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Electric- and magnetic-field-driven nonlinear charge transport and magnetic ordering in epitaxial
films of Pr0.7Ca0.3ÀxSrxMnO3
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Electric- and magnetic-field-dependent resistivity, and magnetization are studied in epitaxial films of
Pr0.7Ca0.32xSrxMnO3 between 4.2 and 300 K. Attention is focused on how the substitution of Sr at the Ca sites
of the parent compound Pr0.7Ca0.3MnO3 affects the electrical and magnetic states of this canonical charge-
ordered~CO! insulator. The resistivity~r! of the parent compound is characterized by a gradual increase on
cooling below 300 until 205 K, where it shows a steplike enhancement. We identify this step as the onset
temperature (TCO) of the CO state. Below 205 K, a well-defined Arrhenius-type of resistivity with activation
energy of 0.13 eV suggests excitation of holes across the CO gap as the mechanism of charge transport in the
parent compound. In the films withx50.03 and 0.07, this band-to-band excitation process gives way to a
Mott-type, spin-dependent hopping transport fromTCO to a crossover temperatureT2 (,TCO). Over a narrow
temperature range belowT2 and a second crossover temperatureT3 , the films show a metallic character
followed by the onset of a second insulating state, which persists down to the lowest temperature of measure-
ment~4.2 K!. In the regime of temperature betweenT2 and 4.2 K, the transport in films withx50.03 and 0.07
is highly nonlinear in electric field, and displays hysteretic and history effects. In this regime of temperature,
the resistivity also shows a large drop on application of a magnetic field. In samples withx>0.1, while the
large magnetoresistance in the vicinity ofT2 and the minimum inr at T3 persist, the transport remains Ohmic.
Our magnetization measurements show the onset of ferromagnetic ordering in the vicinity ofT2 in all Sr-
substituted films. However, forx,0.1, a low value of the field-cooled moment and a spin-glass type of
behavior seen at temperatures belowT3 suggest formation of ferromagnetic clusters whose moment is gradu-
ally blocked with decreasing temperature. We argue that the nonlinear and hysteretic effects seen in samples
with x<0.1 are a result of classical percolation and quantum transport in a topologically inhomogeneous
medium.

DOI: 10.1103/PhysRevB.65.014429 PACS number~s!: 73.50.Jt
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I. INTRODUCTION

The phenomenon of charge ordering~CO! in mixed-
valent manganites at certain fractional values of hole conc
tration has generated much interest in recent years. Wh
real-space ordering of Mn31 and Mn41 ions in the perovskite
La0.5Ca0.5MnO3 was predicted long ago by Goodenough1

the parameters controlling the stability of the CO statevis-à-
vis a charge delocalized ferromagnetic~CDFM! state in these
hole-doped compounds have been identified only recently2–4

The CO state is insulating and may order antiferromagn
cally whereas the CDFM phase is metallic. The sole criter
that decides which of the two states, the CO or CDFM wo
be more stable at a given temperature is the bandwidth o
loneeg electron at the Mn31 site. A higher bandwidth facili-
tated by strong Mn31-O-Mn41 double exchange interactio
favors the CDFM state. If theeg bandwidth is narrow, as
would be the case when the Mn31-O-Mn41 bond angle de-
viates significantly from 180°, the contribution to cryst
bonding due to the kinetic energy of the delocalizedeg elec-
trons is not significant. The system gains much more ene
by undergoing a phase separation where Mn31 and Mn41

ions form two interpenetrating pseudocubic sublattices. E
0163-1829/2001/65~1!/014429~10!/$20.00 65 0144
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tron transfer between the two sublattices is prohibited, a
would destroy the CO state. Thus, the charge ordering
metallicity in these systems are mutually exclusive. The p
nomenological parameter that controls theeg bandwidth is
the average ionic radiuŝr A& of the rare-earth and the diva
lent alkaline-earth ions, which occupy the ‘‘A’’ site in the
AMnO3 manganite unit cell. Generally, for^r A&>1.25 Å, a
CDFM state is more stable, whereas for^r A&<1.22 Å the
system goes to a CO state at lower temperatures. Fo
intermediate value of̂r A&, an incipient charge-ordered sta
is known to form in some half filled systems.5 The CO state
is prone to melting under external perturbation such as str
magnetic fields,6 electric fields,7,8 pressure,9 and high-energy
photon flux.10 The compounds Pr0.7Ca0.3MnO3 and
Pr0.5Ca0.5MnO3 are the two extensively studied charg
ordered manganites.11,12 The average ionic radius in th
former is 1.146 Å. It undergoes a robust CO transition in
temperature region 180–250 K followed by an antiferroma
netic transition at;140 K. At temperatures below 120 K, th
system also develops a ferromagnetic component, which
been attributed to the presence of ferromagnetic cluster
the background matrix of the charge-ordered antiferrom
netic ~AFM! phase. Since at the dopant concentration~x!
©2001 The American Physical Society29-1
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away from some fractional fillings~1
2,

3
8! a long-range or-

dered CO state is generally not possible, one can argue
these ferromagnetic regions are the natural defects of the
state. Recent experiments suggest that the CO state in
Pr0.7Ca0.3MnO3 system is weakened if the ‘‘A’’ site ionic ra-
dius is increased by substitution of Pr and/or Ca by the i
of the larger radius. This is manifested by an increase in
magnetic moment and a sharp drop in resistance on coo
below the ferromagnetic transition even in the absence
any perturbation. Substitution of La at Pr and Sr at Ca s
has been tried.13–17 Raveau, Maignan, and Caignaert13 have
shown that in ceramic samples of Pr0.7(Ca12xSrx)0.3MnO3,
an insulator-to-metal transition occurs atx.0.05. Lees and
co-workers14 have studied the magnetic phase diagram
Pr0.6(Ca12xSrx)0.4MnO3 ceramic samples. A crossover fro
the CO to the CDFM state in this case occurs in samp
with x>0.25. A transport and neutron-diffraction study
Yoshizawaet al.9,15 on charge and spin ordering in singl
crystal samples of Pr0.65(Ca12xSrx)0.35MnO3 shows that for
x50.3 the charge and orbital ordering appear below 200
as in crystals withx.0.3, but collapse into the metallic sta
below 100 K. Interestingly, these authors see a similar ef
when hydrostatic pressure is applied on Pr0.65Ca0.35MnO3
~PCMO! instead of substitution of Sr at the Ca sites. Clea
theeg bandwidth seems to play a significant role in decidi
the electric and magnetic ground states of the system.

It is important to point out here that a transition to t
metallic phase, as detected by resistivity measurements,
not imply a complete conversion of the CO state to
CDFM state. For example, while the resistivity shows
orders-of-magnitude drop, the magnetization does not
cover the full value that one would get from counting t
Mn31 and Mn41 spins. These observations suggest that
Sr substitution increases the relative abundance of the fe
magnetic clusters seen in the canonical system PCMO,
the metal-insulator transition is a consequence of percola
through these clusters. Measurements of resistivity and m
netization in the (La12xPrx)0.7Ca0.3MnO3 family of
manganites16,17 also suggest a competition for stability b
tween the CO and the CDFM states at low temperatures.
fact that the relative concentrations of the CO and CDF
phases can be varied by applying magnetic field, in addi
to changing the La or Sr concentration, make these c
pounds interesting systems to study percolative transpor

The objective of this paper is to develop an understand
of the topological inhomogenities and the frustrated grou
state of the Sr-substituted compounds through measurem
of electron transport in the presence of strong electric
magnetic fields. We have carried out these measuremen
a series of Pr0.7Ca0.32xSrxMnO3 epitaxial films deposited on
single-crystal substrates of LaAlO3 and SrTiO3. Our mea-
surements show that the CO state in Pr0.7Ca0.3MnO3 films is
established at;205 K. The resistivity in this state is the
mally activated, indicating a well-defined energy gap
;0.26 eV. Unlike the case of single crystals, the CO state
films does not show any signs of melting in the electric fie
~E! and magnetic field~B! as high as 23104 V/cm and 4 T,
respectively. The CO state becomes progressively unst
on substitution of Ca by Sr. While the broad features of
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magnetoresistancer(B,T) and magnetizationM (T) of our
Sr-substituted films are comparable to those of bulk crys
and ceramic samples, this study of electric-field effects
conjunction with measurements ofr(B,T) andM (T) reveal
many interesting aspects of charge transport in a tempera
regime where the system shows magnetic ordering.
samples withx>0.1, the CO-insulating state gives way
metallic conduction over a range of temperatures wh
width is accentuated by the strength of theE and B fields,
and by the concentrationx. At the lowest temperature, how
ever, the resistivity of these samples again becomes ins
torlike. We have performed detailed measurements of
current-voltage characteristics of the samples withx,0.1 in
the metallic and the low-temperature insulating regim
From the hysteretic and history-dependent resistivity see
these regimes and from the behavior of field-cooled~FC! and
zero-field-cooled~ZFC! magnetization, we build a picture o
electron transport, which has elements of classical perc
tion and electric-field-dependent tunneling effects in a to
logically inhomogeneous medium.

II. EXPERIMENTAL DETAILS

Pr0.7Ca0.32xSrxMnO3 films were deposited on~001! cut
and optically polished substrates of SrTiO3 ~STO! and
LaAlO3 ~LAO! using pulsed laser deposition. A KrF excim
laser~248 nm, Lumonics Model No. 842! beam was focused
on a rotating 2-cm diameter target of stoichiometric comp
sition to yield an energy density of;3 J/cm2. Highly dense
ablation targets were prepared through the standard cer
route using 99.9% pure CaCO3, SrCO3, Pr6O11, and Mn2O3
as starting materials.18–20 Film deposition was carried out a
800 °C in 400 mTorr pressure of oxygen. After completion
film deposition, the ablation chamber was back-filled with2
to atmospheric pressure, and the sample was cooled to r
temperature at the rate of;5 °C/min. The crystallographic
structure of the films was examined in au-v diffractometer
using theu-2u diffraction mode. The film stoichiometry wa
checked with Rutherford backscattering~RBS! of 1.6-MeVa
particles, and also with electron probe microanalysis
some typical samples. Results of both these measurem
were in agreement to within62% of the target composition
The RBS technique was also used to ascertain the film th
ness, which was in the range of 3500 to 4000 Å for all t
compositions reported here. X-ray-diffraction patterns
these films showed an exclusivec-axis-oriented growth on
the ~001! plane of STO and LAO substrates. Since the~001!
reflections of the films nearly superimpose the~001! reflec-
tions of the substrate, a careful study of the lattice-param
variation with the Sr concentration could not be carried o

For electrical measurements, larger area silver pads w
evaporated on 2.538 mm2 films through a shadow mask
The silver-coated films were subsequently annealed
400 °C in flowing oxygen. This is a standard procedure u
to lower the contact resistance in oxides such as highTc
cuprates and manganites. Resistivity measurements were
ried out in a liquid-helium cryostat equipped with a 4-T s
perconducting solenoid. For measurements ofI -V curves
and the cyclic behavior of resistivity in zero field, we ha
9-2
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ELECTRIC- AND MAGNETIC-FIELD-DRIVEN . . . PHYSICAL REVIEW B65 014429
used a closed-cycle helium refrigerator, which goes down
;20 K. Both two-probe and four-probe methods have be
used for resistivity measurements in the constant-voltag
well as constant-current modes. In the first case, a fixed
variable voltage was applied across the sample, and the
rent flow was monitored by measuring the voltage dr
across a metal film resistor. The constant-current mode m
surements of magnetoresistance were carried out using a
cision dc current source and a nanovoltmeter. The magn
zation data was obtained in a Quantum Des
superconducting quantum interference device magnetom

III. RESULTS

We first present the results of resistivity measurement
zero magnetic field over the temperature range 20–30
~Fig. 1!. The standard four-probe method of resistance m
surements could not be used in Sr-deficient films due to t
high resistance and the limited input impedance~10 GV! of
our voltmeter. We have measured the resistivity of
samples withx50.0, 0.03, and 0.07 using the constan
voltage method. In order to avoid heating of the sample
higher temperatures where their resistance is quite smal
order-of-magnitude smaller voltage was used in these m
surements. For the sample withx50.1, the data were take
in the constant-current mode. In all the samples, the resis
ity first increases on cooling below room temperature. A d
tinct shoulder in the resistivity of the samples withx50 and
0.03, as marked by arrows in the figure, corresponds to
onset of the charge-ordered state (TCO). Below TCO, the re-
sistivity of the sample withx50 increases rapidly and be
comes higher than what could be measured with our se
But asx increases, the resistivity at the lowest temperat
drops. Its temperature dependence is also strikingly differ
In the Sr-substituted samples, the resistivity on cooling fi
reaches a peak value followed by a local minimum and

FIG. 1. Electrical resistivity of four Pr0.7Ca0.32xSrxMnO3 films
with Sr concentrationsx50, 0.03, 0.07, and 0.1, plotted as a fun
tion of temperature over the range 20–220 K. Notations CV and
denote constant voltage and constant current, respectively. Ar
in the figure indicate the onset of charge ordering. The zero-fi
resistivity of a film of the end member Pr0.7Sr0.3MnO3 is shown in
the inset.
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nally an increase at the lowest temperatures. This pea
much more prominent in samples withx50.1. For the sake
of comparison, in the inset of Fig. 1 we show ther vs T data
for a film with x50.3. The bell-shaped resistivity curve wit
a peak at;230 K seen here is typical of a double exchan
ferromagnetic manganite.

In the bulk samples of the end member Pr0.7Sr0.3MnO3,
the peak in resistivity corresponds to the onset of the fe
magnetic state. The temperature of the peakTp in ceramic
samples is;240 K.11 In the case of films, however, theTp is
highly sensitive to the deposition conditions and the deg
of lattice match between the film and the substrate. ATp of
as low as;130 K has been reported in Pr0.7Sr0.3MnO3 films
deposited on a SrTiO3 substrate.21 A high Tp in our case
suggests that these films are relatively stress-free and hav
oxygen stoichiometry close to the bulk value. The rapid r
of resistivity on decreasing the temperature untilT;Tp in-
dicates the dominance of thermally activated transport. I
sample where the charge ordering is robust and a clear
nature ofTCO is seen in ther vs T data, one would expect th
transport belowTCO to be due to carrier excitation across th
charge-ordering gap. The resistivity of the Sr-free sam
indeed shows an Arrhenius type of thermally activated c
duction belowTCO @Fig. 2~a!#. The energy gap determine
from this measurement is;0.26 eV. Spectroscopic measur
ments of the CO gap in manganites yield a value of the sa
order of magnitude.22,23However, significant deviations from
the Arrhenius type of behavior are seen with increasingx. In
fact, for the films withx50.03 and 0.07, the resistivity be
low TCO is in much better agreement with the Mott variabl
range-hopping~VRH! formula.24 The VRH transport leads to
a resistivity of the typer(T)5r0 exp@(T0 /T)1/4#, wherer0 is
a preexponential factor andT0 is related to the density o
states at the Fermi levelN(EF) through the relationkBT0

C
ws
ld FIG. 2. Arrhenius plots of the resistivity of the films withx
50.0, 0.03, and 0.07 are shown in~a!. The solid line in the figure is
the Arrhenius fit to the resistivity of the Sr-free film. The same d
are plotted as a function of (1/T)1/4 in ~b!, and the solid line are fits
to the variable-range-hopping formula.
9-3
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518a3/N(EF). The solid lines in the figure are fits to th
phonon-assisted-tunneling process. From these fits one
calculate the localization length (a51/a). The values of
kBT0 for the samples withx50.03 and 0.07 are 84 439 an
31 397 eV, respectively. The density of states atEF calcu-
lated from the coefficient of the linear term~g! in the specific
heat of the compound Pr0.6~Ca0.75Sr0.25!0.4MnO3, which is
4.72 mJ mol21K22,14 comes out to be ;3.5
31028eV21m23. This leads to a localization length of 0.02
nm for the sample withx50.07. This is a rather unphysica
value considering the fact that the localization length sho
be at least of the order of the Mn-O bond length. Two fact
can lead to a gross discrepancy in the estimation of ‘‘a’’ from
the specific-heat data in these systems. It has been show
Smolyaninova et al.25 that a g term as large as 30
mJ mol21K22 can exist in the charge-ordered insulat
Pr0.7Ca0.3MnO3 in which one does not expect any density
states at theEF . The source of a largeg here is the spin and
charge disorder and resulting two-level states seen in cla
spin-glass systems. Clearly, these contributions tog would
result in an overestimation ofN(EF) and a much smalle
localization length.

In this analysis of thermally activated conduction, w
have also not taken into consideration the relative orienta
of the manganese 3d spins at the site from which the elec
tron leaves and the site to which it goes. A parallel orien
tion of spins at these sites strongly favors the hopping p
cess. Consideration of this effect renormalizes the densit
state at the Fermi energy.26 Application of a magnetic field
promotes parallel spin orientation at the hopping sites,
thus, the effective density of states for tunneling.

A. Electric-field effects

In a single crystal of the charge-ordered mangan
Pr0.7Ca0.3MnO3, Asamitzu, Tomioka, and Tokura7 observed a
highly electric-field-dependent conductivity above a thre
old field of ;103 V/cm at temperatures below the Ne´el tem-
perature (TN;170 K). These authors attributed this effect
electric-field-induced melting of the CO state and the en
ing metallic conduction. We have measured the electrical
sistivity of the pure and Sr-substituted PCMO films as
function of temperature at several values of electric fie
Unlike the case of single crystals, which show a conductiv
jump in the AFM state atE>103 V/cm, the Pr0.7Ca0.3MnO3
film remains highly insulating belowT;80 K at fields as
high as 23104 V/cm. We believe that unlike the case o
crystals, the persistence of the high-resistivity state in th
films is due to a substrate-induced strain, which may pin
CO state. Some thick films of this compound, when annea
at T.900 °C did switch to a low-resistivity state at hig
voltages. But the behavior was sample dependent.

The resistivity of the sample with 0.03 Sr per formula u
is, however, highly sensitive to electric field in the region
temperature below 85 K. In Fig. 3, we show the resistivity
a Pr0.7Ca0.27Sr0.03MnO3 film on ~100! SrTiO3 measured in the
constant-voltage mode as a function of increasing temp
ture. Two distinct regimes of behavior can be identified in
data taken at the lowest electric field. Between 25 K andT2 ,
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the resistivity shows a slow drop with temperature, follow
by a marked thermally activated conduction betweenT2 and
TCO. When the electric field is increased by a factor of 2
considerably lower value ofr is seen at 25 K. The resistivity
drops with temperature until a minimum is reached atT3 ,
and then a metal-like behavior follows over a small range
temperatures. Measurements at the next-higher field s
that the metal-like regime is wider and the resistance atT3 is
considerably lower. At temperatures above;100 K, the be-
havior of r at all fields is similar. This pronounced effect o
electric field on the resistivity of these manganite thin film
diminishes as the Sr concentration is increased. To illust
this point, in the inset of Fig. 3 we show the resistivity of th
film with Sr50.07. Here the drop in resistance atT3 on
increasing the field to 18 kV/cm is only by a factor of 2.3
compared to the three orders-of-magnitude drop seen in
case of the film withx50.03. For the sample withx50.1,
the resistivity remains perfectly Ohmic throughout the te
perature range between 25 K and room temperature.
electric-field-dependent resistivity of the samples withx
50.03 and 0.07 is, however, not a monotonic function ofE.
In Fig. 4, we show a series ofI -V curves for the sample with
x50.03 taken at several temperatures. For each of th
measurements, the sample was first cooled in zero ele
field to the desired temperature and then the field w
scanned at a constant rate from zero to a maximum va
followed by a reverse scan to zero field. As evident in t
figure, the sample shows a remarkable switching to a
resistance state when a critical value of the electric field
reached. This is highlighted by the logarithmic scale used
the Y axis in the figure. On field reversal, however, the b
havior is hysteretic with current following Ohm’s law. Sub
sequent field scans at the same temperature and also at h
temperatures do not reveal the hysteresis. The behavio
mains Ohmic in both directions of the field scan. The hig
resistivity state, the off state, is however recovered if
sample is warmed to a temperature aboveTCO. The I -V
curves of the sample withx50.03 show three characteristi

FIG. 3. Electrical resistivity of a Pr0.7Ca0.27Sr0.03MnO3 film
measured in the constant-voltage mode at three values of ele
field. The onset temperature of charge ordering (TCO) and the cross-
over temperaturesT2 and T3 are marked by arrows in the figure
Inset shows the resistivity of the film withx50.07 at three values
of electric field.
9-4
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ELECTRIC- AND MAGNETIC-FIELD-DRIVEN . . . PHYSICAL REVIEW B65 014429
features on increasing the temperatures:~i! the switching
field to the low-resistivity state decreases,~ii ! the area under
the hysteresis shrinks, and~iii ! at temperatures above 85
the behavior is fully reversible. An additional feature of t
data shown in Fig. 4 is the steplike increase in curren
certain values of the electric field. In semiconductor phys
such steps are associated with emptying of the midgap t
by the electric field. In the present case, however, the va
of the electric field at which the steps occur is sample a
history dependent.

The I -V curves of the sample withx50.07 are quite dif-
ferent. While the current in this case also shows a nonlin
increase with the electric field and the behavior is hyster
on field reversal, there are no steps in the response. How
as for the sample withx50.03, theI -V curves atT585 K
and above do not show any hysteresis. The history effec
this sample are also similar. An interesting aspect of the
rent transport in these samples is revealed when we plo
resistivity as a function of the reciprocal of the electric fie
(1/E). The data for the sample withx50.07 are shown in
Fig. 5 for the field-increasing branch of the hysteresis. T
crisscrossing of ther vs 1/E curves taken at different tem
peratures seen in the figure is actually due to the minimum
T;40 K in the resistivity vs temperature curves measured
different field strengths~see inset, Fig. 3!. At 65 and 75 K,
the resistivity is Ohmic atE<103 V/cm whereas at lower
temperatures a clear field-activated behavior is seen ov
large range of electric field. This type of electrical condu
tion has been observed in a variety of materials. For
ample, in granular films consisting of metallic particles in
dielectric host, the low-temperature resistivity below the p
colation threshold varies with field asr5r0 exp@E0 /E#,
wherer0 is the preexponential factor andE0 is related to the
dielectric constant of the insulating matrix and the topolo

FIG. 4. Current-electric-field (I -E) characteristics of the
Pr0.7Ca0.27Sr0.03MnO3 film at 25, 45, 65, and 85 K. Both first an
repeat scans taken at a given temperature are shown~see text for
details!.
01442
t
,

ps
e
d

ar
ic
er,

in
r-
he

e

at
at

a
-
-

-

y

of the metallic channels.27,28 The value ofE0 in our case is
;83103 V/cm, and it is temperature independent. This b
havior is characteristically similar to that of Ni-SiO2 inho-
mogeneous films.27–29At higher temperatures, whenkBT be-
comes comparable to the potential difference between
neighboring grains, thermally activated tunneling domina
over the field-induced process. In this region the conductiv
is Ohmic.

B. Electron transport in the presence of a longitudinal
magnetic field

We have measured the resistivity of our samples over
temperature range 4.2–350 K while a dc magnetic field
strength< 4 T was applied parallel to the direction of curre
through the sample. There is a curious identity between
effects of electric and magnetic fields on the electron tra
port. This is seen in Fig. 6 where we plotr vs T for the

FIG. 5. Resistivity of the Pr0.7Ca0.23Sr0.07MnO3 film at different
temperatures plotted as a function of 1/E. The data emphasize th
exp(E0 /E) dependence of the resistivity at high electric fields.

FIG. 6. Temperature dependence of the resistivity of
Pr0.7Ca0.23Sr0.07MnO3 film measured in the presence of a magne
field. The direction of the field was parallel to the direction
current through the sample. The shaded area between tempera
T2 andT3 in the figure emphasizes the regime of temperature
field over which the sample is metallic.
9-5
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BUDHANI, PANDEY, PADHAN, SRIVASTAVA, AND LOBO PHYSICAL REVIEW B 65 014429
sample withx50.07 at several values of the magnetic fie
These are constant-current measurements in which the
tric field was kept below;200 V/cm. Further, the maximum
resistance measured in these experiments is 1% of the i
impedance~10 GV! of the voltmeter. In order to highligh
the drastic effects of a magnetic field on the resistivity, Fig
also shows the zero-field data for the same sample. T
measurement, however, had to be done in the cons
voltage mode (E;4 kV/cm) because of the impedanc
related limitations of the constant-current method. In z
magnetic field, the resistivity of the sample is thermally a
tivated for T.55 K. However, at 2 T this behavior is trun
cated below;130 K and the resistivity shows a platea
down to ;35 K followed by a rapid increase at still lowe
temperatures. At higher fields, we see a further drop in re
tance and the behavior in the range;35–100 K is metal-
like. However, below;35 K a marginally insulating behav
ior persists even at 4 T. Using the convention of Fig. 3,
define the temperature at which metallic conduction set
on cooling asT2 and the temperature of the minimum asT3 .
In the shaded region, between the contours of these two
peratures, the system is metallic. A similar behavior is s
in the resistivity of the sample withx50.03, albeit with a
much narrower metallic region.

On increasingx further to 0.1, the zero-field resistivity a
4.2 K drops by four orders of magnitude as compared to
resistivity of the sample withx50.07. As seen in Fig. 7~a!,
the r vs T curves of this sample at several fields mimic t
behavior of a typical double exchange ferromagnetic man
nite such as La0.7Ca0.3MnO3 ~LCMO! but for the minimum
seen atT3 . The pronounced peak in resistivity occurring
;110 K at zero field shifts to higher temperatures and
height decreases on increasing field strength. This tren

FIG. 7. ~a! The resistivity of the Pr0.7Ca0.2Sr0.1MnO3 film mea-
sured as a function of temperature at several values of mag
field. Panel~b! shows results of similar measurements on the e
member (Pr0.7Sr0.3MnO3). Inset of ~b! shows the ln(1/T) diver-
gence of the resistivity at the lowest temperature.
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identical to the behavior of the resistivity in LCMO near th
Curie temperature. The minimum atT3 seen here appears t
be a terminal manifestation of the process, which leads to
marked insulating behavior belowT3 in samples withx
50.03 and 0.07. However, unlike the samples with the les
amount of Sr, the response of the system in this case rem
Ohmic at T,T3 . Interestingly, even the films of the en
member (Pr0.7Sr0.3MnO3) show a slight upturn in resistivity
at very low temperatures@Fig. 7~b!#. It appears that the ob
served minimum is a compound effect of the closing per
lation channels and localization by impurity disorder in
narrow band. The former process may be relevant in
Ca-rich and the latter in the Sr-rich compounds. We w
discuss this issue further in the subsequent section.

C. Magnetization measurements

Since the charge transport in manganites is intimat
linked with their magnetic state, for any discussion on el
tron transport it is imperative to have a knowledge of t
magnetic correlations in these materials. We have carried
zero-field-cooled~ZFC! and field-cooled~FC! magnetization
measurements on our samples at several values of the
plied magnetic field. In Fig. 8~a! we show the ZFC magne
tization as a function of temperature of a film withx
50.07. The FC magnetization of the same film is shown
Fig. 8~b!. At the lowest field~100 G!, the ZFC magnetization
first increases rapidly and then slowly with temperature u
a peak value is reached at;80 K. Between 80 and 100 K
the ZFC magnetization shows a rapid drop, and above
K, the magnetization is very small. We identify these te
peratures asTm3 andTm2 , respectively. The FC magnetiza

tic
d

FIG. 8. ~a! Zero-field-cooled and~b! field-cooled magnetization
of a Pr0.7Ca0.27Sr0.03MnO3 film plotted as a function of temperature
The magnetic fields used in these measurements are 100, 200
500, 750, 1000, 1500, 2000, and 3000 G from the bottom curv
the top curve. The crossover temperaturesTm2 andTm3 are shown
in panel~a!.
9-6
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tion shows a similar rise atTm2 but the FC and ZFC value
do not coincide below a well-defined temperature. The
moment remains high until the lowest temperature of m
surement. This spin-glass type of behavior seen here
arise from ferromagnetic clusters whose moments are gr
ally blocked with decreasing temperature. We tentativ
call it a glassy phase of giant spin molecules. The g
eral features of the FC and ZFC magnetization in fil
with x50 and 0.03 are similar. While it is difficult to calcu
late the absolute moment per Mn site for samples in a th
film geometry, qualitatively, there is a systematic increa
in the value of the FC magnetization atT510 K with x, and
the irreversible magnetizationM irr(10 K)5MFC(10 K)
2MZFC(10 K) decreases with increasingx. In films with x
50.1, the moment at the lowest temperature is consider
higher as seen in typical ZFC and FC curves taken at 300
field ~Fig. 9!. However, the drop in the ZFC moment atT
,Tm3 is still present in this case. In the inset of Fig. 9 we p
the variation ofTm3 for the samples withx50.07 and 0.1. In
the sample withx50.15, while Tm2 is pushed to much
higher temperatures, there is no evidence of a crossover
peratureTm3 below which the ZFC magnetization drop
Clearly, the glassy behavior in magnetization is confined
x,0.1.

IV. DISCUSSION

The electron transport in the canonical charge-orde
manganite PCMO is controlled by excitations across
charge-order gap and the short- and long-range ferrom
netic correlations. Neutron-scattering studies11,12,30 on this
system clearly indicate the onset of a ferromagnetic mom
at T;120 K in the charge-ordered antiferromagnetic ba
ground. While this ferromagnetic component can be ascri
either to nucleation of a ferromagnetic clusters phase in
AFM background or to a noncollinear magnetic structu
local probes30–32seem to suggest that the former is perhap
better description for the ferromagnetic component. T
insulator-to-metal transition driven by irradiation with

FIG. 9. FC and ZFC magnetization of a Pr0.7Ca0.2Sr0.1MnO3 film
measured as a function of temperature at a 3000-G field. I
shows the variation of the crossover temperatureT3m ~as defined in
the text! with field for two samples withx50.07 and 0.1.
01442
C
-

an
u-
y
-

s

-
e

ly
G

t

m-

o

d
e
g-

nt
-
d
e
,
a
e

rays,33 electrons,34 and short pulses of photons10 further sug-
gests nucleation, growth, and coalescence of such clus
islands under these perturbations. Optical reflectivity m
surements also show how metal-like channels develop
Pr0.7Ca0.3MnO3 on simultaneous application of dc electr
and photon fields.35 In the following section we apply the
concept of preexisting ferromagnetic clusters/islands, wh
are metallic, to discuss electron transport in our films. Fr
our magnetization measurements we infer that the rela
abundance of such clusters increases withx, and at suffi-
ciently high values ofx ~.0.15!, a fully ferromagnetic state
develops. However, here it is important to point out that
substrate-induced stresses in thin-film samples may cha
to some degree, the Sr concentration above which the CD
state is stable. Millis, Darling, and Migliori36 have argued
that the lattice strain affects the CDFM state in two wa
While a uniform compression may reduce the electron-lat
coupling, a biaxial strain will increase the tendency for l
calization. The strain effects are pronounced in ultrat
films of manganites deposited on substrates where the la
mismatch is large, such as LAO.37 The lattice strain is, how-
ever, released as the film thickness becomes larger. We
pect the effects of strain to be minimal in these relative
thick films.

Electron transport, superconductivity, and magnetism
inhomogeneous media consisting of metal particles in a
electric host lattice have been discussed within the fram
work of classical percolation models, and also quantum m
chanically taking into account electron tunnelin
localization, and quantization of electronic levels in the m
croscopic particle/clusters.27,38,39The different energies tha
control electronic motion from cluster to cluster and lead
the flow of a macroscopic current through a microscopica
inhomogeneous sample are the following:~i! The magnetic
coupling energy. If the bulk magnetization vectors of t
two neighboring clustersi andj areM i andM j , respectively,
the energy barrier for electron transfer between them can
written as U(u i j )5U0(12cosuij), where u i j is the angle
between the two moments. This barrier is maximum wh
the moments are antiparallel.~ii ! Electrostatic charging ener
gy. The metallic clusters embedded in an insulating h
have a capacitance, which depends on the size and sha
the clusters, and also, on the effective dielectric constan
the medium. If an extra electron or hole is to be placed o
cluster, it is necessary to provide the energy of the elec
static field associated with the extra charge carrier. T
charging energyEc is ;e2/(Kd), whereK is the dielectric
constant of the medium, andd the diameter of the cluster
~iii ! Quantization effects. Finally, for a microscopic meta
lic particle one must consider the discreteness in the ot
wise continuum of states nearEF because of the particle-in
a-box-like situation. The spacing between the metal-like s
is given as27

d58EF /pd3n, ~1!

whereEF is the Fermi energy andn the number of conduc-
tion electrons per unit volume of the metallic phase. In a
dition, one more energy scale that enters the picture is

et
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width of each of these states due to a finite lifetimetL of a
hole/electron in a given cluster before it tunnels into a nei
boring cluster.

If we neglect the magnetic part of the interaction for
moment, then the problem can be mapped onto the prob
of electron transport in granular films of nonmagnetic meta
Two regimes of behavior can be identified in such films.27 ~i!
A low-voltage–high-temperature regime, such that the b
ing energy (eDV) across the clusters is much smaller th
the charging energyEc , andKBT>d. This leads to a ther-
mally activated resistivity of the form

r5r0 exp@2A~C/KBT!# ~2!

where C and r0 are constants.~ii ! A high-voltage–low-
temperature regime, in which case a carrier is injected o
the Coulomb gap that opens up in the tunneling density
states due to charging. However, ifKBT!d, andeDV!d,
an injected hole may not find an energy level of match
energy in the neighboring cluster. The charge transfer is t
possible only via emission or absorption of a phonon. O
mization of these three processes and their dependenc
the cluster size make the conductivity a scale-depend
quantity.

At low temperatures wheneDV!d, the field-dependen
resistivity can be written as

r5r` exp@E0 /E#, ~3!

wherer` is a temperature-dependent preexponent,E the ap-
plied electric field, andE0 a constant related to the electr
static barrier.

The above model of electron transport needs to be
tended in order to be applicable to magnetically inhomo
neous charge-ordered manganites. The following points n
to be considered:~i! in zero magnetic field, tunneling wil
take place only between those grains whose moments
nearly parallel.~ii ! The external magnetic field will align th
random moments and an increase in the tunneling sites
result. The external magnetic field may also increase
number and size of ferromagnetic clusters.~iii ! The role of
electric field is also to increase the number of tunneling si
This fact is already incorporated in Eq.~3!, and the sharp
drop in resistance with increasing fields as seen in Fig.
consistent with this picture. However, while this scena
successfully explains the initial drop in resistance, a me
like conduction as seen between temperaturesT2 and T3
~Fig. 3! will not result unless the metallic clusters coales
and open a conducting channel across the sample. The
tence of such channels is seen in the reflectivity data
PCMO.35 A logical picture for conduction, albeit needin
some mathematical rigor to strengthen it, is the followin
The thinnest sections of the CO-insulating matrix betwe
closely spaced metallic clusters are melted by the for
transport of holes between the clusters. The melted links
ferromagnetic and metallic. The metallic channel presuma
remains open when the electric field is brought back to ze
and this results in Ohmic resistivity as seen in the reve
branch of theI -V curves~Fig. 4!. In order to reestablish the
CO state, the sample needs to be warmed to a temper
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aboveTCO. This process of opening the metallic ferroma
netic channels has elements of self-organization and criti
ity as evident from the steps in theI -V curves.

The disappearance of metallic transport atT.T2 is linked
intimately with the disappearance of ferromagnetic ord
Magnetization measurements on these samples show aTc of
80 K atx50. TheTc increases withx. The resistivity data of
Figs. 3 and 6 strongly suggest that aboveTc , the charge
ordering is reestablished in the clusters and the resisti
smoothly joins ther vs T curves taken in the absence of
magnetic field and at lower values of the electric field.

The temperature dependence of electrical conduction
samples withx50.1 and 1.0@Figs. 7~a! and 7~b!# is charac-
terized by thermally activated conduction on cooling belo
350 K until a temperature where long-range ferromagne
order develops in the system. A switchover in conduction
a metallic behavior results in a peak in the resistivity. In t
regime of temperatures near the peak, we see a large n
tive magnetoresistance. These features are typical of a fe
magnetic manganite although the absolute value of resisti
is much larger for the sample withx50.1. The behavior of
resistivity in the paramagnetic state has been discusse
length in recent years.40–42In one picture, the self-trappedeg
electron forms a magnetically dressed lattice polaron, wh
conducts via hopping. The insulating behavior may also
sult due to localization of theeg electron in a random spin
dependent potential. Both of these formalisms lead to a
sistivity that follows the Mott variable range hopping for
three-dimensional disordered system. Coeyet al.42 have ar-
gued that the spin-polarized nature of theeg electrons makes
them susceptible to trapping in ferromagnetic regions wh
the overall magnetic order deviates from perfect collinear
This results in a steep increase in resistivity on approach
Tc . Such ferromagnetically ordered regions have been ch
tened as giant spin molecules. The behavior of resistivity
the ferromagnetic metallic and paramagnetic insulat
phases agrees quantitatively with this model.

The issue of much more interest here is the minimum
the resistivity seen in Figs. 6, 7~a!, and the inset of 7~b!.
While this feature is generally observed in epitaxial films
some metallic manganites,43 its origin has hardly been dis
cussed. A similar feature is also seen in marginally dop
lanthanum vanadates,44 hole-doped La2CuO4,

45 and the mag-
netic pyrochlores.46 In the following section we discuss thi
issue and raise some questions with the hope that it
generate further interest in understanding the resisti
minima. One explanation that is plausible at least for
compounds withx50.1 is based on the concept of magne
granularing, which we used to explain the minimum in t
sample withx,0.1. One could argue that in the sample w
x50.1 there is still some vestige of the insulating phase
tween the ferromagnetic clusters. The tunneling density
states will have a gap of the order of the charging energy
the clusters. Since the cluster size is now quite large,Ec is
insignificant compared toKBT at the higher temperatures
This would result in metallic conduction at higher tempe
tures. But at sufficiently low temperatures, holes must
transferred between the clusters by the phonon-assis
tunneling processes. As the phonon population density g
9-8
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ELECTRIC- AND MAGNETIC-FIELD-DRIVEN . . . PHYSICAL REVIEW B65 014429
down, the resistivity increases. However, the idea of hav
an insulating shell all around the ferromagnetic grains d
not apply in the case of the end member Pr0.7Sr0.3MnO3,
which does not charge order. A scenario where holes
between the giant spin molecules would also not lead t
low-temperature insulating behavior because the barrier
hopping, ;UH(12cosf), decreases with temperature. A
acceptable explanation perhaps lies in the random pote
fluctuations due to Pr31 and Sr21 ion cores experienced b
theeg electrons, which may lead to weak localization.47 The
resistivity below the minimum indeed shows a ln(1/T) diver-
gence characteristic of weak localization. A rigorous tre
ment of this effect, however, requires measurement of re
tivity to still lower temperatures and estimation of Coulom
interactions between the carriers,48 which also lead to an
upturn in the resistivity at low temperatures.

V. SUMMARY

The primary objective of this paper was to study the no
linear electrical transport and the electric-field-driv
insulator-to-metal transition in Pr0.7Ca0.32xSrxMnO3 manga-
nites, where the relative concentrations of Ca and Sr con
the bandwidth of theeg electrons. Our studies have bee
performed on epitaxial thin-film samples because of the
herent ease a film geometry offers in studies of high elect
field effects at moderately low applied voltages. Ourin situ
grown epitaxial films of the parent compound PCMO swit
from a paramagnetic insulating state to a charge-ordered
sulating state on cooling through;205 K. In the CO state
the resistivity of these films is thermally activated.
uniquely defined activation energy for transport over a bro
temperature range below;205 K suggests the opening of
gap in the CO state. As in the case of ceramic and b
single-crystal samples, these films also show the onset
weak ferromagnetic ordering atT;80 K. However, unlike
the case of the crystals where the Co state melts on app
tion of an electric field;13103 V/cm the CO state in the
films remains robust in electric field as high as
3104 V/cm.
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The charge transport becomes progressively susceptib
electric and magnetic fields on substitution of Ca by Sr.
samples withx,0.1, the CO state becomes metallic over
temperature range whose width is accentuated by
strengths of theE andB fields, and by the concentrationx. At
the lowest temperature, however, the resistivity of the
samples again becomes insulatorlike. We observe a cor
tion between the upper (T2) and lower (T3) temperatures,
which bound the metallic regime, and the temperaturesT2m
and T3m , which characterize the onset and blocking te
peratures of the ferromagnetic moment, respectively. M
surements of current-voltage characteristics in this temp
ture regime reveal a highly nonlinear, hysteretic and histo
dependent transport. Fascinating current switching effects
which the resistance drops by;six orders of magnitude, are
also seen in this regime in samples with 0.03 Sr. Samp
with x>0.1 show Ohmic transport over the entire tempe
ture range. These samples are metallic below the Curie t
perature, albeit for a logarithmic divergence of the resistiv
at the lowest temperature. From the measurements ofI -V
curves, resistivity, and FC and ZFC magnetization, we in
that the samples withx,0.1 are microscopically inhomoge
neous, consisting of ferromagnetic metallic clusters in
charge-ordered insulating matrix. The transport in such in
mogeneous systems has elements of classical percolation
electric-field-induced tunneling.
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