsic to the first-order The upper panel of Fig. 1 shows the dependengdd
transitions, including a strong thermal hysteresis of the resisfor the poly- and single-crystal samples. In accordance with
tivity p and magnetizatioM. There is a growing theoretical Prior publications}* p increases with cooling below the CO
and experimental evidence that the transport properties of tHéansition (T'co~210 K for x>0.3), reaches the maximum
insulating state abové, are dominated by small polarons or and decreases rapidly when the system undergoes the transi-
magnetic polarons, and that the bandlike carriers become inflon into the FM state. The FM transition temperature is
portant belowT, .58 Recently, it was suggested that thesestronglyx dependentT, increases from 35 K fok=0.4 to
two types of carriers coexist ned@ig.° In addition, the static 75 K for x=0.35. At lower temperatureg, is almostT in-
coexistence of the metallic FM phase and the insulatinglependent, its value is anomalously large even for the single-
charged-orderedCO) phase was found to play an important crystal samples. The transition into the FM phase is accom-
role in the CMR effects, especially in the lofy-materials'° panied by the increase of the magnetization, which saturates

In this paper, we report on measurements of the temperat T<T. (see the lower panel of Fig).lin contrast tgp, the
ture dependence of theflioise in polycrystalline and single Magnetization changes gradually B¢ for both poly- and
crystal samples of lowl-, manganites. Our data strongly in- Single-crystal samples. This smooth dependeht€T),
dicate that the so-called Curie temperature in the Towna- which is observed even in low magnetic fields, is unusual for
terials is, in fact, a percolation transition temperature rathef® FM transition in a homogeneous system. A strong tem-
than the temperature of the long-range ferromagnetic phageerature hysteresis gf and M was observed for all the
transition. The scaling analysis of thef Hoise is consistent Samples discussed in this paper.
with the percolation model of conducting domains randomly ~Qualitatively, the temperature dependence of the spectral
distributed in an insulating matriX. density of the 1 noise is as follows:S, increases upon

We have measured theflroise in the poly- and single- cooling belowT¢o, reaches the maximum, and decreases
crystal bulk samples of g ,PrCaygMnO;  with steeply on the metallic side of the CO-FM transition. In the
x=0.35 The sample preparation is described elsewfiere.CO phase, far from the CO-FM transition, the increas&pof
Typ|ca||y, the po|ycrysta”ine Samp|es were<4 X 1 mrng, with deCfeaSingT is due mOStly to the grOWth Cﬁ Indeed,
single crystals—3 1x 0.5 mn?. The spectral density of the in the linear regimeS, is proportional tov?, or, for a fixed

1/f noise,S,, andp have been measured in the four-point dc currentl, to p:t

configuration at the temperature=4.2—300 K for both

cooling and warming. For th§,, measurements, we used the i __* (1)
Stanford Research 830 lock-in amplifier in the mean average vz fnvg’
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FIG. 2. The temperature dependence of the resistivity and the
T (K) normalized spectral density of thef Ifoise,a/n, for the polycrys-

talline sample Lgg ,Pr,Ca;gMnO; (x=0.35) for cooling. The
FIG. 1. The upper panel: the temperature dependences of the . . ; . i
resistivity for Lays (Pr,CayMnO; (x=0.35) (dashed line—the noise was measured &t 10 Hz; the background noise signal with

. o ; . . no current through the sample has been subtracted. The inset shows
polycrystalline sample, solid line—the single crystdlhe inset is 9 b

! the scaling dependence of the normalized magnitude of the 1/
the blowup of thep(T) dependence for cooling neag . '_I'he lower _..noise versup in the intervalT=61 K-73 K (below T.=73 K).
panel: the temperature dependences of the magnetic susceptlbll% . . 29
) . S e solid line corresponds to the power-lawditnop=-=,
for the same sample@lashed line—polycrystalline, solid line—
single crystal measured atl =2 kOe. The arrows indicate the di-
rections of the temperature change. It is worth mentioning that a much less pronounced in-

crease of the I/noise at the FM transition has been reported

where a is the Hooge’s parametef,is the frequency at for thin films of Lays_4YCa;sMnO;.141° The temperature
which the noise is measured,is the concentration of the dependences @, /V? for the thin films differ qualitatively
charge carriers or “fluctuators,” and is the volume of the  from the dependences we observe for bulk samples. The au-
sample. Below we present thef Ioise data in the normal- thors of Refs. 14 and 15 attributed the increase of the noise
ized form (Sy/V?)fvs=aln. Figure 2 shows the tempera- below T, to the magnetic domains formation.
ture dependences of and S, fv./V? for the polycrystalline In principle, an abrupt increase of the normalized magni-
sample. The normalized magnitude of thé Adise is weakly tude of the 1f noise by 1-2 orders of magnitude at mag-
T dependent in the CO phase: it varies by a factor of 2—3etic transitions has been observed for many macroscopi-
over the rangeT =90— 150 K, thoughp changes by 2-3 cally homogeneous magnetic materifis'® However, theT
orders of magnitude over the same interval. Interestingly, thelependence and the magnitude of theridise in these ma-
magnitude of the ¥/ noise is anomalously large even far terials differ significantly from our data for the CMR man-
from the transition.(For comparison, the typical values of ganites.
aln are 10 21— 10" 2% cn?® for disordered metals and 18 Our 1F noise measurements provide strong evidence of
—10"2% cm?® for semiconductor$?) the percolation nature of the CO-FM transition in the poly-

The magnitude of the 1/noise increases dramatically in crystalline bulk samples of the loW: manganites. These
the vicinity of the CO-FM transition. The sharp peak of the data indicate that the FM regions appear progressively with
1/f noise enables to determine the transition temperaturdecreasing temperature in the CO phase, and the transition
with a high accuracy; below we identifj. with the tem-  occurs when the concentration of the FM phase exceeds the
perature of the maximum af/n. There is a correlation be- percolation threshold. This is consistent with observation of
tween the magnitude of the noise peak and the ratidhe ferromagnetic regions in manganitestatT., well be-
p(To)/p(300 K). For example, for the polycrystalline sample yond the conventional fluctuation regirftbese regions were
(Fig. 2), p increases by four orders of magnitude with cool-interpreted as magnetic polarori8 A diverging behavior of
ing from room temperature down to 80 K; the normalizedthe 1/ noise is typical for the percolation metal-insulator
noise magnitude at the transition also increases by a factor ¢fansition’*'°® At T>T,, the transport properties of the
~10% Since the high-temperature portion of tpéT) de-  sample are governed by a very large and, apparently, weakly
pendences is approximately the same for all compounds witfluctuating contribution of the CO phase. As a result, the 1/
x>0.3510 the noise peak is more pronounced for materialsnoise is relatively low aff . <T<Tco. However, the mag-
with a higher value op(T.), e.g., with a lowerT,.. nitude of the 1f noise diverges with approaching the perco-
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lation threshold. The formation of the infinite percolation FM 107 . . .
cluster atT, is also consistent with the observation of the Single crystal
maximum ofdp/dT exactly at the same temperature. Notice . La.. Pr Ca..MnO .
that T, is lower than the temperature of the maximumpof 1071 R L
this is expected for a percolating mixture of two phases — } x~0.35
where the “insulating” phase has a finife that increases g 10°L
rapidly with cooling. Previously, spatially inhomogeneous =
FM state and percolation nature of the conductivity in thin 5°
films of manganites have been discussed in Ref. 21. = 107} 10°
A clearly diverging behavior of the f/noise allows to o o
; , . : > -
determineTl ;. with a high accuracy and to perform the scaling ~ . )
analysis ofS, andp on the “metallic” side of the CO-FM w10} \ S
transition. In the vicinity of a percolation metal-insulator " i =~
transition, the scaling behavior op and S,/V? is § 10™ : 10°
expected-1319 ;
SuIVZ(p—po) ", @ we| F
p=(p—pc) . 3 o L
Here p is the concentration of the metallic phagg, is the 50 100 150
critical concentration, an#l andt are the critical exponents T (K)

of the noise and the resistivity. It is convenient to represent
S /V? as a function op (in this case, no assumption on the
value ofp, is necessany

FIG. 3. The temperature dependence of the resistivity and the
normalized spectral density of theflnhoise for cooling @) and
warming (©) for the single crystal Lag ,Pr,Ca;gMnO; (x

SV/VZMpk/t. (4) ~0.35).

The normalized magnitude of theflfioise versug for the  the phase inhomogeneity of the single crystal is provided by

polycrystalline sample is shown in the double-log scale inge gmooth dependence Mf(T) (Fig. 1), which is similar to

;he ms(,jet of Fig. 25 Wf'.th":j tge eﬁ(perlment?l aCCl_JLaCk%’ thISthat for the polycrystalline samples. However, there are sev-
ependence can be fitted by the power ledy wit U eral important distinctions between the temperature depen-

=2.9x0.5. These values df/t are close to the resuk/t 2 ) : )
=2.4 obtained theoretically for the continuum percolationdences ofp and S‘.’/V for poly_ a_nd single crystals. Al

. i . : though the magnitude op is similar for both types of
model of conducting regions, randomly placed in an insulat- les( Fig. 1. p for the sing| tal exhibit
ing matrix (the so-called inverted random-void mod# samplesisee Fig. 1, p for the single crystal exnibits repro-

Previously, a similar value dt/t=3 has been observed ex- gucible st_eps as a function @fin the vicinity of T, (see the
perimentally for the mixed powders of conducting and insu-"S€t of Fig. 3. The sharp drop gs by more than an order of
lating material€2 Notice that the ratio of critical exponents Magnitude, observed for this single crystallat 72 K, can
k/t in the continuum percolation exceeds significarkly be interpreted as formation of a chain of a few connected FM
=0.5-0.8 for the discrete random models, though the value§lomains between the voltage leads. The steplike behavior of
of the critical exponen‘t are almost the same for these mod- P at the transition indicates that the size of the FM regions in
els (t=1.9+0.03). the single crystal is significantly bigger than that in the poly-
In order to disentangli& andt, one has to measure either crystalline samples. When the voltage leads become “short-
the concentration of the FM phap€T) as a function off, or ~ ened” by a chain of the metallic FM domains, an abrupt
some quantity that is proportional g e.g., the magnetiza- drop of the 1f noise magnitude occurs. The percolation ap-
tion. In the vicinity of the transitionM is approximately a proach is not applicable in this case, since we probe the
linear function of T.—T) (Fig. 1. Hence, instead off{  inhomogeneous system at the scale smaller than the percola-
—Ppc), We can useT.—T) as a variable in the scaling de- tion correlation length.
pendence$2) and (3). The dependence(T) was found to To summarize, we observed the dramatic peak of tiie 1/
be close to the power lawe(T,—T) ' with t=2+0.3 on  noise in the CMR manganite Lg ,Pr,CaygMnO; (X
the metallic side of the transition. Previously, similar values=0.35 and 0.37p at the transition between the charge-
t=2.3+0.4 andk=5=*1 have been measured for the con-ordered and ferromagnetic states. The scaling analysis of the
ducting particles in an insulating mat#%?* The experimen- magnitude of the noise and the resistivity in the polycrystal-
tal values of the critical exponents=2+0.3 andk=5.9 line samples is consistent with the continuum percolation
+ 1.5 for our samples are consistent with the predictions ofmodel of conducting FM domains randomly placed in the
the inverted random-void model of the continuum percola-insulating CO matrix. Being combined with the data on the
tion. temperature dependence pfand M, these measurements
For high-quality single crystals of Lg_,Pr,Ca;gVMnOs provide strong evidence of the percolating nature of the
(x~0.35) 12 we have also observed a dramatic increase o£O-FM transition in the polycrystalline samples of the low-
the 1f noise at the transitiona/n reaches 107 cn® for T, manganites. To the best of our knowledge, the value of
cooling and 10*° cm?® for warming(Fig. 3). An evidence of  a/n=S,fv¢/V? ~1071°-10 7 cm® observed in the loviF,
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manganites at the transition is the largest normalized magnthe surface energy and/or the strain effects associated with
tude of the 1f noise for the condensed-matter systems. Athe grain boundaries influence the size of the ferromagnetic
well-pronounced steplike temperature dependence of the reglomains in the lowF, manganites.

sistivity, observed for high-quality single crystals, suggests

that the scale of the phase separation is much greater than We thank Sh. Kogan for helpful discussions. This work
that in the polycrystalline samples. This might indicate thatwas supported in part by the NSF Grant No. DMR-9802513.
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