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Linear and nonlinear electronic transport in weakly insulating double layered manganites
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Polycrystalline La1.2Sr1.8Mn22yCryO7 (0<y<0.25) is a weakly insulating ferromagnet with low-T ther-
mopower of metalliclike values. This combination of properties indicates electronic transport through perco-
lating paths embedded in an insulating medium. The temperature dependence of the resistivity at lowT and the
nonlinear conductivity obtained from pulsedI-V measurements over a wide range of currents are consistent
with inelastic tunneling through intergrain or intragrain weak links that disrupt the percolating paths. Ther-
mopower and resistivity measurements on two weakly insulating single crystals of La1.4Sr1.6Mn1.85Cr0.15O72d

and theI-V measurements on the more resistive crystal exhibit features very similar to those found in the
polycrystals. In single crystals the nonlinearity of conductivity is pronounced under much lower electric fields
than in polycrystals.

DOI: 10.1103/PhysRevB.65.134441 PACS number~s!: 72.20.Ht, 72.20.Pa, 73.40.Gk, 75.30.Vn
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I. INTRODUCTION

The metal-insulator mixed-phase character of the man
nites and the percolative electronic transport associated
it, are supported by experiments1 and models and lead to
rather simple and intuitive explanation of their remarka
magnetotransport properties.2 The temperature dependen
of the resistivity@r(T)# of an optimally doped manganit
exhibits a crossover from a negative temperature coeffic
above the Curie temperature (Tc), to a positive temperature
coefficient belowTc . Departure from optimal doping o
various partial substitutions for Mn by 3d ions affect mostly
the resistivity in the low-T regime. Away from optimal dop-
ing the maximum ofr(T) observed close toTc degenerates
gradually into a bend at the crossover from a high to a l
negative temperature coefficient. The most remarkable
ture of the low-T regime is the combination of high resistiv
ity, weakly dependent on temperature, with small, metal
like values of the absolute thermopower (S). Since the
thermopower is a very sensitive probe of the conduct
component of the mixed-phase material, and is little affec
by geometry and grain boundaries,3 this behavior indicates
that electronic transport is carried through a percolating n
work of high conductivity channels embedded in an insu
ing medium. However, unlike the thermopower, the resis
ity is dominated by weak links distributed along th
conducting paths.

This ‘‘weakly insulating’’ regime is interesting, since it
main features have been observed in the past in a numb
systems, some of them unrelated to the manganites.4 The
advantage of studying this regime in manganites is the ab
dance of relevant information. Recently we studied polycr
talline La0.7Sr0.3Mn12yFeyO3 (y50.16–0.18);5 its parent
material La0.7Sr0.3MnO3 is a pseudocubic, optimally dope
manganite.6 The temperature dependence of magnetizat
0163-1829/2002/65~13!/134441~8!/$20.00 65 1344
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resistivity and thermopower of La0.7Sr0.3Mn12yFeyO3 (y
50.16–0.18) exhibit the features of mixed-phase state
of percolating electronic transport discussed above. PulseI-
V measurements carried out on this system in the lowT
regime showed that the current density~J! increases faste
than linearly with electric fieldE; the excess current densit
DJ5J2sE ~where s is the Ohmic conductivity! obeys a
power-law dependence onE. At 20 K DJ}E 2.360.1 was ob-
tained for all samples. Fory50.18 we obtainedr}T2p (p
'4/3). This behavior is consistent with the theory
Glazman and Matveev7 ~GM! for tunneling across thin amor
phous films; for inelastic tunneling via two localized states
predicts thatDI}V7/3 and that the excess conductance}T4/3.
The GM model was shown to fit remarkably well the resu
of transport measurements carried out onindividual grain
boundaries in a manganite.8 Surprisingly, our results for
polycrystalline La0.7Sr0.3Mn12yFeyO3 indicated that this
model may be extended also to a network of weak links.
tentatively identified the weak links with grain boundaries5

The polycrystals and single crystals o
La222xSr112xMn22yCryO7, investigated in the work re-
ported here belong to naturally layered manganit
(R,A)n11MnnO3n11 (R rare earth;A alkaline earth ions!
which are presently intensively studied due to their tw
dimensional nature. Since the publication of Ref. 9, inter
has been focused on double-layered manganites (n52) and,
in particular, on La1.2Sr1.8Mn2O7.10 Below Tc , the ratio of
the resistivities measured perpendicular to the planes an
the planes of a single crystal is about 100. Thus, polycrys
line material of this type is expected to be weakly insulati
due to the large resistivity anisotropy; with the conductiv
tensor’s axes of the crystallites pointing in random directio
in space, even the optimally doped material appears as
were phase separated. And indeed, in the FM state, the r
tivity of polycrystaline La1.2Sr1.8Mn2O7 is high;11 partial
©2002 The American Physical Society41-1
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substitution of Mn by Cr induces in the FM state a mon
tonic increase ofr as a function ofy.11 Therefore, the
La1.2Sr1.8Mn12yCryO7 system seemed to us very suitable f
the study of percolative, linear, and nonlinear electro
transport in a phase-separated medium. One of the main
jectives of this work was to compare the transport proper
and nonlinear conductivity of the polycrystals with those~in
thea-b plane! of weakly insulating single crystals of simila
composition.

We carried out a systematic study of the temperature
pendence of the magnetization, resistivity, and thermopo
of polycrystalline La1.2Sr1.8Mn12yCryO7 (0<y<0.25).
These measurements showed that while magnetization
creases and resistivity increases~by orders of magnitude!
with Cr doping, the low-T thermopower remains almos
identical for all samples.

We investigated the thermopower and the resistivity in
a-b plane of two weakly insulating single crystals
La1.4Sr1.6Mn1.85Cr0.15O72d . They exhibit features very simi
lar to those of the polycrystals; although the low-T resistiv-
ities of the two crystals differ by up to two orders of magn
tude, their thermopowers are very low and almost identi
This indicates that electronic transport is percolative in b
the polycrystals and in single crystals. For all the inves
gated samples~polycrystals as well as single crystals!, the
experimental results indicate that electronic transport at l
T is governed by similar mechanisms. The detailed anal
of the results is consistent with transport dominated by t
neling through weak links~WL!, which may be of intergrain
and/or intragrain origin.

The sample preparation and experimental techniques
ployed in this work are presented in Sec. II. Our efforts
eliminate spurious Joule heating effects in theI-V character-
istics are emphasized. The results are discussed in deta
Sec. III A for polycrystals and in Sec. III B for the singl
crystals. The experimental results and the conclusions dr
from their analysis are summarized in Sec. IV.

II. EXPERIMENT

High quality ceramic samples of La1.2Sr1.8Mn22yCryO7
(y50, 0.1, 0.15, 0.2, and 0.25! were prepared essentiall
according to the original protocol;11 the grinding-annealing
cycles were repeated until the x-ray powder-diffraction sp
tra showed no traces of impurities or foreign phases. T
lattice parameters fit well earlier reports.11 Single crystal
~SC! platelets were separated from a boule grown from
La1.2Sr1.8Mn1.75Cr0.25O7 rod by the floating zone method, a
described in Ref. 12. The platelets selected for measurem
~SC1 and SC2! belong to the same region of the rod. Ener
dispersive spectroscopy spectra obtained from sev
spots of each of the platelets confirmed their chem
homogeneity and determined their composition
La1.4Sr1.6Mn1.85Cr0.15O72d , slightly different from that of
the starting material. Magnetization, resistivity, the
mopower, and pulsedI-V measurements were carried out
described in Ref. 5.

For r(T) and I-V measurements we used bar-shap
polycrystalline samples and rectangular single crystal
13444
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platelets with four-probes attached to them. Special care
taken of the quality of the current contacts and the volta
probes in order to prevent Joule heating at the current c
tacts and to eliminate electric-field inhomogeneity at bo
types of contacts. At low currents dc measurements w
carried out using an XYY recorder. At high currents, t
measurements were carried out using single current pulse
durations in the millisecond range, from a Keithley 237 hi
voltage source. The time dependence of the voltage dr
between ground and each of the voltage probes, were
corded using simultaneously the two channels of a Tektro
2221A digital storage oscilloscope. The current was chec
during a second pulse by the voltage drop across a s
resistance in series with the sample. Beyond the finite
time ~in the microsecond range!, the measured voltage
showed no time dependence during the current pulses.
lower current range of the pulsed measurements overlap
the dc measurements. The differences between the dc an
pulsed measurements become significant already for cur
densities as low as a few A/cm2; negative differential resis-
tance was obtained from dc measurements with current
the range where, in pulsed measurements, the nonlineari
the I-V traces was barely observed. In percolative curr
flow the local current density is much higher than theaver-
age current density; accordingly, the local temperature m
be far above the average temperature of the sample. The
reliable test for the absence of Joule heating is the time
dependence of the voltage drop during the current pulse13

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Polycrystalline samples of La1.2Sr1.8Mn2ÀyCr yO7

„yÄ0, 0.1, 0.15, 0.2, and 0.25…

1. Temperature dependence of magnetization, resistivity,
and thermopower

The magnetization M, measured at 0.05 T, the Ohmic
sistivitiesr, and the absolute thermopowerS, of samples of
compounds prepared in this work are plotted as functions
temperature in Figs. 1~a!–1~c!, respectively. The points
marked by bold squares in Fig. 1~a! representTc @defined as
T(]2M /]T250)#. In agreement with Ref. 11,Tc is the low-
est fory50; for 0.1<y<0.25 it is practically independent o
Cr content. For 120<T<200 K M (y50) is almost con-
stant; deviation from the Curie-Weiss law aboveTc has been
observed in the past and was attributed to the presenc
short-range ferromagnetism.14,16 Apparently, Cr doping sup-
presses this short-range order but has little effect on the o
of long-range order. With increasingy the maximal magne-
tization Mmax at 0.05 T decreases at a moderate rate~ex-
trapolation shows thatMmax→0 for y'1). In polycrystal-
line Cr-free La1.2Sr1.8Mn2O7, the magnetization measured
5 K and 6 T @see inset in Fig. 1~a!# is about 1/2 of the
saturation magnetization measured in the optimal orienta
of a single crystal (H'c).14 In view of the strong anisotropy
of the crystallites this well representsM averaged over all
directions. Fory50.25 the saturation magnetization is fu
ther reduced by about 40%.
1-2
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LINEAR AND NONLINEAR ELECTRONIC TRANSPORT . . . PHYSICAL REVIEW B 65 134441
In Fig. 1~b!, r(T) plotted on log-linear scale exhibits dis
tinct high- and low-temperature regimes, each with a diff
ent temperature dependence. In the narrow range of temp
tures between 150 K and room temperature, both a pow
law dependencer(T)}T2p and Mott’s law for variable
range hopping15 ~VRH!, r}exp(To /T)1/4 fit the experimental
data almost as well@see solid and dot-dashed lines at t
right of Fig. 1~b! and Fig. 2~a!#; a difference is distinguish
able only between extrapolations of fitted lines.17 The cross-
over from the high-T to the low-T regime is more pro-
nounced in the log-log plot ofr(T) shown in Fig. 2 that
focuses on the low-T regime and will be discussed in deta
below.

S(T) for the various compositions is plotted in Fig. 1~c!.
AboveTc theS(T) data fory>0.1 are almost identical with
Sab (S measured in theab plane! of a single crystal of

FIG. 1. Temperature dependence of magnetization~a!, resistiv-
ity ~b!, and absolute thermopower~c! of polycrystalline samples o
La1.2Sr1.8Mn22yCryO7, for various values ofy. TheTc’s are marked
by bold squares in~a!. The inset shows magnetization vs magne
field for y50, 0.1, and 0.25 at 5 K. The solid and dot-dashed lin
in ~b! represent fits at high temperatures to a power law or to Mo
law, respectively.
13444
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La1.2Sr1.8Mn2O7 ~see Fig. 4 in Ref. 16!, except for the maxi-
mum (Smax) around 200 K, which is slightly higher fory
50.25. The cusp ofS(T) that marksTc ~see Ref. 16! appears
on our S(T) plot for y50, but is smeared out for othe
compositions. At lower temperaturesS(T) for all samples
ranges between21 and 12 mV/K, while the resistivities
increase by about four orders of magnitude withy increasing
from 0 to 0.25. The lowS ~comparable with that of metal
liclike single crystal of similar composition16! indicates that
at low temperatures the Cr substitution has little effect on
electronic structure of the conducting component of the m

s
’s

FIG. 2. ~a! Temperature dependence of resistivity of polycry
talline samples of La1.2Sr1.8Mn22yCryO7, on a log-log scale. The
dashed lines at low temperatures representr}T24/3. As in Fig. 1~b!,
the solid and dot-dashed lines represent fits at high temperatur
a power law or to Mott’s law, respectively.~b! Equivalent circuit of
two weak links in series~WL1 and WL2! and parameters@Eq. ~2!#
of the fitted curves in Fig. 2~a!, as a function of composition; ET
stands for elastic tunneling and IET for inelastic tunneling. T
lines in ~b! are guides to the eye.
1-3
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terial; it seems that its main effect is on the microstructure
the material.

We focus now on the resistivity in the low-temperatu
regime. With increasingy the log-log plots ofr(T) in Fig.
2~a! become steeper. At the lowest temperatures the nega
slope is slightly less than 4/3 fory50.2, and slightly more
for y50.25, ~see dashed lines near the correspond
curves!. As shown below, this slope is significant and lea
to a possible interpretation of the results.

According to the GM model,7 for eV!kBT the tempera-
ture dependence of the conductanceG across a thin amor
phous film is given by

G5~Go1G1!1 (
n52

`

bnTn22/(n11). ~1!

The first two terms in Eq.~1! represent elastic tunnelin
processes: direct tunneling (Go) and resonant tunneling vi
one impurity (G1). TheT-dependent terms represent inela
tic, multistep tunneling vian>2 impurities; the power index
for n52 is 4/3, for n53 it is 5/2, etc. As temperature in
creases the contribution of processes with highern increases.
Above a characteristic temperatureTn , the contribution of
n-impurity chains toG exceeds that ofn21 impurity chains.
The ‘‘effective’’ power index increases with increasing tem
perature, eventually leading to a VRH-type behavior.7 Thus
conductance}T4/3 is a signature of inelastic tunneling acro
a thin film via two localized states. At low temperaturesr(T)
for y50.2 andy50.25 seem to carry the fingerprints of su
regime. Our confidence in the applicability of the GM mod
for the interpretation of the above measurements rests
on our previous results.5

In order to model the system we assume the presenc
bundles of percolating ‘‘metallic’’ filaments, their resistivit
dominated by WL that behave like thin amorphous film
Presumably there is a distribution of WLs along each c
ducting filament, with various characteristic temperatu
Tn . In a first approximation, the complicated network
percolating filaments in our samples is modeled using o
two types of WLs~WL1 and WL2!, with different character-
istic temperaturesTn(2)@Tn(1) as in the equivalent circui
shown in Fig. 2~b!. This simple model is applicable far be
low Tc where the ratio conducting/nonconducting materia
constant, that is, where the magnetic microstructure is
zen. Thus the measured resistivity is decomposed as follo

r~T!5
1

A11B1T4/31C1T5/21•••

1
1

A21B2T4/31•••

,

~2!

where the denominators represent the contributions of c
ductances with elastic and inelastic tunneling acting in p
allel. The WLs with T2( i ).T contribute a constant 1/Ai
term to the sum of Eq.~2!, that is, a temperature-independe
term. In Fig. 2~a! the solid lines at low temperature represe
fit of Eq. ~2! to the experimental curves using the data o
tained below 25 K~where the magnetization is almost tem
perature independent!. Each calculated trace is based on on
three fitting parameters:A1 , B1, andA2 for y<0.2 andB1 ,
13444
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C1 andA2 for y50.25. The fitting parameters are plotted
Fig. 2~b! as functions ofy. A1 drops rapidly with increasing
y and apparently a metal-insulator transition@s(T50)→0#
occurs at 0.2,yc,0.25. The characteristic temperature
WL1 for the crossover from the predominantly resonant tu
neling to the regime of inelastic tunneling via pairs of sta
T2(1)5(A1 /B1)3/4, decreases withy from ;12 K for y
50 to 0 K for y<0.25. This behavior is probably due to th
changes in the density of localized states aroundEF and in
their spatial extent within the barrier.18

2. J-E characteristics

I-V measurements were carried out on polycrystalline b
shaped samples with typical cross sections of 0.5mm2 and
lengths of 5–10 mm; the distance between voltage pro
was 2-3 mm. DetailedI-V characteristics were obtained fo
temperatures up to 120 K. At higher temperatures, n
Ohmic behavior was observed only close to the upper li
of the available fields.

The J-E characteristics of a Cr-free sample and a C
doped sample withy50.25 are plotted on a log-log scale i
Fig. 3~a,b! ~for 20 K and 100 K!. Full and open circles rep
resent dc and pulsed measurements, respectively. In
range of our measurements, the current through the Cr-
sample is Ohmic over several orders of magnitude ofJ ~the
slope is 1!; for the doped sample, due to its high resistivi
the Ohmic range is much narrower. The effect of Joule he
ing is seen best at the top of the dc trace for the undo
sample at 100 K; the portion of the trace aboveE
;10 V/cm maps the temperature dependence ofr above
100 K: a drop in the slope ofJ(E) due to positive tempera
ture coefficient atT,Tc is followed by an accelerated in
crease inJ and negative differential resistivity due to neg
tive temperature coefficient ofr(T) at T.Tc , as local
temperature of the conduction channels increases.

Nonlinearity of the pulsedJ-E characteristics become
prominent forE.10 V/cm. As in Ref. 5 we calculated th
excess current densityDJ5J2JOhmic @JOhmic5sE is the
extrapolated value of the Ohmic current density at h
fields—see dashed lines in Figs. 3~a! and 3~b!#. The data of
DJ ~marked by triangles! were plotted as functions ofE; it is
seen that they fall on steep straight lines, which follow t
power law DJ}Ea. Only data from pulsed measuremen
were used for fitting; these usually cover a range of two
three orders of magnitude inDJ @as in Fig. 3~b!#. For the
doped sample at 20 K the extrapolation of the fitted li
passes through the dc data. In the two insets of Fig. 3
data for the doped sample at 20 K and for the undop
sample at 100 K are plotted on linear scale that emphas
the top decades ofJ andDJ.

The four straight lines in Figs. 3~a,b! representingDJ vsE
are almost parallel, showing that the values of their pow
indicesa are very close, this, in spite of large differences
composition and temperature and therefore large differen
in the Ohmic conductivities. The results may be summariz
in terms of two parameters, the power indexa and the char-
acteristic fieldEo defined asDJ(Eo)5sEo . The parameters
a and Eo as functions of temperature for various compo
1-4
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tions are shown in Fig. 3~c!. With increasing temperaturea
rises from 2.260.2 at 20 K to 2.5360.23 at 120 K; in this
narrow range of values,a shows no correlation with compo
sition. Eo rises superlinearly with temperature; at 20 K it

FIG. 3. J-E characteristics~left y axis! for a Cr-free sample of
La1.2Sr1.8Mn22yCryO7 (y50) and for a sample withy50.25 and
the correspondingDJ(E) ~right y axis! at T520 K ~a! and at 100 K
~b!. Full and empty symbols represent dc and pulsed measurem
respectively; dashed and solid lines represent the Ohmic regim
J(E) and power-law fits toDJ(E), respectively. The insets show
graphs fory50.25 at 20 K and fory50 at 100 K on a linear scale
~c! Fitting parametersa andEo for various samples as functions o
temperature. Pairs of full and empty symbols denote differ
samples of the same composition from the same batch, excep
the two undoped samples (y50) that belong to different
batches. The dashed line represents the sample average ofa as a
function of T.
13444
highest for an undoped sample~280 V/cm! and lowest for a
sample doped with y50.25 ~46 V/cm!, but depends weakly
on y in the range 0.1<y<0.25. The values ofa obtained in
this work are practically identical with those found for th
quasicubic La0.7Sr0.3Mn12yFeyO3 ~Ref. 5!, but here theEo
are about one order of magnitude higher than those of
earlier system.

According to the GM model,7 for eV@kBT the I-V de-
pendence of a thin amorphous film is given by

I 5~Go1G1!V1 (
n52

`

anVn1122/(n11). ~3!

Again the first two terms in Eq.~3! represent elastic tunnel
ing, that is, direct and resonant tunneling via one impur
The nonlinear terms represent inelastic, multistep tunne
via n>2 impurities; the power index forn52 is 7/3 and for
n53 it is 7/2. All values ofa found in this work are very
close to 7/3 at lowT and do not deviate much from this valu
at higher temperatures. This indicates that~as in the case of
La0.7Sr0.3Mn12yFeyO3) the nonlinear conductivity of
La1.2Sr1.8Mn22yCryO7 is dominated by inelastic tunnelin
across WLs~weak links! via pairs of impurity states. Ou
measurements were carried out atT.T2(1) @T2(1)
5(A1 /B1)3/4—see discussion above#, thus WL1 are short
circuited by inelastic tunneling activated thermally and
weak electric fields. It seems that the nonlinearity of theI-V
characteristic is due to other weak links~represented here b
WL2!.

A lower limit of the distancel between successive WL
may be estimated from the inequalityelEo@kBT. At 20 K,
where a'7/3, we obtainl @631026 cm for the Cr-free
sample andl @431025 cm for y50.25.

B. Single crystals of La1.4Sr1.6Mn1.85Cr0.15O7Àd

1. Temperature dependence of resistivity and thermopower

Figures 4~a! and 4~b! showr(T) andS(T) for two single
crystals of La1.4Sr1.6Mn1.85Cr0.15O72d that grew in the same
region of the original ingot. The single crystals, labeled S
and SC2, are platelets of dimensions 0.2330.1930.036 and
0.3730.1230.08 cm3, respectively.r(T) of SC1 resembles
that of the polycrystals withy;0.2 @see Figs. 1~b! and 2~a!#,
but is lower by about two orders of magnitude. The resist
ity of SC2 is even lower and it exhibits clearly a dip asso
ated with theTc . Both traces show a steep upturn at te
peratures below 50 K. For SC1, between 50 and 100 K, th
is a slight hysteresis but the main features were prese
during several cooling-heating cycles; the magnitude of
hysteresis decreased with repeated cycling indicating an
ing process. Temperature-dependent memory effects
single crystal of (La0.4Pr0.6)1.2Sr1.8Mn2O7 were recently
reported.19 The low-temperature and low magnetic-field r
sistivities of that crystal are in the range ofr of our SC1 and
SC2 crystals.

The S(T) traces of the two single crystals differ from
those for the Cr-doped polycrystals in only minor details:
the single crystals, the temperatures of the zero crossing
of the maximum are slightly higher. The traces ofS(T) for

ts,
of

t
for
1-5



th
e

or
ia
o

(

r
it

e

rk
o

e
re
in

of
low
e
r

est

er

c-
de-
e
llel

of
mal

be

n
ak
lly

for

le

f

s,

nts,

K. B. CHASHKA et al. PHYSICAL REVIEW B 65 134441
the two single crystals are almost identical in spite of
difference of more than one order of magnitude betwe
their low-temperature resistivities. It seems that as bef
S(T) probes only the conducting component of the mater
irrespective of the metal/nonmetal ratio or the density
weak links.

Here again the log-log plot ofr(T) shown in the inset of
Fig. 4~a! brings into focus the low-temperature regimeT
,50 K). The solid line in the upper trace~for SC1! repre-
sentsr}T21.38; the negative power index, slightly highe
than 4/3 may be associated with inelastic tunneling w
mainly n52 and some contribution fromn53. The lower
solid line ~for SC2! representsr5(0.210.025T4/3)21; for
this sampleT254.7 K, which is comparable to that for th
Cr-doped polycrystals withy50.2. The similarities between
r(T) of the polycrystals and the single crystals are rema
able and indicate a similar mechanism in both types
samples. The shiny single crystals~which are flat under the
electron microscope! do not contain grain boundaries. Th
weak links that govern their low-temperature resistivity a
probably of intragrain origin. The presence of doma
boundaries would account for the hysteresis.

2. J-E characteristics

Measurements ofI-V characteristics over wide ranges
currents could be carried out only on sample SC1 at
temperatures~the resistivity of SC2 was too low for thes
measurements!. The J-E characteristics are very nonlinea
already at relatively low fields; the values ofEo range be-

FIG. 4. ~a! Temperature dependence of resistivity of two sing
crystals of La1.4Sr1.6Mn1.85Cr0.15O72d , crystal SC1~upper traceL!
and crystal SC2~lower traces). The low-temperature portions o
r(T) are replotted in the inset on a log-log scale.~b! Temperature
dependence of the absolute thermopower of the two crystals.
13444
e
n
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tween;0.1 V/cm atT510 K to ;0.4 V/cm at 40 K, that
is, more than two orders of magnitude lower than the low
values ofEo obtained for our polycrystals@see Fig. 3~c!#. DJ
vs E obtained for SC1 during its first cooling cycle, and aft
several cooling-heating cycles are plotted in Figs. 5~a! and
5~b!, respectively. The results for the virgin sample@Fig.
5~a!# are simpler; the trace for 11.5 K exhibits a weak infle
tion at low fields and straightens up for the upper three
cades ofDJ while that for 30 K is a straight line over mor
than 5 decades. At high fields the straight lines are para
with slopes that are close to the theoretical value forn52
~i.e., a;7/3). AboveE;5 V/cm theI-V characteristics for
the virgin sample became erratic, although on the scale
milliseconds the pulses remained flat. After repeated ther
cycling the erratic response disappeared; this seems to
related to the decay of the hysteresis inr(T). This erratic
behavior reflects the fragility of the WLs network in virgi
single crystals; each high-current pulse can make and bre20

part of the conduction paths. Reproducibility is eventua
achieved upon aging.

The main feature of the graphs in Fig. 5~b! is an inflection
between the two regimes; at low fieldsa decreases from 3.1
at 10 K to 2.6 at 40 K, at high fields it decreases from 2.1

FIG. 5. DJ(E) of single crystal SC1 at various temperature
during first cooling~a!, and after several cooling-heating cycles~b!.
Empty and full symbols represent dc and pulsed measureme
respectively.
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10 K to 1.6 for 40 K. This behavior may be modeled in term
of the equivalent circuit in Fig. 2~b! that represents two type
of WLs connected in series. At low fields the WLs with th
highest resistances are probed. AsE increases these are sho
circuited by their field-activated inelastic tunneling, a
other type~s! of WLs now dominate theI-V characteristic.
The low value ofa at the upper limit of the trace for 40 K
indicates that at this temperature the transition from one t
to other type~s! of WLs is far from being completed, even a
the highest fields. We assume that the network of WLs in
single crystal consists of planar defects, such as dom
boundaries. The presence of a domain structure
visualized21 in the magneto-optical image of a single crys
of composition close to ours (La1.36Sr1.64Mn2O7). In poly-
crystalline manganites, the linear and nonlinear conduct
ties are probably governed by both intergrain and intragr
WLs, while in single crystals only by the latter. Irrespecti
of their origin, the behavior of the WLs is well explained b
the GM model.

IV. SUMMARY

We reported here a systematic study of linear and non
ear transport properties of ferromagnetic, polycrystall
La1.2Sr1.8Mn22yCryO7 (y50, 0.1, 0.15, 0.2, and 0.25! in
which low-T magnetization and resistivity are controlled b
the Cr content. Linear transport measurements were ca
out also on two weakly insulating single crystals
La1.4Sr1.6Mn2O72d ; pulsed I-V characteristics were mea
sured only on the more resistive one. The results obtai
from the measurements on the polycrystals as well as on
single crystals are consistent with the model of electro
s,

iz

R

v

.
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transport along percolating paths embedded in an insula
matrix, with the percolating paths disrupted by~intergrain
and intragrain! weak links. Analysis of the temperature d
pendence of resistivity andI-V characteristics indicates tha
the linear and nonlinear conductivities in both types
weakly insulating media are governed by inelastic tunnel
through weak links, in accordance with the model
Glazman and Matveev7 for inelastic, multistep tunneling
across an amorphous thin film. The values of the param
a in DJ(5J2sE)}E a, obtained here for bilayered manga
nites, are practically identical with those found for the qu
sicubic La0.7Sr0.3Mn12yFeyO3 ~Ref. 5!, in further support of
our earlier conclusion that the model for a single weak li
may be extended to a network of weak links, irrespective
the dimensionality of the system. In the polycrystalline la
ered manganites the characteristic field for nonlinear cond
tivity Eo is roughly one order of magnitude higher than in t
quasicubic manganites.5 On the other hand, in the singl
crystalJ(E) becomes nonlinear already at comparatively lo
electric fields. This is probably due to much lower density
weak links in this crystal. The measurements ofr(T) and I-
V characteristics in polycrystals are highly reproducib
while in the single crystalr(T) exhibits hysteresis at lowT
and its I-V characteristic is erratic at fields above 5 V/cm
However, reproducibility is achieved upon aging.
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