
ia

PHYSICAL REVIEW B 1 MARCH 1999-IIVOLUME 59, NUMBER 10
Low-temperature transition to a metallic state in „La0.5Pr0.5…0.7Ca0.3MnO3 films
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The electrical resistivity of epitaxial (La0.5Pr0.5)0.7Ca0.3MnO3 films deposited on single crystalline LaAlO3

substrates was studied at temperature and magnetic fields ranging from 4.2 to 300 K and from 0 to 3 T,
respectively. On cooling from room temperature at zero magnetic field, the films demonstrate at first the
behavior typical of the charge-ordered~CO! insulating state, whereas below 40 K they undergo the transition
to a metal-like state with slowly decreasing resistivity. On heating from 4.2 K, the films remain metallic and
their resistivityr(T) coincides with the cooling curve only atT.80 K. This hysteretic behavior fully repro-
duces itself at repeated cooling-heating cycles. Near the low-temperature transition to a metal-like state the
charge ordering~CO! is metastable and the resistivity exhibits the relaxation phenomena. The applied magnetic
field as low asH51 T suppresses CO, and the temperature hysteresis gradually disappears. Ther(T) mea-
surements at nonzero fields reveal a pronounced colossal magnetoresistance effect with the resistivity drop by
a factor exceeding 106 at H53 T. It was also found that relatively small dc voltages (,3 V) can cause the
switching from CO to a metal-like state within the metastability range in the vicinity of 40 K when the charge
ordering can be rather easily suppressed. Within this range, the current-voltage characteristics are highly
nonlinear, with a memory effect: after switching the sample remains metallic even if the voltage is lowered.
The observed effects are interpreted in terms of strong competition between charge ordering and ferromagnetic
spin ordering. This competition can give rise to different kinds of spatial inhomogeneities involving the
charge-ordered state, which should manifest themselves most clearly in the vicinity of the low-temperature
transition to the metal-like state. The behavior of resistivity before the transition gives indications of the
two-phase state. The transition itself can be a manifestation of a percolative nature of conductivity in this
regime.@S0163-1829~99!06209-8#
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I. INTRODUCTION

Magnetic oxides with metallic conductivity, especial
those characterized by the colossal magnetoresist
~CMR! exhibit a whole wealth of interrelated phenome
such as metal-insulator transitions, orbital~or Jahn-Teller!
ordering, charge ordering, double exchange, lattice and m
netic polarons, etc.~see, e.g., Ref. 1!. This interplay provides
a better insight into the origin of magnetism, the nature
electronic states, and transport phenomena in these mate
The compounds where the transition points correspondin
different types of ordering are close to each other are
special interest because small composition changes and
tively weak applied fields can produce rather pronoun
effects.

A good example of such materials is presented by
doped rare-earth manganites (La12yRy)12xAxMnO3 (R
5Pr, Nd; A5Ca, Sr!. These manganites are very sensiti
to composition variations and can be switched, for exam
from the insulator to the metallic state under effect of pr
PRB 590163-1829/99/59~10!/6994~7!/$15.00
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sure, magnetic and electric fields, and even x-
irradiation.2–4 A dramatic manifestation of these phenome
is the metal-insulator transition induced by16O→18O iso-
tope substitution.5–7

The unusual behavior of these manganites stems from
strong competition between two possible types of state
charge-ordered~CO! state where Mn31 and Mn41 are local-
ized at separate sublattices~this state is insulating and usu
ally antiferromagnetic! and a charge-delocalized~CD! ferro-
magnetic state with a metal-like conductivity. Note th
Mn31 is the Jahn-Teller ion, and the corresponding dist
tions of MnO6 octahedra can give rise to the orbital orderi
and to the additional stabilization of the CO state.

Above a certain characteristic temperature both CO
CD states transform to a charge-localized~CL! paramagnetic
phase. The CD-CL transformation is accompanied by a
nificant increase in the electrical resistivity, and it is rath
sensitive to the applied magnetic field giving rise to t
CMR. For the CL state, it is usually assumed that cha
carriers are polarons localized due to lattice distortions of
6994 ©1999 The American Physical Society
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Jahn-Teller~JT! type. This assumption was confirmed b
various experimental techniques~see Ref. 8, and reference
therein!. In several papers it was also demonstrated that
romagnetic clusters exist well beyond the conventional fl
tuation regime and can be interpreted as magn
polarons.9,10 The lattice polaron model and magnetic polar
model can be reconciled under the assumption that the la
polarons ~associated with the fluctuating JT distorted r
gions! break the long-range ferromagnetic order leav
small ferromagnetic clusters, where the lattice is relativ
undistorted.11 The possibility of an inhomogeneous state w
also considered in the case of CL-CO transformation. It w
shown, for example, that the behavior
Nd0.25La0.25Ca0.5MnO3 is well interpreted in terms of the so
called incipient CO state without the fully developed lon
range order.12 This ‘‘soft’’ CO state can undergo a transitio
to the CD ferromagnetic phase at the lowering of tempe
ture, even at zero magnetic field.7,12 For the usual CO state
such a reentrant transition was observed only at relativ
high magnetic fields.13

The studies of thin-film samples add complexity to th
quite sophisticated picture. The substrate-induced strains
significantly shift the phase equilibria and introduce ad
tional inhomogeneities~see, e.g., Ref. 14!.

In this paper, we investigate the transport properties
(La0.5Pr0.5)0.7Ca0.3MnO3 thin films on LaAlO3 substrates and
show that these films are characterized the low-tempera
transition from CO to ferromagnetic charge-delocaliz
state. Owing to the difference in composition and to the
fluence of strains induced by the substrate, the phase tra
tion line becomes shifted in such a way that similar transit
occurs even without the applied field.

The films of the composition (La0.5Pr0.5)0.7Ca0.3MnO3 ex-
hibit in the most concentrated form a variety of unusual f
tures characteristic of (La12yPry)0.7Ca0.3MnO3 family of
compounds. The endmembers of this family La0.7Ca0.3MnO3
and Pr0.7Ca0.3MnO3 have the ferromagnetic metal and an
ferromagnetic CO ground states, respectively. In b
samples, the crossover between these two regimes occu
y50.75.15 The lattice constant of LaA1O3 is smaller than
that for manganites. The resulting in-plane contraction of
thin-film sample shifts the crossover toward smallery values.
Thus, aty50.5 the bulk samples demonstrate the ferrom
netic metal-like behavior below the Curie point, where
clear manifestations of CO are observed for the thin films
the same temperature range.

The high-resistance CO state is rather unstable and ap
ently inhomogeneous. It is strongly affected not only
moderate magnetic fields~about 0.2 T! but also ~which
should be specially emphasized! by relatively low voltages:
the current-voltage characteristics in this regime are hig
nonlinear, and the resistivity drops significantly~by a factor
of 1032104) at voltages exceeding 3 V. All transformation
in these thin films are characterized by strong hysteresis
in temperature and magnetic-field dependence of the resi
ity. This striking behavior, in our opinion, is a signature
inhomogeneous nature of this state with the percolation-t
conductivity~see, e.g., Ref. 16!. As it is known, in mangan-
ites we often see the tendency to phase separation and
mation of inhomogeneous states.7,12,17 Apparently we are
dealing here with a similar situation. A strong decrease
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resistivity with magnetic field in a ‘‘metallic’’ phase may b
explained in this picture. Even more conclusive are the d
to be discussed below, about strongly nonlinearI -V charac-
teristics of our samples in the vicinity of the transition fro
the highly resistive CO state to the low-temperature cond
tive state.

II. EXPERIMENT

The thin-film samples were manufactured by the aero
MOCVD technique. The organic solutions of volatile precu
sors were nebulized in the carrier gas flow and th
evaporated.18 As the precursors, we usedA(thd)3 (A5La,
Pr, Mn! and Ca(thd)2 compounds where thd is 1,2,6,6
tetramethylheptane-3,5-dionate. The 300 nm thick films w
deposited onto~001! LaA1O3 single crystalline substrates a
750°C. The partial pressure of oxygen was 3 mbar~the total
pressure was 6 mbar!. The as-deposited samples were coo
down and then annealed for half an hour at the deposi
temperature in oxygen at the atmospheric pressure to fix t
oxygen content.

The x-ray diffraction@four-circle diffractometer, Siemen
D5000 with secondary graphite monochromator~Cu Ka ra-
diation!# was used to determine the phase composition,
entation, and lattice constants of the prepared films. We m
sured u22u scans and rocking curves. The SEM imag
were recorded by CAMSCAN equipped with an EDAX sy
tem for quantitative analysis. The SNMS~sputtered neutrals
mass spectrometry! depth profiling was carried out usin
INA-3 system. The SNMS demonstrated that uniformity
the film composition was maintained accurate to 1%.

The x-ray-diffraction patterns of the films were pseudoc
bic, but the determination of the full set of lattice paramet
revealed the tetragonal distortion correlating with film
substrate mismatch characteristic of this film. The strains
the film correspond to its compression in the film-substr
plane.

The measurements of electrical resistivity were perform
using 3310 mm2 bars cut from the 10310 mm2 samples.
We employed two standard measurement schemes, f
probe and two-probe. The two-probe scheme turned out t
more convenient in the current measurement setup at
temperatures, when resistivity values exceeded 1010 V,
since it allowed to stabilize the dc voltage at a sufficien
high level. In this setup the fixed value of dc voltage was n
affected by the dramatic changes of resistivity at low te
peratures.

III. RESULTS

The temperature dependence of resistivity for t
La0.35Pr0.35Ca0.3MnO3 thin film on a LaA1O3 substrate at
different magnetic fields is shown in Fig. 1. The zero-fie
curve demonstrates that resistivityr(T) behaves in quite a
different way on cooling and on heating. This form of res
tivity curves is strictly reproducible at repeated coolin
heating cycles. On cooling from the room temperature,
resistivity gradually grows attaining the maximum value
about 60 K. After that, the slope of the curve becomes m
smaller and a plateau inr(T) is observed. A slow decreas
in r in the plateau region is suddenly interrupted by the st
resistivity drop at about 40 K. Within the 40–20 K range t
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resistivity decreases by four orders of magnitude, thenr(T)
flattens out and changes only slightly till 4.2 K. As a resu
we observed a zero-field transition to a metal-like state
low temperatures.

On heating from 4.2 K,r(T) first follows the cooling
curve and then undergoes the further decrease by a fact
1000 from 20 to 40 K. After that the resistivity grows aga
passes through a peak with the flattened top, and finally
incides with the cooling curve atT.80 K. Note that the
high-resistivity plateau on heating is narrower than on co
ing and shifted toward higher temperatures. Ther(T) behav-
ior is characterized by the pronounced hysteresis typica
the first-order phase transition.

Near the low-temperature transition to the metal-like st
the high-resistivity state is metastable. We tried to study
more detail ther(T) behavior within this range with an em
phasis on the relaxation phenomena. The results are i
trated in Fig. 2. We cooled the sample from 150 to 30 K a
then fixed this temperature. After an hour of keeping
sample at 30 K the resistivity decreases to very low~metal-
lic! value about 10V cm. At subsequent heating up to 60
and cooling down to 4.2 K, ther(T) curve forms a flattened
loop without changing its metal-like behavior. If we fix th
temperature~on cooling! at 40 K, the similar drop in resis
tivity also occurs, but it takes more time (.2 h) to attain
the metal-like state. This shows that the high-resistivity st
loses its stability at a certain temperature range above 2
and the actual transition temperature depends on the coo
rate.

Figure 1 illustrates also the evolution ofr(T) curves at
under the effect of applied magnetic fieldH ranging from 0.2
to 3 T. With the growth ofH the peak inr(T) becomes
lower and shifts towards higher temperatures. At small m
netic fields (H50.2 and 0.3 T! the temperature hysteresis

FIG. 1. Temperature dependence of the resistivity for
(La0.5Pr0.5)0.7Ca0.3MnO3 film at different values of the applied mag
netic field. Solid lines indicate cooling curves, dotted lines indic
heating curves.Tinhom is the beginning of high-resistivity platea
corresponding to the two-phase region,TCD

onset and TCD
offset are tem-

peratures corresponding to the beginning and the end of trans
to the low-temperature metallic phase, respectively.
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r still exists but the hysteresis loops become narrower tha
H50. At H.1 T, ther(T) hysteresis gradually disappea
giving clear indication to the suppression of the CO sta
Note that usually the ‘‘melting’’ of CO state occurs at field
much higher than 1 T~characteristic value for PrCaMnO
crystals is about 12 T!.19 It is also of interest from the view-
point of possible applications that a significant drop in res
tivity occurs at very low fields~about 0.2–0.3 T!. Note that
resistivity in the low-temperature metal-like state also d
creases with growth of the magnetic field~by more than
three orders of magnitude at 3 T!. Such a behavior gives a
clear indication of the inhomogeneity of the metallic sta
This point will be discussed in more detail in the next se
tion.

The r(T) measurements at nonzero fields revealed
clearly pronounced CMR, with the values being among
largest reported for manganites. The parameter charact
ing magnetoresistance is chosen here asD5@r(H50)
2r(3T)#/r(3T). Let us recall that for the system unde
study the applied magnetic field produces a double effec
the resistivity: first, the resistivity decreases near the Cu
point TC due to the reduction in electron scattering caused
the spin alignment, and second, the magnetic field suppre
charge ordering and stimulates the transition from the CO
the charge delocalized state. At the temperatures corresp
ing to the zero-field resistivity peak both mechanisms c
tribute to CMR andD is as high as 106, whereas at low
temperatures the magnetic field only helps to terminate
transition to the charge delocalized state already provoked
the temperature lowering and the correspondingD values are
smaller~about 103).

The magnetic-field dependence of resistivity at two fix
temperatures 50 and 70 K is illustrated in Fig. 3. We see
magnetic field at 50 K induces the insulator-metal transit
with the resistivity drop by several orders of magnitude. T
r(H) curves are hysteretic in the vicinity of this transitio

a

e

on

FIG. 2. Relaxation of the resistivity for the
(La0.5Pr0.5)0.7Ca0.3MnO3 film near the transition to the low-
temperature metallic phase: temperature dependence of the res
ity at zero magnetic field~curve 1!; resistivity variations for the film
kept for 1 h atfixed temperatureT530 K ~curve 2!. Curve 3 illus-
trates the behavior of the sample in the low-resistivity state after
stage corresponding to curve 2: cooling from 30 to 4.2 K~curve 3a!,
heating up to 60~curve 3b!, and cooling from 60 K to 4.2 K~curve
3c!.
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magnetic field: if the field is decreased after the transiti
the sample cannot even return to the high-resistance
~i.e., the charge delocalization became quenched, this is
case atT550 K). The hysteresis loop at 70 K is muc
narrower than at 50 K. The resistivity at 70 K decreases w
the increasing field and then grows again when the field
gins to decrease at the reverse run~according to the ‘‘melt-
ing’’ and ‘‘crystallization’’ of the CO state!. These ‘‘melt-
ing’’ and ‘‘crystallization’’ occur at very low fields about 0.2
T. The zero-field resistance is reproduced after the field
cling but its value turns out to be lower than that for t
virgin curve. Such lowering of the zero-field resistance c
be attributed to a certain remanent spin ordering simila
that discussed for Pr0.7Ca0.3MnO3.19

In addition to the CO suppression by magnetic field,
studied the electric-field effect on resistivity in the vicinity
low-temperature insulator–metal transition. The switch
from insulating to metallic state induced by relatively hig
applied dc voltage was reported for Pr0.7Ca0.3MnO3.3 For
our samples, we expected that the behavior of resistivity
be also dependent on the applied voltage especially wi
the metastability range 40–60 K when the CO can be ra
easily suppressed. Ther(T) curves~plotted both on cooling
and heating! corresponding to different values of dc voltag
applied across the sample are presented in Fig. 4. The m
surements were performed using the standard two-pr
scheme, which ensured maintaining the constant voltage
determining high values of resistivity (1010 V and higher!
more accurately at currents as low as 0.01 nA. For e
value of the applied voltage, we observe the hysteretic t
perature dependence ofr similar to that shown in Fig. 1.

At low voltages, the onset of the transition from the hig
resistance CO state to the low-resistance charge deloca
state is preceded the plateau in resistivity. The plateau
comes narrower at higher voltages and eventually dis
pears. At small voltageV51.3 V, the transition is quite
smooth and the resistivity value at 4.2 K is only by tw

FIG. 3. Resistivity versus magnetic field at~a! T550 K and~b!
T570 K. The field sweep direction is indicated by arrows.
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orders of magnitude lower than the initial valueronset. How-
ever, at higher voltages from 3 to 75 V the resistivity d
creases steeply andr~4.2 K! is lower thanronsetby a factor
of the order 106. The correspondingr(T) curves on heating
illustrate the features of the reverse transition to the hi
resistance state. ForV53 V, ther(T) behavior upon heat-
ing is similar to that shown in Fig. 1. At higher voltage
~e.g., at 75 V!, the sample remains metal-like up to about
K and then transforms steeply to the high-resistance st
On heating, the peak values ofr are nearly the same fo
different voltages, and the transition to the high-resista
state occurs within the same temperature range 65–80
Above 80 K, allr(T) curves measured both on cooling an
heating coincide.

Thus, at relatively low voltages~about 100 times lower
than those reported in Ref. 3! we observed the switching
from the CO to metal-like state accompanied by the p
nounced hysteresis. The situation here is similar to the s
pression of CO by magnetic field with very low character
tic field values. Both these effects are indicative of the lo
stability of CO. Note, that the sensitivity of the resistance
low dc voltages can be even more important for poten
applications than the sensitivity to low magnetic fields.

To make the above picture more clear, we studied
relaxation ofr under the effect of applied voltage and th
current-voltage characteristics at different temperatures n
the transition to metal-like state. The results are presente
Figs. 5 and 6, respectively. At 50 K, the resistivity remai
nearly constant at sweeping the voltage from zero to 75
and in the backward direction, whereas at 40 Kr gradually
decreases by a factor of 104 after several voltage sweepin
cycles. TheI -V curves are linear at 50 K, but at 40 K the
exhibit a pronounced nonlinearity:dV/dI drops down by a
factor of ten at small voltages~up to 3 V! then gradually
decreases by four orders of magnitude up to 75 V. T
sample transforms to the metal-like state and remains i
when the voltage is lowered. The metal-like state turns ou
be ‘‘quenched,’’ the sample can be taken out from this st
only by heating up to 150 K.

IV. DISCUSSION

The characteristic feature of the system under study is
existence of metal-like phase~presumably ferromagnetic! at

FIG. 4. Temperature dependence of the resistivity for
(La0.5Pr0.5)0.7Ca0.3MnO3 film at different values of applied dc volt
age. The direction of the temperature change~cooling or heating! is
indicated by arrows.
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zero magnetic field within the temperature range bel
charge ordering~CO! region. The possibility of such a situ
ation can be illustrated by simple qualitative reasoning.
fact, the CO usually observed in manganites correspond
two nearly equivalent sublattices formed by Mn31 and Mn41

ions. At half-filling ~Ca contentx50.5) this configuration is
the most favorable one, whereas atx,0.5 the ‘‘excess’’
electrons should be distributed somehow over the sublatti
This extra disorder can exist in the form of random distrib
tion of these excess electrons (Mn31 ions! in the checker-
board arrangement of Mn31 and Mn41, typical for x50.5,
or in the form of random clusters, presumably metallic, w
extra electrons immersed in reqular checkerboard CO s
In both cases an additional configurational contributionS0 to
the entropy of CO state arises. In general, the lo
temperature entropy of the CO state can be written as

FIG. 5. Resistivity versus applied dc voltage atT550 K and
T540 K. The voltage sweep direction is indicated by arrows.

FIG. 6. Current-voltage characteristics for
(La0.5Pr0.5)0.7Ca0.3MnO3 film ~a! at T550 K ~linear I -V curve! and
~b! at T540 K ~nonlinearI -V curve!.
n
to

s.
-

te.

-

SCO5S01A exp~2D/T!1g̃T, ~1!

where D is the band gap in the spectrum of the order
charge carriers andg̃ is the density of states of the quasifre
carriers, which can exist in our system. On the other ha
the entropy of metallic state has a conventional form

SM5gT. ~2!

Note that in the case when the metal is ferromagnetic
the ferromagnetism is related to the double-exchange me
nism, the electron density of statesg at the Fermi level de-
pends critically on the magnetization~the effective band-
width increases with the ferromagnetic order parameter!.

Turning now from entropy to the free energyF5E
2TS, let us consider different types of low-temperature b
havior of the system, which are schematically shown in F
7. Cases~a! and ~b! correspond to the metal-like CD an
insulator-like CO states, respectively, in the entire tempe
ture range. In the case~c!, the low-temperature CD stat
gives way to the partially disordered CO state at increas
T. In case~d!, CO exists within a limited temperature rang
The low-temperature transitions from CO to the meta
state in cases~c! and~d! can be referred to as reentrant tra
sitions since the possibility of metallic behavior lost at inte
mediate temperatures returns with the decreasing temp
ture. The ferromagnetic ordering in the metallic phase ma
the latter situation even more probable since the grow
order parameter gives rise to an additional decrease in
free energy of a metallic phase at low temperatures. App
ently, case~c! corresponds to the system under study, ho
ever the actual situation can be more complicated due to
possibility of spatially inhomogeneous states involving bo
charge-ordered and charge-delocalized regions.

Let us discuss in more detail the possible inhomogenei
for composition under study. The analysis ofd ln r/d(1/T)
curves shows that there is only a slight feature atT
5200 K that can hardly be attributed to the onset of t
fully developed CO ordering, but the steep growth of res
tance below this temperature is quite typical of the CO sta
On the other hand, the neutron-diffraction studies for po
ders of the same composition which exhibit clearly pr

FIG. 7. Possible types of temperature dependence of the
energy in systems with competing insulating charge-ordered~CO!
and metallic charge-delocalized~CD! states~the states with lower
free energy come into play!: ~a! the system is metallic in the whole
temperature range,~b! charge ordering in the whole temperatu
range, ~c! the system is metallic belowTCO and charge ordered
aboveTCO, and~d! charge ordering within the limited temperatu
range (T1,T,T2).
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nounced ferromagnetism at low temperatures, reveal the
hanced lattice distortions between 200 K and the Curie p
TC5170 K.20 This gives certain indications to the existen
of another state below 200 K characterized by local latt
distortions which can be related to a short-range~at least!
orbital and charge order. Such a state bears clear similar
to the incipient CO state discussed in~Ref. 12!. At decreas-
ing T, we observed a plateau in ther(T) curves. This plateau
provides an evidence that some low-resistance regions
pear within the CO background and we have, in fact,
two-phase state with metallic inclusions. This state becom
unstable atT,50 K and eventually undergoes a first-ord
transition to the ferromagnetic charge delocalized st
which can also be characterized by phase segregation~as in
Ref. 7!. This transition is characterized by a very broad h
teresis, and metallic conductivity retains on heating until
transition to the CL paramagnetic state.

Thus, the inhomogeneous state involving charge orde
can be more favorable than pure CO below 200 K when
paramagnetic phase becomes unstable. This ‘‘incipient C
has higher configurational entropy which broadens the ra
of its stability toward higher temperatures. The nonunifo
strains in our epitaxial film also favor the phase inhomo
neity and even phase separation. Such an inhomogen
state seems also to be preferable from the viewpoint of
timum charge distribution since it is more natural to form t
regions with the most stable CO corresponding to half-filli
~one charge carrier per two Mn sites, Mn31:Mn4151:1)
with the excess charge carriers distributed outside them.
CO regions can persist even below the low-temperature t
sition giving rise to relatively high resistivity of the meta
like state at low temperatures observed in our experime
~see the zero-field curve in Fig. 1!. The applied magnetic
field, electric field, or heating favors the ‘‘melting’’ of CO
clusters embedded in the metallic phase causing an a
tional decrease in resistivity. The lowest resistivity observ
in the metallic state corresponds to the full melting of C
clusters~see Figs. 1, 2 and 4!.

In this picture, the low-temperature transition itself can
related to the onset of percolation through the metal-like
regions. In the vicinity of the transition, the CO state is me
stable and the actual transition point depends on the coo
rate. The applied magnetic field or pressure provides the
alignment favoring the growth of metallic regions at the e
pense of charge-ordered ones. A similar effect is produ
by the electric field which stretches the CO regions lower
their stability. This causes the growth of metallic inclusio
within the CO host preferably along the electric field. Wh
the CO regions are within the metastability range or close
it, the electric field readily melts them causing the merg
of oriented metallic droplets. Such a percolationlike pictu
can give rise to the observed nonlineaity ofI -V curves or
even to the switching to the metallic state corresponding
the percolation threshold.

Our experimental results and the above discussion a
us to draw a schematic phase diagram in theT-H plane
shown in Fig. 8. In this phase diagram, the characteri
temperatures and magnetic fields are determined fromr(T)
curves for several fixed values of magnetic field~Figs. 1 and
2! and fromr(H) curves at different temperatures~Fig. 3!.
The high-resistance plateau betweenTinhom andTCD
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1 ~hatched region in the phase diagram! is interpreted as the
region of the inhomogeneous~maybe two-phase! state. The
low-temperature boundary of the hatched area is not st
and depends on the cooling rate. Below the AB curve~cor-
responding toTCD

offset in Fig. 1! the behavior of resistivity is
metal-like, though the metallic state can also be phase
regated. The low-temperature transition to the metallic s
exhibits a pronounced hysteresis, therefore the boundarie
the metal-like state are different on cooling and on heat
~AB and CB, respectively!. The corresponding plateau re
gions are marked by hatches with positive and negative s
in Fig. 8. The hysteretic region is rather wide reflecting t
enhanced stability of the inhomogeneous two-phase s
The boundary between the high-temperature char
localized state and the CO state is shown by a dashed
since it is quite difficult to find out the exact temperature
this transition due to the possibility of the incipient charac
of charge ordering.

V. CONCLUSIONS

The mixed manganites (La12yPry)0.7Ca0.3MnO3 exhibit a
large diversity of properties. For the film
(La0.5Pr0.5)0.7Ca0.3MnO3 on a LaA1O3 substrate we observe
the low-temperature transition from the charge ordered
metallic state at decreasing temperature. The resistivity
these films is characterized by the remarkable sensitivity
variations of applied magnetic field and dc voltage, as w
as by the clearly pronounced hysteresis with respect to b
magnetic field and temperature. All these features are ap
ently related to the strong competition between charge or
ing and ferromagnetism, which can result in spatially inh
mogeneous CO state within a wide temperature a
magnetic-field range. Such an inhomogeneity seems to
responsible for the unusual behavior of resistivity in the
cinity of the low-temperature transition to the metallic sta
The specific type of the inhomogeneous state is still not c

FIG. 8. Phase diagram inH-T coordinates for the
(La0.5Pr0.5)0.7Ca0.3MnO3 film. The hatched areas correspond to t
plateau regions in Fig. 1, i.e., to the two-phase state~CO with
metallic inclusions!. The hatches with positive and negative slo
correspond to cooling and heating, respectively. The metallic ph
on cooling is below the AB line, whereas on heating it exists bel
the CB line.
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and the further, especially structural, studies are nee
However, the recent publications suggest the possibility
an ‘‘incipient’’ CO state with a not fully developed long
range charge-ordered,12 phase-segregated state,7 or alternat-
ing charge-ordered and charge-delocalized stripes.21 The
stripe structure seems to be quite probable in the tempera
range of high-resistance plateau above the transition to
metallic state. In addition to its purely scientific interest, su
a large sensitivity of these films to relatively small extern
fields ~change of resistivity by a factor of 1042105 in mag-
netic field about 0.2–0.3 T and at voltages about 3 V! opens
up fresh opportunities for applications.
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