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Electric- and magnetic-field-dependent resistivity, and magnetization are studied in epitaxial films of
PryCa 3 ,SLMnO; between 4.2 and 300 K. Attention is focused on how the substitution of Sr at the Ca sites
of the parent compound P¥Ca sMnO; affects the electrical and magnetic states of this canonical charge-
ordered(CO) insulator. The resistivity(p) 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 with=0.03 and 0.07, this band-to-band excitation process gives way to a
Mott-type, spin-dependent hopping transport frégy to a crossover temperatufg (<Tcg). Over a narrow
temperature range beloWw, and a second crossover temperatlise 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 betweEnand 4.2 K, the transport in films witk=0.03 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 sampleg=@H., while the
large magnetoresistance in the vicinityTof and the minimum irp at T persist, the transport remains Ohmic.

Our magnetization measurements show the onset of ferromagnetic ordering in the vicifigyirofall Sr-
substituted films. However, fox<<0.1, a low value of the field-cooled moment and a spin-glass type of
behavior seen at temperatures beldysuggest 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.
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[. INTRODUCTION tron transfer between the two sublattices is prohibited, as it
would destroy the CO state. Thus, the charge ordering and
The phenomenon of charge orderit@O) in mixed-  metallicity in these systems are mutually exclusive. The phe-
valent manganites at certain fractional values of hole concemomenological parameter that controls tebandwidth is
tration has generated much interest in recent years. While the average ionic radiug ) of the rare-earth and the diva-
real-space ordering of M and Mrf* ions in the perovskite lent alkaline-earth ions, which occupy the\* site in the
Lag <CaysMnO; was predicted long ago by Goodenoudgh, AMnO,; manganite unit cell. Generally, fdr,)=1.25A, a
the parameters controlling the stability of the CO statea ~ CDFM state is more stable, whereas fo)<1.22 A the
vis a charge delocalized ferromagne@DFM) state in these system goes to a CO state at lower temperatures. For an
hole-doped compounds have been identified only recémtly. intermediate value ofr o), an incipient charge-ordered state
The CO state is insulating and may order antiferromagnetiis known to form in some half filled system&he CO state
cally whereas the CDFM phase is metallic. The sole criterioris prone to melting under external perturbation such as strong
that decides which of the two states, the CO or CDFM wouldmagnetic field$, electric fields’® pressuré,and high-energy
be more stable at a given temperature is the bandwidth of thehoton flux!® The compounds RrCaMNO; and
lone e, electron at the MA" site. A higher bandwidth facili-  Pr, <CagMnO; are the two extensively studied charge-
tated by strong M#-O-Mn** double exchange interaction ordered manganité$:'? The average ionic radius in the
favors the CDFM state. If they bandwidth is narrow, as former is 1.146 A. It undergoes a robust CO transition in the
would be the case when the BrO-Mn*" bond angle de- temperature region 180—250 K followed by an antiferromag-
viates significantly from 180°, the contribution to crystal netic transition at~-140 K. At temperatures below 120 K, the
bonding due to the kinetic energy of the delocaliegcelec-  system also develops a ferromagnetic component, which has
trons is not significant. The system gains much more energgeen attributed to the presence of ferromagnetic clusters in
by undergoing a phase separation where*Mand Mrf* the background matrix of the charge-ordered antiferromag-
ions form two interpenetrating pseudocubic sublattices. Elecnetic (AFM) phase. Since at the dopant concentratign
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away from some fractional filling$3, ) a long-range or- magnetoresistance(B,T) and magnetizatio (T) of our
dered CO state is generally not possible, one can argue th&r-substituted films are comparable to those of bulk crystals
these ferromagnetic regions are the natural defects of the Cand ceramic samples, this study of electric-field effects in
state. Recent experiments suggest that the CO state in tlg@njunction with measurements p(B,T) andM(T) reveal
Pr, [Ca, ;MnO5 system is weakened if theA” site ionic ra-  many interesting aspects of charge transport in a temperature
dius is increased by substitution of Pr and/or Ca by the iongegime where the system shows magnetic ordering. In
of the larger radius. This is manifested by an increase in thsamples withx=0.1, the CO-insulating state gives way to
magnetic moment and a sharp drop in resistance on coolingietallic conduction over a range of temperatures whose
below the ferromagnetic transition even in the absence oWidth is accentuated by the strength of tBeand B fields,
any perturbation. Substitution of La at Pr and Sr at Ca sitesind by the concentratiox At the lowest temperature, how-
has been tried®'” Raveau, Maignan, and Caigndétave ever, the resistivity of these samples again becomes insula-
shown that in ceramic samples of,RiCa _,Sr,)oMn0O;,  torlike. We have performed detailed measurements of the
an insulator-to-metal transition occurs»at0.05. Lees and current-voltage characteristics of the samples wit0.1 in
co-workers* have studied the magnetic phase diagram othe metallic and the low-temperature insulating regimes.
Pry o(Cay _Sr,) 0.s.MNnO; ceramic samples. A crossover from From the hysteretic and history-dependent resistivity seen in
the CO to the CDFM state in this case occurs in sampleghese regimes and from the behavior of field-code@) and
with x=0.25. A transport and neutron-diffraction study of zero-field-cooledZFC) magnetization, we build a picture of
Yoshizawaet al®!® on charge and spin ordering in single- electron transport, which has elements of classical percola-
crystal samples of BggCay _Sk)o3MnO5 shows that for tion and electric-field-dependent tunneling effects in a topo-
x=0.3 the charge and orbital ordering appear below 200 Kogically inhomogeneous medium.
as in crystals withx>0.3, but collapse into the metallic state
below 100 K. Interestingly, these authors see a similar effect
when hydrostatic pressure is applied ory 2€& 3gMnO4
(PCMO) instead of substitution of Sr at the Ca sites. Clearly, PryCay 3 ,S,MnO; films were deposited 01001 cut
the e, bandwidth seems to play a significant role in decidingand optically polished substrates of Srii@STO) and
the electric and magnetic ground states of the system. LaAlO; (LAO) using pulsed laser deposition. A KrF excimer

It is important to point out here that a transition to the laser(248 nm, Lumonics Model No. 84eam was focused
metallic phase, as detected by resistivity measurements, doea a rotating 2-cm diameter target of stoichiometric compo-
not imply a complete conversion of the CO state to thesition to yield an energy density of3 J/cnf. Highly dense
CDFM state. For example, while the resistivity shows anablation targets were prepared through the standard ceramic
orders-of-magnitude drop, the magnetization does not reroute using 99.9% pure CaGOSIrCQ,, Pr;0O;;, and MpO,
cover the full value that one would get from counting theas starting materiaf€-2° Film deposition was carried out at
Mn®*" and Mrf* spins. These observations suggest that th&00 °C in 400 mTorr pressure of oxygen. After completion of
Sr substitution increases the relative abundance of the ferrdilm deposition, the ablation chamber was back-filled with O
magnetic clusters seen in the canonical system PCMO, artd atmospheric pressure, and the sample was cooled to room
the metal-insulator transition is a consequence of percolatiotemperature at the rate of5°C/min. The crystallographic
through these clusters. Measurements of resistivity and magstructure of the films was examined infaw diffractometer
netization in the (La ,Pr)oCa& MnO; family of  using the#-26 diffraction mode. The film stoichiometry was
manganite®!’ also suggest a competition for stability be- checked with Rutherford backscatterifRBS) of 1.6-MeV «
tween the CO and the CDFM states at low temperatures. Thearticles, and also with electron probe microanalysis on
fact that the relative concentrations of the CO and CDFMsome typical samples. Results of both these measurements
phases can be varied by applying magnetic field, in additionvere in agreement to withir:2% of the target composition.
to changing the La or Sr concentration, make these comfhe RBS technique was also used to ascertain the film thick-
pounds interesting systems to study percolative transport. ness, which was in the range of 3500 to 4000 A for all the

The objective of this paper is to develop an understandingompositions reported here. X-ray-diffraction patterns of
of the topological inhomogenities and the frustrated groundhese films showed an exclusieeaxis-oriented growth on
state of the Sr-substituted compounds through measuremerttse (001) plane of STO and LAO substrates. Since (061
of electron transport in the presence of strong electric andeflections of the films nearly superimpose 10€1) reflec-
magnetic fields. We have carried out these measurements dions of the substrate, a careful study of the lattice-parameter
a series of RyCa 5_,SrMnO; epitaxial films deposited on variation with the Sr concentration could not be carried out.
single-crystal substrates of LaAdGand SrTiQ. Our mea- For electrical measurements, larger area silver pads were
surements show that the CO state ig #¥a, ;MnO; films is  evaporated on 268 mn? films through a shadow mask.
established at-205 K. The resistivity in this state is ther- The silver-coated films were subsequently annealed at
mally activated, indicating a well-defined energy gap of400 °C in flowing oxygen. This is a standard procedure used
~0.26 eV. Unlike the case of single crystals, the CO state ino lower the contact resistance in oxides such as Righ-
films does not show any signs of melting in the electric fieldcuprates and manganites. Resistivity measurements were car-
(E) and magnetic fieldB) as high as X10*V/cm and 4 T,  ried out in a liquid-helium cryostat equipped with a 4-T su-
respectively. The CO state becomes progressively unstabfgerconducting solenoid. For measurementsl-df curves
on substitution of Ca by Sr. While the broad features of theand the cyclic behavior of resistivity in zero field, we have

Il. EXPERIMENTAL DETAILS
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FIG. 1. Electrical resistivity of four BrCa 3 ,Sr,MnO; films = 1o |
v_\nth Sr concentrationg=0, 0.03, 0.07, and 0.1, plot_ted as a func- 028 030 032 034 036
tion of temperature over the range 20—220 K. Notations CV and CC UT™ (K

denote constant voltage and constant current, respectively. Arrows
in the figure indicate the onset of charge ordering. The zero-field FIG. 2. Arrhenius plots of the resistivity of the films with
resistivity of a film of the end member S, ;MnO; is shown in ~ =0.0, 0.03, and 0.07 are shown(&. The solid line in the figure is
the inset. the Arrhenius fit to the resistivity of the Sr-free film. The same data
are plotted as a function of (I)**in (b), and the solid line are fits

used a closed-cycle helium refrigerator, which goes down td° the variable-range-hopping formula.
~20 K. Both two-probe and four-probe methods have been
used for resistivity measurements in the constant-voltage asally an increase at the lowest temperatures. This peak is
well as constant-current modes. In the first case, a fixed amuch more prominent in samples witt+0.1. For the sake
variable voltage was applied across the sample, and the cusf comparison, in the inset of Fig. 1 we show {hes T data
rent flow was monitored by measuring the voltage dropfor a film with x=0.3. The bell-shaped resistivity curve with
across a metal film resistor. The constant-current mode mear peak at~230 K seen here is typical of a double exchange
surements of magnetoresistance were carried out using a prierromagnetic manganite.
cision dc current source and a nanovoltmeter. The magneti- In the bulk samples of the end membeg 81, MnO;,
zation data was obtained in a Quantum Designthe peak in resistivity corresponds to the onset of the ferro-
superconducting quantum interference device magnetometenagnetic state. The temperature of the p&akin ceramic
samples is~240 KM In the case of films, however, ti¥g, is
highly sensitive to the deposition conditions and the degree
of lattice match between the film and the substratd.fof

We first present the results of resistivity measurements is low as~130 K has been reported inf26r, ;MnO; films
zero magnetic field over the temperature range 20—-300 Kleposited on a SrTiPsubstraté A high T, in our case
(Fig. 1). The standard four-probe method of resistance measuggests that these films are relatively stress-free and have an
surements could not be used in Sr-deficient films due to thei@xygen stoichiometry close to the bulk value. The rapid rise
high resistance and the limited input impedaiit@ GQ) of  of resistivity on decreasing the temperature ufitit T, in-
our voltmeter. We have measured the resistivity of thedicates the dominance of thermally activated transport. In a
samples withx=0.0, 0.03, and 0.07 using the constant-sample where the charge ordering is robust and a clear sig-
voltage method. In order to avoid heating of the samples apature ofT g is seen in the vs T data, one would expect the
higher temperatures where their resistance is quite small, @nansport belowl o to be due to carrier excitation across the
order-of-magnitude smaller voltage was used in these meaharge-ordering gap. The resistivity of the Sr-free sample
surements. For the sample witi=0.1, the data were taken indeed shows an Arrhenius type of thermally activated con-
in the constant-current mode. In all the samples, the resistivduction belowT¢q [Fig. 2@)]. The energy gap determined
ity first increases on cooling below room temperature. A disfrom this measurement is0.26 eV. Spectroscopic measure-
tinct shoulder in the resistivity of the samples witlk0 and  ments of the CO gap in manganites yield a value of the same
0.03, as marked by arrows in the figure, corresponds to therder of magnitudé®?*However, significant deviations from
onset of the charge-ordered stafe.). Below Teo, the re-  the Arrhenius type of behavior are seen with increasinig
sistivity of the sample withk=0 increases rapidly and be- fact, for the films withx=0.03 and 0.07, the resistivity be-
comes higher than what could be measured with our setupow Tco is in much better agreement with the Mott variable-
But asx increases, the resistivity at the lowest temperaturgange-hoppingVRH) formula?* The VRH transport leads to
drops. Its temperature dependence is also strikingly differeng resistivity of the type(T)=pq exf (To/T)Y4], wherep, is
In the Sr-substituted samples, the resistivity on cooling firse preexponential factor andl, is related to the density of
reaches a peak value followed by a local minimum and fi-states at the Fermi levé\l(Eg) through the relatiorkgT,

Ill. RESULTS
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=184°/N(Eg). The solid lines in the figure are fits to this 10
phonon-assisted-tunneling process. From these fits one can
calculate the localization lengtha€ 1/«). The values of
kg T, for the samples withx=0.03 and 0.07 are 84439 and 107y
31397 eV, respectively. The density of statesEat calcu-
lated from the coefficient of the linear term) in the specific
heat of the compound RPgCa 7550 259 4MNO3, which is
472 mImol*K 2 comes out to be ~35
x 10%%eV~Im™3, This leads to a localization length of 0.026
nm for the sample witbx=0.07. This is a rather unphysical
value considering the fact that the localization length should . v
be at least of the order of the Mn-O bond length. Two factors 10 T e 200
can lead to a gross discrepancy in the estimationadftfom
the specific-heat data in these systems. It has been shown by
Smolyaninova et al?® that a y term as large as 30  FIG. 3. Electrical resistivity of a BECay 7Sk MnO; film
mJmol 'K 2 can exist in the charge-ordered insulator measured in the constant-voltage mode at three values of electric
Pry Ca sMnO;3 in which one does not expect any density of field. The onset temperature of charge orderifigd) and the cross-
states at th&. . The source of a large here is the spin and over temperature$, and T are marked by arrows in the figure.
charge disorder and resulting two-level states seen in classiaset shows the resistivity of the film with=0.07 at three values
spin-glass systems. Clearly, these contributions/twould  ©f electric field.
result in an overestimation dfi(Eg) and a much smaller
localization length. the resistivity shows a slow drop with temperature, followed

In this analysis of thermally activated conduction, we by a marked thermally activated conduction betw&grand
have also not taken into consideration the relative orientatioff 5. When the electric field is increased by a factor of 2, a
of the manganesed3spins at the site from which the elec- considerably lower value gf is seen at 25 K. The resistivity
tron leaves and the site to which it goes. A parallel orienta-drops with temperature until a minimum is reachedrat
tion of spins at these sites strongly favors the hopping proand then a metal-like behavior follows over a small range of
cess. Consideration of this effect renormalizes the density aemperatures. Measurements at the next-higher field show
state at the Fermi enerd§.Application of a magnetic field that the metal-like regime is wider and the resistancBsds
promotes parallel spin orientation at the hopping sites, andonsiderably lower. At temperatures abov&00 K, the be-
thus, the effective density of states for tunneling. havior of p at all fields is similar. This pronounced effect of
electric field on the resistivity of these manganite thin films
diminishes as the Sr concentration is increased. To illustrate
this point, in the inset of Fig. 3 we show the resistivity of the

In a single crystal of the charge-ordered manganitdilm with Sr=0.07. Here the drop in resistance B} on
Pr, /Cay sMnO;, Asamitzu, Tomioka, and Tokuf@bserved a  increasing the field to 18 kV/cm is only by a factor of 2.3 as
highly electric-field-dependent conductivity above a thresh-compared to the three orders-of-magnitude drop seen in the
old field of ~10% V/cm at temperatures below the &léem-  case of the film withx=0.03. For the sample witk=0.1,
perature Ty~ 170K). These authors attributed this effect to the resistivity remains perfectly Ohmic throughout the tem-
electric-field-induced melting of the CO state and the ensuperature range between 25 K and room temperature. The
ing metallic conduction. We have measured the electrical reelectric-field-dependent resistivity of the samples with
sistivity of the pure and Sr-substituted PCMO films as a=0.03 and 0.07 is, however, not a monotonic functiorEof
function of temperature at several values of electric fieldIn Fig. 4, we show a series ofV curves for the sample with
Unlike the case of single crystals, which show a conductivityx=0.03 taken at several temperatures. For each of these
jump in the AFM state aE=10°V/cm, the P§CasMnO;  measurements, the sample was first cooled in zero electric
film remains highly insulating below ~80K at fields as field to the desired temperature and then the field was
high as 2<10*V/cm. We believe that unlike the case of scanned at a constant rate from zero to a maximum value
crystals, the persistence of the high-resistivity state in thestllowed by a reverse scan to zero field. As evident in the
films is due to a substrate-induced strain, which may pin thdigure, the sample shows a remarkable switching to a low
CO state. Some thick films of this compound, when annealedesistance state when a critical value of the electric field is
at T>900°C did switch to a low-resistivity state at high reached. This is highlighted by the logarithmic scale used for
voltages. But the behavior was sample dependent. the Y axis in the figure. On field reversal, however, the be-

The resistivity of the sample with 0.03 Sr per formula unit havior is hysteretic with current following Ohm’s law. Sub-
is, however, highly sensitive to electric field in the region of sequent field scans at the same temperature and also at higher
temperature below 85 K. In Fig. 3, we show the resistivity oftemperatures do not reveal the hysteresis. The behavior re-
a Pg & 5751 odMNO; film on (100) SrTiO; measured inthe  mains Ohmic in both directions of the field scan. The high-
constant-voltage mode as a function of increasing temperaesistivity state, the off state, is however recovered if the
ture. Two distinct regimes of behavior can be identified in thesample is warmed to a temperature abdvg,. The |-V
data taken at the lowest electric field. Between 25 K&pd  curves of the sample witk=0.03 show three characteristic

Resistivity (Ohm cm)

Temperature ( K )

A. Electric-field effects
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of the metallic channe&?® The value ofE, in our case is
FIG. 4. Current-electric-field ICE) characteristics of the ~8x10°V/cm, and it is temperature independent. This be-

Pry 7Ca 27510, 0MNO; film at 25, 45, 65, and 85 K. Both first and havior is characteristically similar to that of Ni-SjiGnho-

repeat scans taken at a given temperature are sliseentext for - mogeneous filmé’~2°At higher temperatures, whég T be-

details. comes comparable to the potential difference between the
neighboring grains, thermally activated tunneling dominates

features on increasing the temperatur@g:the switching over the field-induced process. In this region the conductivity

field to the low-resistivity state decreasés) the area under is Ohmic.

the hysteresis shrinks, arii) at temperatures above 85 K

the behavior is fully reversible. An additional feature of the g Ejectron transport in the presence of a longitudinal

data shown in Fig. 4 is the steplike increase in current at magnetic field

certain values of the electric field. In semiconductor physics, L

such steps are associated with emptying of the midgap traps V& have measured the resistivity of our samples over the

by the electric field. In the present case, however, the valuffmPerature range 4.2-350 K while a dc magnetic field of

of the electric field at which the steps occur is sample an@iréngth= 4 T was applied parallel to the direction of current
history dependent. through the sample. There is a curious identity between the

The -V curves of the sample witk=0.07 are quite dif- effects of electric and magnetic fields on the electron trans-

ferent. While the current in this case also shows a nonlined?®rt: This is seen in Fig. 6 where we plptvs T for the
increase with the electric field and the behavior is hysteretic
on field reversal, there are no steps in the response. However,
as for the sample witlx=0.03, thel-V curves atT=85K

and above do not show any hysteresis. The history effects in
this sample are also similar. An interesting aspect of the cur-
rent transport in these samples is revealed when we plot the
resistivity as a function of the reciprocal of the electric field
(1/E). The data for the sample witk=0.07 are shown in

Fig. 5 for the field-increasing branch of the hysteresis. The
crisscrossing of the vs 1E curves taken at different tem-
peratures seen in the figure is actually due to the minimum at
T~40K in the resistivity vs temperature curves measured at
different field strengthgsee inset, Fig. 3 At 65 and 75 K, .
the resistivity is Ohmic aE<10° V/cm whereas at lower 10
temperatures a clear field-activated behavior is seen over a

large range of electric field. This type of electrical conduc-

tion has been observed in a variety of materials. For ex- Fig. g Temperature dependence of the resistivity of the
ample, in granular films consisting of metallic particles in ap; ca .S, MnO; film measured in the presence of a magnetic
dielectric host, the low-temperature resistivity below the persield. The direction of the field was parallel to the direction of
colation threshold varies with field ap=p,exdEy/E], current through the sample. The shaded area between temperatures
wherep is the preexponential factor aitg) is related to the T, and T in the figure emphasizes the regime of temperature and
dielectric constant of the insulating matrix and the topologyfield over which the sample is metallic.

Resistivity (Ohm cm)

0 50 100 150 200 250 300

Temperature ( K )
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FIG. 7. (a) The resistivity of the Ry;Ca, ,Srp ;MnO; film mea-
sured as a function of temperature at several values of magneti
field. Panel(b) shows results of similar measurements on the en
member (Pg-SraMn0O3). Inset of (b) shows the In(I¥) diver-
gence of the resistivity at the lowest temperature.

FIG. 8. (a) Zero-field-cooled andb) field-cooled magnetization
Sta P Cay 0751 0IMNO; film plotted as a function of temperature.
he magnetic fields used in these measurements are 100, 200, 300,
500, 750, 1000, 1500, 2000, and 3000 G from the bottom curve to
the top curve. The crossover temperatufgs and T3 are shown
in panel(a).
sample withx=0.07 at several values of the magnetic field.
These are constant-current measurements in which the elegtentical to the behavior of the resistivity in LCMO near the
tric field was kept below~200 V/cm. Further, the maximum Curie temperature. The minimum &4 seen here appears to
resistance measured in these experiments is 1% of the inpbe a terminal manifestation of the process, which leads to the
impedance(10 GQ2) of the voltmeter. In order to highlight marked insulating behavior beloW; in samples withx
the drastic effects of a magnetic field on the resistivity, Fig. 6=0.03 and 0.07. However, unlike the samples with the lesser
also shows the zero-field data for the same sample. Thismount of Sr, the response of the system in this case remains
measurement, however, had to be done in the constanBhmic at T<Tj. Interestingly, even the films of the end
voltage mode E~4 kV/cm) because of the impedance- member (Py,Sr, sMnO;) show a slight upturn in resistivity
related limitations of the constant-current method. In zeraat very low temperaturelsFig. 7(b)]. It appears that the ob-
magnetic field, the resistivity of the sample is thermally ac-served minimum is a compound effect of the closing perco-
tivated for T>55K. However, at 2 T this behavior is trun- |ation channels and localization by impurity disorder in a
cated below~130 K and the resistivity shows a plateau narrow band. The former process may be relevant in the
down to ~35 K followed by a rapid increase at still lower Ca-rich and the latter in the Sr-rich compounds. We will
temperatures. At higher fields, we see a further drop in resisdiscuss this issue further in the subsequent section.
tance and the behavior in the range885-100 K is metal-
like. However, below~35 K a marginally insulating behav-
ior persists even at 4 T. Using the convention of Fig. 3, we
define the temperature at which metallic conduction sets in Since the charge transport in manganites is intimately
on cooling asT, and the temperature of the minimumBs. linked with their magnetic state, for any discussion on elec-
In the shaded region, between the contours of these two tentron transport it is imperative to have a knowledge of the
peratures, the system is metallic. A similar behavior is seemagnetic correlations in these materials. We have carried out
in the resistivity of the sample witlk=0.03, albeit with a zero-field-cooledZFC) and field-cooled FC) magnetization
much narrower metallic region. measurements on our samples at several values of the ap-

On increasing further to 0.1, the zero-field resistivity at plied magnetic field. In Fig. @ we show the ZFC magne-
4.2 K drops by four orders of magnitude as compared to théization as a function of temperature of a film with
resistivity of the sample witkk=0.07. As seen in Fig. (@), =0.07. The FC magnetization of the same film is shown in
the p vs T curves of this sample at several fields mimic theFig. 8b). At the lowest field 100 G), the ZFC magnetization
behavior of a typical double exchange ferromagnetic mangéfirst increases rapidly and then slowly with temperature until
nite such as LgCa MnO; (LCMO) but for the minimum  a peak value is reached at80 K. Between 80 and 100 K,
seen afl;. The pronounced peak in resistivity occurring atthe ZFC magnetization shows a rapid drop, and above 100
~110 K at zero field shifts to higher temperatures and itK, the magnetization is very small. We identify these tem-
height decreases on increasing field strength. This trend iseratures a3 3 and T, respectively. The FC magnetiza-

C. Magnetization measurements
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rays>3 electrons’® and short pulses of photofidurther sug-
gests nucleation, growth, and coalescence of such clusters/
islands under these perturbations. Optical reflectivity mea-
surements also show how metal-like channels develop in
Pry Ca sMnO3; on simultaneous application of dc electric
and photon field$® In the following section we apply the
concept of preexisting ferromagnetic clusters/islands, which
are metallic, to discuss electron transport in our films. From
: our magnetization measurements we infer that the relative
*%QQ ! abundance of such clusters increases wittand at suffi-
3000 3 % ciently high values ok (>0.15, a fully ferromagnetic state
0100 | et develops. However, here it is important to point out that the
0 20 40 60 80 100 120 140 160 substrate-induced stresses in thin-film samples may change,
to some degree, the Sr concentration above which the CDFM
state is stable. Millis, Darling, and Miglicfi have argued
FIG. 9. FC and ZFC magnetization of aR€a, ,Sf, ;MnO; film that the lattice strain affects the CDFM state in two ways.
measured as a function of temperature at a 3000-G field. Inséfvhile a uniform compression may reduce the electron-lattice
shows the variation of the crossover temperafiyg (as defined in ~ coupling, a biaxial strain will increase the tendency for lo-
the texj with field for two samples withx=0.07 and 0.1. calization. The strain effects are pronounced in ultrathin
films of manganites deposited on substrates where the lattice
tion shows a similar rise &F,,, but the FC and ZFC values Mismatch is large, such as LADThe lattice strain is, how-
do not coincide below a well-defined temperature. The FGEVer, released as the film thickness becomes larger. We ex-
moment remains high until the lowest temperature of meaPect the effects of strain to be minimal in these relatively
surement. This spin-glass type of behavior seen here cdhick films.
arise from ferromagnetic clusters whose moments are gradu- Electron transport, superconductivity, and magnetism in
ally blocked with decreasing temperature. We tentativelyinhomogeneous media consisting of metal particles in a di-
call it a glassy phase of giant spin molecules. The genelectric host lattice have been discussed within the frame-
eral features of the FC and ZFC magnetization in filmswork of classical percolation models, and also quantum me-
with x=0 and 0.03 are similar. While it is difficult to calcu- Chanically taking into account electron tunneling,
late the absolute moment per Mn site for samples in a thinlocalization, and quantization of electronic levels in the mi-
film geometry, qualitatively, there is a systematic increasesroscopic particle/clustefd:****The different energies that
in the value of the FC magnetization Bt 10 K with x, and  control electronic motion from cluster to cluster and lead to
the irreversible magnetizationM (10 K)=M (10 K) fthe flow of a macroscopic current throu.g.h a microscopi_cally
—Mz(10K) decreases with increasing In films with x ~ inhomogeneous sample are the followirid: The magnetic
=0.1, the moment at the lowest temperature is considerabl§oupling energy. If the bulk magnetization vectors of the
higher as seen in typical ZFC and FC curves taken at 3000-8v0 neighboring clustersandj areM; andM , respectively,
field (Fig. 9. However, the drop in the ZFC moment &t the energy barrier for electron transfer between them can be

<T,gis still present in this case. In the inset of Fig. 9 we plotWritten as U(6;;) =Uo(1—coséy), where ¢; is the angle

the variation ofT 3 for the samples witx=0.07 and 0.1. In between the two moments. This barrier is maximum when
the sample withx=0.15, while T,, is pushed to much the moments are antiparalléii) Electrostatic charging ener-
higher temperatures, there is no evidence of a crossover terfly:  The metallic clusters embedded in an insulating host
perature T,z below which the ZFC magnetization drops. have a capacitance, which depends on the size and shape of

Clearly, the glassy behavior in magnetization is confined tdhe clust_ers, and also, on the effective o!ielectric constant of
x<0.1. the medium. If an extra electron or hole is to be placed on a

cluster, it is necessary to provide the energy of the electro-
static field associated with the extra charge carrier. The
charging energy. is ~e?/(Kd), whereK is the dielectric

The electron transport in the canonical charge-orderegonstant of the medium, ardithe diameter of the cluster.
manganite PCMO is controlled by excitations across thdlil) Quantization effects. ~Finally, for a microscopic metal-
charge-order gap and the short- and long-range ferromagiC Particle one must consider the discreteness in the other-
netic correlations. Neutron-scattering stu#téd*on this ~ Wise continuum of states neB because of the particle-in-
system clearly indicate the onset of a ferromagnetic momerft-R0x-like s7|tuat|on. The spacing between the metal-like state
at T~120K in the charge-ordered antiferromagnetic backlS given a$
ground. While this ferromagnetic component can be ascribed
either to nucleation of a ferromagnetic clusters phase in the 85=8Eg/mwd®n, (2)
AFM background or to a noncollinear magnetic structure,
local probed’—2seem to suggest that the former is perhaps avhereEg is the Fermi energy and the number of conduc-
better description for the ferromagnetic component. Thdion electrons per unit volume of the metallic phase. In ad-
insulator-to-metal transition driven by irradiation with x dition, one more energy scale that enters the picture is the

Magnetic Moment (emu)

20.0
b O 1000 2000 3000

Temperature (K)

IV. DISCUSSION
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width of each of these states due to a finite lifetimeof a aboveTcq. This process of opening the metallic ferromag-
hole/electron in a given cluster before it tunnels into a neighnetic channels has elements of self-organization and critical-
boring cluster. ity as evident from the steps in theV curves.

If we neglect the magnetic part of the interaction for a = The disappearance of metallic transporTat T, is linked
moment, then the problem can be mapped onto the problemtimately with the disappearance of ferromagnetic order.
of electron transport in granular films of nonmagnetic metalsmagnetization measurements on these samples shbwo#
Two regimes of behavior can be identified in such fifhé) g0 K atx=0. TheT, increases wittx. The resistivity data of
A low-voltage—high-temperature regime, such that the biasrigs. 3 and 6 strongly suggest that abovg, the charge
ing energy €AV) across the clusters is much smaller thanprdering is reestablished in the clusters and the resistivity
the charging energ§., andKgT= 4. This leads to a ther- smoothly joins thep vs T curves taken in the absence of a

mally activated resistivity of the form magnetic field and at lower values of the electric field.
The temperature dependence of electrical conduction in
p=poexd 2y(C/KgT)] (2 samples wittk=0.1 and 1.qFigs. 1) and 1b)] is charac-

terized by thermally activated conduction on cooling below

350 K until a temperature where long-range ferromagnetic

e . ) : >

Prder develops in the system. A switchover in conduction to

a metallic behavior results in a peak in the resistivity. In the

an injected hole may not find an energy level of matchin regime of temperatures near the peak, we see a large nega-
ve magnetoresistance. These features are typical of a ferro-

energy in the neighboring cluster. The charge transfer is the > ) e
poss?gle only viagemissign or absorption ofga phonon. Opti__magnetlc manganite although the absolute value of resistivity

mization of these three processes and their dependence !%‘T“;C*.‘t Ia_rget;] for the sampltg W";hT O.hl. Tge bef:jqwor Ofd i
the cluster size make the conductivity a scale-dependeﬁFS"S ity n the pa@ﬂi‘g”e Ic state has been discussed a
quantity. length in recent years:™"“In one picture, the self-trappes

At low temperatures wherAV< 8, the field-dependent electron for_ms a m_agnetical_ly dres_sed Iattice polaron, which
resistivity can be written as conducts via hopplr]g. The insulating bghawor may als.o re-
sult due to localization of they electron in a random spin-
p=p..exg Eo/E], 3) d_ep_e_ndent potential. Both of the_se formalisms Iee_ld to a re-
sistivity that follows the Mott variable range hopping for a
wherep.. is a temperature-dependent preexponErihe ap-  three-dimensional disordered system. Ceewl*? have ar-
plied electric field, andg, a constant related to the electro- gued that the spin-polarized nature of theelectrons makes
static barrier. them susceptible to trapping in ferromagnetic regions when
The above model of electron transport needs to be exthe overall magnetic order deviates from perfect collinearity.
tended in order to be applicable to magnetically inhomogeThis results in a steep increase in resistivity on approaching
neous charge-ordered manganites. The following points neef,. Such ferromagnetically ordered regions have been chris-
to be considered(i) in zero magnetic field, tunneling will tened as giant spin molecules. The behavior of resistivity in
take place only between those grains whose moments athe ferromagnetic metallic and paramagnetic insulating
nearly parallel(ii) The external magnetic field will align the phases agrees quantitatively with this model.
random moments and an increase in the tunneling sites will The issue of much more interest here is the minimum in
result. The external magnetic field may also increase théhe resistivity seen in Figs. 6,(&, and the inset of (b).
number and size of ferromagnetic clustgiis) The role of ~ While this feature is generally observed in epitaxial films of
electric field is also to increase the number of tunneling sitessome metallic manganitds its origin has hardly been dis-
This fact is already incorporated in E), and the sharp cussed. A similar feature is also seen in marginally doped
drop in resistance with increasing fields as seen in Fig. 5 itanthanum vanadaté8 hole-doped LgCuQ,,*® and the mag-
consistent with this picture. However, while this scenarionetic pyrochlore4?® In the following section we discuss this
successfully explains the initial drop in resistance, a metalissue and raise some questions with the hope that it will
like conduction as seen between temperatufgsand T;  generate further interest in understanding the resistivity
(Fig. 3 will not result unless the metallic clusters coalesceminima. One explanation that is plausible at least for the
and open a conducting channel across the sample. The exissmpounds withk=0.1 is based on the concept of magnetic
tence of such channels is seen in the reflectivity data ofranularing, which we used to explain the minimum in the
PCMO A logical picture for conduction, albeit needing sample withx<0.1. One could argue that in the sample with
some mathematical rigor to strengthen it, is the following.x=0.1 there is still some vestige of the insulating phase be-
The thinnest sections of the CO-insulating matrix betweenween the ferromagnetic clusters. The tunneling density of
closely spaced metallic clusters are melted by the forcedtates will have a gap of the order of the charging energy of
transport of holes between the clusters. The melted links arghe clusters. Since the cluster size is now quite lakgeis
ferromagnetic and metallic. The metallic channel presumablynsignificant compared t&zT at the higher temperatures.
remains open when the electric field is brought back to zeroThis would result in metallic conduction at higher tempera-
and this results in Ohmic resistivity as seen in the reverseures. But at sufficiently low temperatures, holes must be
branch of thd -V curves(Fig. 4). In order to reestablish the transferred between the clusters by the phonon-assisted-
CO state, the sample needs to be warmed to a temperatusignneling processes. As the phonon population density goes

where C and p, are constants(ii) A high-voltage—low-
temperature regime, in which case a carrier is injected ov:
the Coulomb gap that opens up in the tunneling density o
states due to charging. However,KET< 4, andeAV<S§,
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down, the resistivity increases. However, the idea of having The charge transport becomes progressively susceptible to
an insulating shell all around the ferromagnetic grains doeslectric and magnetic fields on substitution of Ca by Sr. In
not apply in the case of the end membep Br, ;MnOg, samples withx<<0.1, the CO state becomes metallic over a
which does not charge order. A scenario where holes hofemperature range whose width is accentuated by the
between the giant spin molecules would also not lead to atrengths of th& andB fields, and by the concentrationAt
low-temperature insulating behavior because the barrier fothe lowest temperature, however, the resistivity of these
hopping, ~Uy(1—cos¢), decreases with temperature. An samples again becomes insulatorlike. We observe a correla-
acceptable explanation perhaps lies in the random potentiibn between the upperT¢) and lower {T3) temperatures,
fluctuations due to B¥ and Sf' ion cores experienced by which bound the metallic regime, and the temperatdigs

the ey electrons, which may lead to weak localizatfdithe  and T3, which characterize the onset and blocking tem-
resistivity below the minimum indeed shows a IA{Ldiver-  peratures of the ferromagnetic moment, respectively. Mea-
gence characteristic of weak localization. A rigorous treatsurements of current-voltage characteristics in this tempera-
ment of this effect, however, requires measurement of resigure regime reveal a highly nonlinear, hysteretic and history-
tivity to still lower temperatures and estimation of Coulomb dependent transport. Fascinating current switching effects, in
interactions between the carriéfswhich also lead to an which the resistance drops bysix orders of magnitude, are

upturn in the resistivity at low temperatures. also seen in this regime in samples with 0.03 Sr. Samples
with x=0.1 show Ohmic transport over the entire tempera-
V. SUMMARY ture range. These samples are metallic below the Curie tem-

] o ] perature, albeit for a logarithmic divergence of the resistivity
~ The primary objective of this paper was to study the non-yt the lowest temperature. From the measurements \bf
linear electrical transport and the electric-field-drivencyryes, resistivity, and FC and ZFC magnetization, we infer
insulator-to-metal transition in P§Ca 3-SKMNO; manga-  that the samples witk<<0.1 are microscopically inhomoge-
nites, where the relative concentrations of Ca and Sr contrq{eous’ consisting of ferromagnetic metallic clusters in a
the bandwidth of thee, electrons. Our studies have been charge-ordered insulating matrix. The transport in such inho-

performed on epitaxial thin-film samples because of the inypgeneous systems has elements of classical percolation and
herent ease a film geometry offers in studies of high electricg|ectric-field-induced tunneling.

field effects at moderately low applied voltages. Qusitu
grown epitaxial films of the parent compound PCMO switch
from a paramagnetic insulating state to a charge-ordered in-
sulating state on cooling through205 K. In the CO state, This work has been supported by a grant from the Depart-
the resistivity of these films is thermally activated. A ment of Science and Technology, Government of India. We
uniquely defined activation energy for transport over a broadvish to thank Dr. V. N. Kulkarni and R. K. Rakshit for help
temperature range below205 K suggests the opening of a in RBS measurements. Part of this paper was written while
gap in the CO state. As in the case of ceramic and bullR.C.B. was on sabbatical at the Center for Superconductivity
single-crystal samples, these films also show the onset of Research, University of Maryland. He thanks Professor R. L.
weak ferromagnetic ordering 8t~80K. However, unlike Greene and Professor C. J. Lobb for their hospitality. He also
the case of the crystals where the Co state melts on applicacknowledges stimulating discussions with R. L. Greene, C.
tion of an electric field~1x 10° V/cm the CO state in the J. Lobb, Vera Smolyaninova, and Amlan Biswas. R.P.S.M.L.
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