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The electrical resistivity of epitaxial (laPry 5o 7Ca MNO; films deposited on single crystalline LaAJO
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-order&dO) 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 resistivityp(T) coincides with the cooling curve only &t>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 orderingCO) is metastable and the resistivity exhibits the relaxation phenomena. The applied magnetic
field as low asH=1 T suppresses CO, and the temperature hysteresis gradually disappeas§T ) heea-
surements at nonzero fields reveal a pronounced colossal magnetoresistance effect with the resistivity drop by
a factor exceeding faatH=3 T. It was also found that relatively small dc voltages3 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)06209-9

I. INTRODUCTION sure, magnetic and electric fields, and even x-ray
irradiation>=* A dramatic manifestation of these phenomena
Magnetic oxides with metallic conductivity, especially is the metal-insulator transition induced B§O — 0 iso-
those characterized by the colossal magnetoresistandepe substitution:’
(CMR) exhibit a whole wealth of interrelated phenomena The unusual behavior of these manganites stems from the
such as metal-insulator transitions, orbitar Jahn-Teller  strong competition between two possible types of states: a
ordering, charge ordering, double exchange, lattice and magharge-orderedCO) state where M#" and Mrf " are local-
netic polarons, etdsee, e.g., Ref.)1 This interplay provides ized at separate sublatticéhis state is insulating and usu-
a better insight into the origin of magnetism, the nature ofally antiferromagneticand a charge-delocaliz¢@D) ferro-
electronic states, and transport phenomena in these materiateagnetic state with a metal-like conductivity. Note that
The compounds where the transition points corresponding tMn®* is the Jahn-Teller ion, and the corresponding distor-
different types of ordering are close to each other are ofions of MnQ; octahedra can give rise to the orbital ordering
special interest because small composition changes and reland to the additional stabilization of the CO state.
tively weak applied fields can produce rather pronounced Above a certain characteristic temperature both CO and
effects. CD states transform to a charge-localiz&l.) paramagnetic
A good example of such materials is presented by thghase. The CD-CL transformation is accompanied by a sig-
doped rare-earth manganites (LaR,); ,A,MnO; (R nificant increase in the electrical resistivity, and it is rather
=Pr, Nd; A=Ca, Sj. These manganites are very sensitivesensitive to the applied magnetic field giving rise to the
to composition variations and can be switched, for exampleCMR. For the CL state, it is usually assumed that charge
from the insulator to the metallic state under effect of pres-<arriers are polarons localized due to lattice distortions of the
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Jahn-Teller(JT) type. This assumption was confirmed by resistivity with magnetic field in a “metallic” phase may be
various experimental techniquésee Ref. 8, and references explained in this picture. Even more conclusive are the data
therein. In several papers it was also demonstrated that ferto be discussed below, about strongly nonlinke& charac-
romagnetic clusters exist well beyond the conventional flucteristics of our samples in the vicinity of the transition from
tuation regime and can be interpreted as magnetiéhe highly resistive CO state to the low-temperature conduc-
polarons'® The lattice polaron model and magnetic polarontive state.

model can be reconciled under the assumption that the lattice

polarons (associated with the fluctuating JT distorted re- Il EXPERIMENT

giony break the long-range ferromagnetic order leaving g thinfim samples were manufactured by the aerosol

small ferromagnetic clusters, where the lattice is relatively\;ocyp technique. The organic solutions of voiatile precur-
undistorted-! The possibility of an inhomogeneous state WaSgare were nebulized in the carrier gas flow and then

also considered in the case of CL-CO transformation. It Wagyaporated? As the precursors, we usei{thd); (A=La

sr:jown, for example,” . that tg? behaviohr of Pr, Mn) and Ca(thd) compounds where thd is 1,2,6,6-
Ny d-80.25C8 sMNO; is well interpreted in terms of the SO-  o4amethylheptane-3,5-dionate. The 300 nm thick films were
called incipient CO state without the fully developed long- deposited ont¢001) LaA10; single crystalline substrates at
range ordet? This “soft” CO state can undergo a transition 750°C. The partial pressure of oxygen was 3 miae total

to the CD ferromagnetic p_ha:c_se% a%‘Fthe Loweringl (():f (;emperabressure was 6 mbafThe as-deposited samples were cooled
lure, even at zero magnetic field. For the usua State 4o and then annealed for half an hour at the deposition

such a reentrant trasnsition was observed only at relativelys ynerature in oxygen at the atmospheric pressure to fix their
high magnetic fields: oxygen content

The studies of thin-film samples add complexity to this The x-ray diffraction[four-circle diffractometer, Siemens

quite sophisticated picture. The substrate-induced strains Ca%5000 with secondary graphite monochroma@u K a ra-
significantly shift the phase equilibria and introduce add"diation)] was used to determine the phase composition, ori-

t|or|1al L}nhomogene|t|e§see, €.9., Rﬁf' 24 . ntation, and lattice constants of the prepared films. We mea-
n this paper, we investigate the transport properties o, o4 924 scans and rocking curves. The SEM images

(Lag sPro.5)0./C8 MnOs thin films on LaAIO; substrates and a6 vecorded by CAMSCAN equipped with an EDAX sys-

show that these films are characterized the low-temperatuig . ¢, quantitative analysis. The SNMSputtered neutrais
transition from CO to ferromagnetic charge-delocalized

. . . " ~“mass spectrometrydepth profiling was carried out usin
state. Owing to the difference in composition and to the in- ’ yydepth p 9 g

S INA-3 system. The SNMS demonstrated that uniformity of
fluence of strains induced by the substrate, the phase transfa film composition was maintained accurate to 1%
tion line becomes shifted in such a way that similar transition The x-ray-diffraction patterns of the films were pseijdocu-

occurs even without the apphed field. bic, but the determination of the full set of lattice parameters

_ The films of the composition (LaProg)o L MnO; €X-  eyealed the tetragonal distortion correlating with film-
hibit in the most concentrated form a variety of unusual fea pqtrate mismatch characteristic of this film. The strains in
tures characteristic of (I'laypry)o-7c_EbﬁM“,O3 family of e fiim correspond to its compression in the film-substrate
compounds. The endmembers of this family kaa, ;MnO; plane.

and P C& MnO; have the ferromagnetic metal and anti- Thg measurements of electrical resistivity were performed

ferromagnetic CO ground states, respectively. In bU|kusing 3<10 mn? bars cut from the 1810 mn? samples.
samples, the crossover between these two regimes occurs,gi employed two standard measurement schemes, four-

— 15 : .
y=0.75"" The lattice constant of LaAlQis smaller than he and two-probe. The two-probe scheme turned out to be
that for manganites. The resulting in-plane contraction of the,re convenient in the current measurement setup at low

thin-film sample shifts the crossover toward smajlenlues. temperatures, when resistivity values exceeded? 10
Thus, aty=0.5 the bulk samples demonstrate the ferromags;ince it allowed to stabilize the dc voltage at a sufficiently

netic metal-like behavior below the Curie point, whereasyjgh jevel. In this setup the fixed value of dc voltage was not

clear manifestations of CO are observed for the thin films iNytfected by the dramatic changes of resistivity at low tem-
the same temperature range. peratures.

The high-resistance CO state is rather unstable and appar-
ently inhomogeneous. It is strongly affected not only by
moderate magnetic fieldéabout 0.2 T but also (which
should be specially emphasizely relatively low voltages: The temperature dependence of resistivity for the
the current-voltage characteristics in this regime are highlfay 35P1 35Ca MnO3 thin film on a LaAl1Q substrate at
nonlinear, and the resistivity drops significantlyy a factor  different magnetic fields is shown in Fig. 1. The zero-field
of 10°—10% at voltages exceeding 3 V. All transformations curve demonstrates that resistivigyT) behaves in quite a
in these thin films are characterized by strong hysteresis bottiifferent way on cooling and on heating. This form of resis-
in temperature and magnetic-field dependence of the resistitivity curves is strictly reproducible at repeated cooling-
ity. This striking behavior, in our opinion, is a signature of heating cycles. On cooling from the room temperature, the
inhomogeneous nature of this state with the percolation-typeesistivity gradually grows attaining the maximum value at
conductivity (see, e.g., Ref. 236As it is known, in mangan- about 60 K. After that, the slope of the curve becomes much
ites we often see the tendency to phase separation and famaller and a plateau ip(T) is observed. A slow decrease
mation of inhomogeneous state¥:'” Apparently we are in pin the plateau region is suddenly interrupted by the steep
dealing here with a similar situation. A strong decrease ofesistivity drop at about 40 K. Within the 40—20 K range the

lll. RESULTS
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FIG. 1. Temperature dependence of the resistivity for ak€Ptfa 1h atfixed temperaturd =30 K (curve 2. Curve 3 illus-

(Lag Py ) 0 Ca MNO; film at different values of the applied mag- trates the behavior of the sample in the low-resistivity state after the

netic field. Solid lines indicate cooling curves, dotted lines indicateSta9€ corresponding to curve 2: cooling from 30 to 4.Z#rve 33,
heating up to 6@curve 3b, and cooling from 60 K to 4.2 Kcurve

heating curvesT; nom IS the beginning of high-resistivity plateau
corresponding to the two-phase regiaiys® and TI™Se! are tem-

peratures corresponding to the beginning and the end of transition ) )
to the low-temperature metallic phase, respectively. p still exists but the hysteresis loops become narrower than at

H=0. AtH>1 T, thep(T) hysteresis gradually disappears
resistivity decreases by four orders of magnitude, th€n) giving clear indication to the suppression of the CO state.
flattens out and changes only slightly till 4.2 K. As a result, Note that usually the “melting” of CO state occurs at fields
we observed a zero-field transition to a metal-like state atuch higher than 1 Tcharacteristic value for PrCaMnO
low temperatures. crystals is about 12)1*° It is also of interest from the view-

On heating from 4.2 Kp(T) first follows the cooling point of possible applications that a significant drop in resis-
curve and then undergoes the further decrease by a factor ity occurs at very low fieldgabout 0.2—-0.3 . Note that
1000 from 20 to 40 K. After that the resistivity grows again, resistivity in the low-temperature metal-like state also de-
passes through a peak with the flattened top, and finally casreases with growth of the magnetic fieldy more than
incides with the cooling curve af>80 K. Note that the three orders of magnitude at 3.TSuch a behavior gives a
high-resistivity plateau on heating is narrower than on cool<lear indication of the inhomogeneity of the metallic state.
ing and shifted toward higher temperatures. ph&) behav-  This point will be discussed in more detail in the next sec-
ior is characterized by the pronounced hysteresis typical ofion.
the first-order phase transition. The p(T) measurements at nonzero fields revealed a

Near the low-temperature transition to the metal-like stateclearly pronounced CMR, with the values being among the
the high-resistivity state is metastable. We tried to study irargest reported for manganites. The parameter characteriz-
more detail thep(T) behavior within this range with an em- ing magnetoresistance is chosen here f&s[p(H=0)
phasis on the relaxation phenomena. The results are illus= p(3T)]/p(3T). Let us recall that for the system under
trated in Fig. 2. We cooled the sample from 150 to 30 K andstudy the applied magnetic field produces a double effect on
then fixed this temperature. After an hour of keeping thethe resistivity: first, the resistivity decreases near the Curie
sample at 30 K the resistivity decreases to very lowetal-  point T due to the reduction in electron scattering caused by
lic) value about 1d) cm. At subsequent heating up to 60 K the spin alignment, and second, the magnetic field suppresses
and cooling down to 4.2 K, thg(T) curve forms a flattened charge ordering and stimulates the transition from the CO to
loop without changing its metal-like behavior. If we fix the the charge delocalized state. At the temperatures correspond-
temperaturgon cooling at 40 K, the similar drop in resis- ing to the zero-field resistivity peak both mechanisms con-
tivity also occurs, but it takes more time>@ h) to attain  tribute to CMR andA is as high as 19 whereas at low
the metal-like state. This shows that the high-resistivity statéemperatures the magnetic field only helps to terminate the
loses its stability at a certain temperature range above 20 kansition to the charge delocalized state already provoked by
and the actual transition temperature depends on the coolirthe temperature lowering and the correspondingalues are
rate. smaller(about 16).

Figure 1 illustrates also the evolution p{T) curves at The magnetic-field dependence of resistivity at two fixed
under the effect of applied magnetic fidtranging from 0.2  temperatures 50 and 70 K is illustrated in Fig. 3. We see that
to 3 T. With the growth ofH the peak inp(T) becomes magnetic field at 50 K induces the insulator-metal transition
lower and shifts towards higher temperatures. At small magwith the resistivity drop by several orders of magnitude. The
netic fields H=0.2 and 0.3 T the temperature hysteresis of p(H) curves are hysteretic in the vicinity of this transition



PRB 59 LOW-TEMPERATURE TRANSITION TO A METALLIC. .. 6997

10" ' 3
10° (@
10° T=50K |
~~ 7 —
E - -
8 5
10 7
Ry - g
3 (=}
10
1 1
. 0 1 2 3
10 T T T T T
10° 20 4 60 80 100
o) 10* Temperature (K)
3 10
e} ) FIG. 4. Temperature dependence of the resistivity for a
- 10 (Lag P1o.5) 0 Cay MNO; film at different values of applied dc volt-
10' age. The direction of the temperature chafgmling or heatinygis
10° indicated by arrows.
] n 1 n 1 2. 1 1 1
-3 -2 -1 0 1 2 3 orders of magnitude lower than the initial valpg,ser. HOW-
Magnetic field (T) ever, at higher voltages from 3 to 75 V the resistivity de-

creases steeply ang4.2 K) is lower thanp,,setby a factor
FIG. 3. Resistivity versus magnetic field@ T=50 Kand(b)  of the order 16. The corresponding(T) curves on heating
T=70 K. The field sweep direction is indicated by arrows. illustrate the features of the reverse transition to the high-

o ] ] ) .. resistance state. Ff=3 V, the p(T) behavior upon heat-
magnetic field: if the field is decreased after the transitionjng is similar to that shown in Fig. 1. At higher voltages

the sample cannot even return to the high-resistance statg.q., at 75 V, the sample remains metal-like up to about 40
(i.e., the charge delocalization became quenched, this is the and then transforms steeply to the high-resistance state.
case atT=50 K). The hysteresis loop at 70 K is much On heating, the peak values pfare nearly the same for
narrower than at 50 K. The resistivity at 70 K decreases withlifferent voltages, and the transition to the high-resistance
the increasing field and then grows again when the field bestate occurs within the same temperature range 65-80 K.
gins to decrease at the reverse faocording to the “melt- Above 80 K, allp(T) curves measured both on cooling and
ing” and “crystallization” of the CO statg These “melt- heating coincide.

ing” and “crystallization” occur at very low fields about 0.2~ Thus, at relatively low voltagegabout 100 times lower

T. The zero-field resistance is reproduced after the field cythan those reported in Ref) 3ve observed the switching
cling but its value turns out to be lower than that for thefrom the CO to metal-like state accompanied by the pro-
virgin curve. Such lowering of the zero-field resistance carlounced hysteresis. The situation here is similar to the sup-

be attributed to a certain remanent spin ordering similar t?réssion of CO by magnetic field with very low characteris-
that discussed for PrCa, 3MnO3.19 tic field values. Both these effects are indicative of the low

stability of CO. Note, that the sensitivity of the resistance to

In addition to the CO suppression by magnetic field, WeI d it b . ant f tential
studied the electric-field effect on resistivity in the vicinity of ow dc voltages can be even more important for potentia
applications than the sensitivity to low magnetic fields.

low-temperature insulator—metal transition. The switching To make the above picture more clear, we studied the

from insulating to metallic state induced by relatively high : .
i it ted f M 3F relaxation ofp under the _effect of applled voltage and the
applied dc voltage was reported forofCa, MO or |current-voltage characteristics at different temperatures near

our samples, we expected that the behavior of resistivity wil i ition t tal-like state. Th it ted i
be also dependent on the applied voltage especially withi&e ransition to metal-iike state. 1he results aré presented in
igs. 5 and 6, respectively. At 50 K, the resistivity remains

the metastability range 40—60 K when the CO can be rather :
easily suppressed. Th&€T) curves(plotted both on cooling near!y constant at Sweeping the voltage from zero to 75 V
and heating corresponding to different values of dc voltage and in the backward direction, whereas at A igradually

applied across the sample are presented in Fig. 4. The meggcreases by a factor of 41‘.’*“” several voltage sweeping
PRt P b in ~d %ycles. Thel-V curves are linear at 50 K, but at 40 K they

surements were performed using the standard two-prob hibi d i vtV/dl d q b
scheme, which ensured maintaining the constant voltage a actlorltoafl ggn;ugr%ea" T/%Ttgézzlgﬁto 3 \Ar?ﬁsn g\rlgjugll)?
determining high values of resistivity (10 Q and higher fecreases by four orders of magnitude up to 75 V. The

more accurately at currents as low as 0.01 nA. For eac . S
value of the applied voltage, we observe the hysteretic tems@mple transforms to the metal-like state and remains in it

perature dependence pfsimilar to that shown in Fig. 1 when the voltage is lowered. The metal-like state turns out to
At low voltages, the onset of the transition from the high- be “quenched,” the sample can be taken out from this state

resistance CO state to the low-resistance charge delocaliz<—9<!'i1Iy by heating up to 150 K.
state is preceded the plateau in resistivity. The plateau be-
comes narrower at higher voltages and eventually disap-
pears. At small voltaged/=1.3 V, the transition is quite The characteristic feature of the system under study is the
smooth and the resistivity value at 4.2 K is only by two existence of metal-like phagpresumably ferromagnejiat

IV. DISCUSSION
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FIG. 7. Possible types of temperature dependence of the free
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0 20 40 60 80 and metallic charge-delocalizé@D) states(the states with lower
v free energy come into play(a) the system is metallic in the whole
oltage (V) T
temperature rangdb) charge ordering in the whole temperature
FIG. 5. Resistivity versus applied dc voltageTat 50 K and range, (c) the system is metallic beloW.o and charge ordered
T=40 K. The voltage sweep direction is indicated by arrows. aboveTo, and(d) charge ordering within the limited temperature
range [,<T<T,).
zero magnetic field within the temperature range below
ch_arge orderir_1QCO) region. The possibi.lity_ of such a_situ- Sco=Sp+A exp(—A/T)+§/T, D
ation can be illustrated by simple qualitative reasoning. In . ]
fact, the CO usually observed in manganites corresponds t§here A is the band gap in the spectrum of the ordered
two nearly equivalent sublattices formed by #rand Mrf* charge carriers angl is the density of states of the quasifree
ions. At half-filling (Ca content=0.5) this configuration is carriers, which can exist in our system. On the other hand,
the most favorable one, whereas »at£ 0.5 the “excess” the entropy of metallic state has a conventional form
electrons should be distributed somehow over the sublattices.
This extra disorder can exist in the form of random distribu- Su=7T. @
tion of these excess electrons (#nions) in the checker-
board arrangement of M and Mrf*, typical for x=0.5,
or in the form of random clusters, presumably metallic, wit
extra electrons immersed in reqular checkerboard CO stat
In both cases an additional configurational contributsgrio
the entropy of CO state arises. In general, the low
temperature entropy of the CO state can be written as

Note that in the case when the metal is ferromagnetic and
hthe ferromagnetism is related to the double-exchange mecha-
ism, the electron density of statgsat the Fermi level de-
pends critically on the magnetizatiotthe effective band-
‘width increases with the ferromagnetic order parameter
Turning now from entropy to the free enerdy=E
—TS, let us consider different types of low-temperature be-
havior of the system, which are schematically shown in Fig.
7. Cases@) and (b) correspond to the metal-like CD and
insulator-like CO states, respectively, in the entire tempera-
ture range. In the casé), the low-temperature CD state
gives way to the partially disordered CO state at increasing
T. In case(d), CO exists within a limited temperature range.
The low-temperature transitions from CO to the metallic
state in case&) and(d) can be referred to as reentrant tran-
sitions since the possibility of metallic behavior lost at inter-
mediate temperatures returns with the decreasing tempera-
} ' } ¢ } ' } ¢ ; ture. The ferromagnetic ordering in the metallic phase makes
the latter situation even more probable since the growing
- order parameter gives rise to an additional decrease in the
: free energy of a metallic phase at low temperatures. Appar-
i ently, case(c) corresponds to the system under study, how-
ever the actual situation can be more complicated due to the
possibility of spatially inhomogeneous states involving both
charge-ordered and charge-delocalized regions.
Let us discuss in more detail the possible inhomogeneities
, . . . for composition under study. The analysis @i p/d(1/T)
0 20 40 60 80 curves shows that there is only a slight feature Tat
Voltage (V) =200 K that can hardly.be attributed to the onset of the
fully developed CO ordering, but the steep growth of resis-
FIG. 6. Current-voltage  characteristics  for  a tance below this temperature is quite typical of the CO state.
(Lag sPro 2 0. /Ca sMnO; film (a) at T=50 K (linearl-V curvg and  On the other hand, the neutron-diffraction studies for pow-
(b) at T=40 K (nonlinearl-V curve. ders of the same composition which exhibit clearly pro-
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nounced ferromagnetism at low temperatures, reveal the en-
hanced lattice distortions between 200 K and the Curie point
Tc=170 K.2°This gives certain indications to the existence
of another state below 200 K characterized by local lattice 200
distortions which can be related to a short-rarige least
orbital and charge order. Such a state bears clear similarities
to the incipient CO state discussed(Ref. 12. At decreas-
ing T, we observed a plateau in th€T) curves. This plateau
provides an evidence that some low-resistance regions ap-
pear within the CO background and we have, in fact, the
two-phase state with metallic inclusions. This state becomes
unstable aff <50 K and eventually undergoes a first-order
transition to the ferromagnetic charge delocalized state, . .
which can also be characterized by phase segregé®im 0 1 2 3
Ref. 7) This transit.ion is cha(a_cterizeq by a very_broad _hys— Magnetic field (T)
teresis, and metallic conductivity retains on heating until the
transition to the CL paramagnetic state. FIG. 8. Phase diagram inH-T coordinates for the
Thus, the inhomogeneous state involving charge orderingLa, .Pr, o), Ca sMnO; film. The hatched areas correspond to the
can be more favorable than pure CO below 200 K when Clplateau regions in Fig. 1, i.e., to the two-phase st&1® with
paramagnetic phase becomes unstable. This “incipient CO’metallic inclusions The hatches with positive and negative slope
has higher configurational entropy which broadens the rangeorrespond to cooling and heating, respectively. The metallic phase
of its stability toward higher temperatures. The nonuniformon cooling is below the AB line, whereas on heating it exists below
strains in our epitaxial film also favor the phase inhomogethe CB line.
neity and even phase separation. Such an inhomogeneous
state seems also to be preferable from the viewpoint of opt (hatched region in the phase diagpaminterpreted as the
timum charge distribution since it is more natural to form theregion of the inhomogeneoysmaybe two-phagestate. The
regions with the most stable CO corresponding to half-fillinglow-temperature boundary of the hatched area is not stable
(one charge carrier per two Mn sites, #nMn**=1:1)  and depends on the cooling rate. Below the AB cuicer-
with the excess charge carriers distributed outside them. Theesponding toT%f,fDSEt in Fig. 1) the behavior of resistivity is
CO regions can persist even below the low-temperature trammetal-like, though the metallic state can also be phase seg-
sition giving rise to relatively high resistivity of the metal- regated. The low-temperature transition to the metallic state
like state at low temperatures observed in our experimentsxhibits a pronounced hysteresis, therefore the boundaries of
(see the zero-field curve in Fig).1The applied magnetic the metal-like state are different on cooling and on heating
field, electric field, or heating favors the “melting” of CO (AB and CB, respectively The corresponding plateau re-
clusters embedded in the metallic phase causing an addjions are marked by hatches with positive and negative slope
tional decrease in resistivity. The lowest resistivity observedn Fig. 8. The hysteretic region is rather wide reflecting the
in the metallic state corresponds to the full melting of COenhanced stability of the inhomogeneous two-phase state.
clusters(see Figs. 1, 2 and)4 The boundary between the high-temperature charge-
In this picture, the low-temperature transition itself can belocalized state and the CO state is shown by a dashed line
related to the onset of percolation through the metal-like CDsince it is quite difficult to find out the exact temperature of
regions. In the vicinity of the transition, the CO state is meta-this transition due to the possibility of the incipient character
stable and the actual transition point depends on the coolingf charge ordering.
rate. The applied magnetic field or pressure provides the spin
alignment favoring the growth of metallic regions at the ex-
pense of charge-ordered ones. A similar effect is produced
by the electric field which stretches the CO regions lowering  The mixed manganites (ka,Pr,) 7Ca MnO; exhibit a
their stability. This causes the growth of metallic inclusionslarge  diversity —of properties. For the films
within the CO host preferably along the electric field. When(La, &Pry 2) o .Ca sMNO5 on a LaA1Q substrate we observed
the CO regions are within the metastability range or close tahe low-temperature transition from the charge ordered to
it, the electric field readily melts them causing the mergingmetallic state at decreasing temperature. The resistivity of
of oriented metallic droplets. Such a percolationlike picturethese films is characterized by the remarkable sensitivity to
can give rise to the observed nonlineaity Ie¥/ curves or variations of applied magnetic field and dc voltage, as well
even to the switching to the metallic state corresponding tas by the clearly pronounced hysteresis with respect to both
the percolation threshold. magnetic field and temperature. All these features are appar-
Our experimental results and the above discussion allowntly related to the strong competition between charge order-
us to draw a schematic phase diagram in Tl plane ing and ferromagnetism, which can result in spatially inho-
shown in Fig. 8. In this phase diagram, the characteristienogeneous CO state within a wide temperature and
temperatures and magnetic fields are determined 6™ magnetic-field range. Such an inhomogeneity seems to be
curves for several fixed values of magnetic fiéfags. 1 and  responsible for the unusual behavior of resistivity in the vi-
2) and fromp(H) curves at different temperaturé€sig. 3). cinity of the low-temperature transition to the metallic state.

The high-resistance plateau betwé&gg,.m andT25in Fig.  The specific type of the inhomogeneous state is still not clear
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and the further, especially structural, studies are needed. ACKNOWLEDGMENTS
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