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Metastable resistivity of LajgCa,,MnQO; manganite thin films
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Transport properties of LajgCay,MnOj5 thin films 15 and 130 nm thick have been investigated and con-
fronted with the properties of bulk single crystals of the same composition. It has been found that low-
temperature resistivity of the films is sensitive to electric current and/or field treatment and thermal history of
the sample. Thin films exhibit a variety of metastable resistive states and spontaneously evolve toward high-
resistivity state in which the films exhibit highly nonlinear transport behavior at low temperatures. Nonlinear
V-I characteristics are well described by indirect tunneling model. The memory of the resistivity can be, at least
partly, erased by a heat treatment at temperatures above the memory erasing temperature. The memory erasing
temperature for thin films, 7=450 K, is significantly higher than that of single crystals. The results are inter-
preted in the context of strain driven phase separation. Coexistence of two ferromagnetic phases with different
orbital orders and different conductivities is influenced by strains due to thermal cycling and current flow.
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I. INTRODUCTION

Physical properties of perovskite transition-metal oxides
are determined by mutual cross coupling between spin,
charge, and lattice degrees of freedom.!? The perovskite-
manganese oxides La;_,CaMnO; (LCMO) belong to a
group of strongly correlated electron systems exhibiting co-
lossal magnetoresistance (CMR) effect. Metal-insulator tran-
sition in LCMO is observed within the doping range x
=0.15-0.5. Experiments prove that magnetic and transport
properties of doped CMR manganites depend not only on the
doping level and average radius of A-site cation'? but also
on magnetic,? electric,*> and thermal® history of a sample.
One of the most characteristic features of doped manganites,
which is responsible for their extremely rich phase diagram
and may even lie at the core of the very CMR effect, is a
dynamic coexistence of phases with different magnetic and
electronic properties, known as phase separation (PS).! The-
oretical models predict appearance of spontaneous PS on na-
nometer scale and strain induced phase separation on nanom-
eter up to micrometer length scale. Therefore, lattice
distortions and long-range strains affect PS in doped
manganites. >0

Metastability seems to be a generic feature of phase sepa-
rated systems with two or more competing ordering mecha-
nisms. Double exchange (DE) interactions establish ferro-
magnetic (FM) ordering in CMR manganites through a
strong Hund’s coupling between e, electrons of neighboring
Mn** and Mn** sites. In LCMO manganites doped slightly
below the percolation threshold x=0.225, an insulating FM
phase incompatible with DE mechanism has been observed.
It turns out that superexchange interactions and orbital order-
ing (OO) govern transport and magnetic properties of lowly
doped manganites hand in hand with DE interactions.””

Thin films of doped manganites exhibit several unusual
features, such as nonlinear conductivity, strain induced hys-
teretic behavior, appearance of metastable resistivity, slow
response of the resistance to external stimuli, and memory
effects.!®1> Recently, a pronounced glassy behavior of the
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resistance was observed in very thin Lag 3Ca,MnOj5 films.'4
It was found that applied magnetic and gated electrostatic
fields increase the volume occupied by one of the coexisting
phases. The resulting resistance changes were associated
with the motion of boundaries between coexisting phases.
Similar phenomena were observed by us in LCMO bulk
manganite single crystals doped at x=0.18 and 0.2.*°

It is well known that strain in manganite films increases
with decreasing thickness of the film. Increased strain levels
lead to more pronounced phase separation, influencing many
physical properties of the system. For example, PS state of
thin Lag¢;Cag33MnO5 films, which was shown to be strain
driven,"" is composed of metallic and charge-ordered insulat-
ing FM regions, which are completely esoteric for this com-
position and never appear in the bulk.

Shreekala et al.'® have shown that the unit cell volume of
Lajy3Cag,MnO; thin film is much smaller than that of the
bulk, resulting in an enhancement of the transfer integral of
electron hopping and corresponding increase of e, electron
bandwidth. Consequently, both the metal-insulator transition
and Curie temperature increase. This remains in agreement
with the results of studies of magnetic and transport proper-
ties of lowly doped LCMO crystals under pressure, which
show that hydrostatic pressure increases T~ and decreases the
resistivity at all temperatures.’

In this paper, we discuss transport properties of very thin
(d~15nm) and moderately thin (d~ 130 nm) epitaxial
Lay3CaysMnO; films with different strain levels and com-
pare them with the properties of bulk single crystals. The
research was triggered by a recent report on current induced
metastable states and strong effects of dc on electric resistiv-
ity in very thin LaggCay,MnOj5 films.!>

II. EXPERIMENTAL AND RESULTS

The studied Lay gCay,MnOj thin films were fabricated on
(100) oriented SrTiO5 substrates by means of off-axis rf-
magnetron sputtering technique.!” Sintered stoichiometric
disks of LaygCay,MnO5 with diameter of 50 mm and thick-
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FIG. 1. (Color online) Temperature dependence of the resistivity
of Lag gCap,MnO3 130 nm film in the pristine state recorded during
cooling at various currents. The inset shows the variation of the
resistivity in the vicinity of low-temperature minimum. p,,;, is the
resistivity of the film at 7},;,~19.5 K.

ness of ~4 mm were used as sputtering targets. Sputtering
was performed at rf power density of 3.7 W/cm? in argon
and oxygen mixture with a ratio of Ar:O,=1:2 at a pressure
of 1.5X 107! mbar. The predeposition background pressure
in the sputtering chamber was lower than 5 X 10~ mbar. The
substrate was mounted directly on the heater by means of
silver paste. The substrate temperature during deposition was
kept at 730 °C. The thickness of the films was controlled by
the deposition time. After the deposition, the films were an-
nealed at 800 °C in air for 30 min. The x-ray diffraction
patterns proved that the films are highly epitaxial and of a
single phase. The out-of-plane lattice parameter of a thinner
film is smaller than that of a thicker one, indicating that the
tensile strain is stronger in thinner film.

Curie temperature T~ determined from the magnetization
measurements in magnetic field of 100 Oe was 235 K for
thinner and 200 K for thicker films. Both temperatures are
much higher than T~ of 184 K in bulk La, sCa,,MnOj5 single
crystals.”

Measurements of voltage-current characteristics (V-I) and
of differential resistance (R;=dV/dI) were performed in a
standard four-point arrangement. The separation between
voltage probes was 0.4—0.5 mm. To avoid excessive Joule
heating, the measuring dc was periodically turned on and off
during data recording at each temperature. Dynamic resis-
tance was measured directly with a phase-sensitive lock-in
detector using 5 wA ac modulation at 390 Hz.

The results show significant differences between tempera-
ture evolution of the resistivity of thicker and thinner films
and single crystals of the same composition. Resistivity of a
thicker film recorded during slow cooling under various dc
bias currents is shown in Fig. 1. One can see clear metal-to-
insulator transition (MIT) at 7,,~ 195 K and metalliclike be-
havior below T,. No significant thermal hysteresis has been
seen in the measurements. The p(7) curves recorded at heat-
ing and cooling cycles with bias currents in the 1-100 ©A
range practically coincide. The small (5%) reduction of the
resistivity in the vicinity of T, in p(T) curve recorded at /
=1 mA is likely related to anomalous thermal effects due to
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FIG. 2. (Color online) Evolution of the temperature dependence
of resistance of LajgCayp,MnO;z 15 nm film during progressive
thermal cycling. Curves are labeled with the numbers of preceding
thermal cycles.

small heating and cooling steps related to turning on and off
the dc, as discussed recently in Ref. 18.

Thicker film in the pristine state exhibits well defined re-
sistivity minimum at 7,,;,~ 19.5 K, shown in the inset of
Fig. 1. A shift of the position of the minimum to 14 K under
applied current of 1 mA may be attributed to possible heat-
ing effect, consistent with the fact that the resistivities re-
corded at lower currents, between 10 and 100 uA, practi-
cally coincide. The appearance of such low-temperature
resistivity minimum is interpreted in the literature as being
due to quantum corrections to low-temperature conductivity
in the presence of disorder.'?20

The resistivity of single crystals and thicker films is prac-
tically stable with respect to thermal cycling.’ In a marked
contrast, the resistivity of very thin films changes after each
cycle of cooling down to 10 K and reheating back to room
temperatures. A set of p(T) of LaygCay,MnO; thinner film
(15 nm) recorded during subsequent cooling cycles is shown
in Fig. 2. The resistivity progressively increases with thermal
cycling in the entire experimental temperature range. The
effect is most pronounced at low temperatures below 7
~ 100 K, where the character of resistivity changes from me-
tallic to semiconductinglike one. Additionally, thinner films
also exhibit well defined resistivity minimum at 7,
~26 K (see inset of Fig. 2).

For a detailed discussion of the resistive properties of
Laj 3Ca;,MnO; single crystals, the reader is referred to our
previous papers.’ Let us remind here briefly that the bulk
crystal resistivity in the pristine state, see inset of Fig. 3,
exhibits a pronounced maximum at 7= T-=184 K, followed
by a minimum around 140 K, subsequent upturn toward a
broad maximum at 7~ 70 K, and a final decrease to the low-
temperature constant value.

Although p(7T) curves of bulk crystals and thinner and
thicker film samples look markedly different, the basic char-
acter of the mechanisms responsible for the resistivity seems
to be the same. The high-temperature paramagnetic part of
all p(T) curves can be well approximated by a thermally
activated process with a single activation energy,

p(T) = p.. exp(E/kgT). (1)
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FIG. 3. (Color online) Thermal dependence of the resistance of
Lay3Cap,MnO; 130 nm film in distinct metastable states con-
fronted with the resistance in the pristine and rejuvenated states.
Inset: Resistance of the bulk LaygCay,MnO; single crystal in pris-
tine and high-resistivity metastable state.

Performing the fit for thicker films in the temperature
range 210 K=7=<295 K, we obtain E£,=100+10 meV. Ac-
tivation energies obtained in the same temperature range for
pristine state thinner films and bulk LajgCa,,MnO5 crystals
are £,=95+10 meV. These values are consistent with the
activation energies reported in the literature for various bulk
and thin-film manganite samples.?'~>3

In general, the Lay¢Cay,MnO5; samples’ resistivities are
not compatible with metallic transport. Nevertheless, in a
limited temperature range below 7, one can consider the
system to behave like a metallic one in the sense of dR/dT
>0. It has been demonstrated by a recent comprehensive
study of various Lay;A4,3MnO; (A=Ca, Sr) thin films grown
by different techniques on several substrates that the low-
temperature part of the p(T) dependence exhibiting metalli-
clike resistivity can be well fitted by a simple power
function,??

p(T) = po+ AT®. (2)

The exponent @=2 is a hallmark of the domination of
electron-electron scattering and deviations from the qua-
dratic power law can be attributed to contributions of other
scattering mechanisms.??

We have fitted experimental dependences of the resistivity
in the temperature range between T, and 7, where T;
=60,70,80,...,130 K and found that Eq. (2) approximates
well our experimental data. For thicker films, the parameter
a varies between 2.9 and 3.1, depending on the temperature
range. The resistivity of thinner films in the pristine state,
curve 1 in Fig. 2, can also be also fitted to Eq. (2) with «
~2.4 for all temperature ranges. It has been shown recently
that « increases with increasing residual resistivity and ap-
proaches 3 for p, exceeding 2 m{) cm.??> The residual resis-
tivity obtained by us from the fitting procedures is well
above this threshold value. The p, of thinner films is
9 m() cm, while that of thicker films is 8 m{) cm. Let us
remind that « approaching 3 can be seen as a signature of
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unconventional one-magnon scattering, which becomes
dominant at high disorder level, and associated reduction of
the effective bandwidth of charge carriers.>*

During initial measurements of current dependence of R
for thicker films, we did not observe any transitions to meta-
stable resistive states. Nevertheless, after several thermal
cycles, the sample has spontaneously switched to two subse-
quent metastable states characterized by different resistivities
with different temperature evolutions. As illustrated in Fig. 3,
the differences became pronounced only at low temperatures
below the MIT point. While cooling the sample in the first
metastable state, the resistivity continues to increase even for
temperatures lower than 7. Then, at a certain temperature
between 100 and 120 K, the resistivity abruptly jumps down.
The jump seen in the first cooling cycles is very sharp and
occurs in the temperature range below 150 K. The tempera-
ture of the jump shifts to lower temperatures with increasing
number of thermal cycles. The abrupt jump, which is not
seen in the heating cycles, causes a pronounced thermal hys-
teresis of the resistivity, a feature totally absent in the pristine
state. Yet another aspect of the metastable state is the appear-
ance of p(7) plateau between 50 and 70 K. The plateau is
observed in both cooling and heating cycles.

As a result of application of several current ramping dur-
ing V-1 measurements, the thicker film spontaneously tran-
sited to yet another metastable resistivity state, which will be
referred to as the second metastable state. In this state, the
resistivity continuously increases with decreasing tempera-
ture, without jumping down as it was in the first metastable
state. At lower temperatures, the increase rate slows down
and a resistivity plateau appears at intermediate temperatures
around 100 K. Thermal hysteresis is practically absent in the
second metastable state.

The metastability of thicker films resembles closely the
properties of LajgCay,MnOj5 bulk single crystals. The bulk
resistivity was found to spontaneously transit to higher resis-
tivity metastable state during a prolonged sample perma-
nence at low temperatures.” The probability of such transi-
tion is strongly enhanced by ramping bias current and/or
magnetic field, as well as by increasing number of thermal
cycles. Similar to the behavior of thin films, the resistivity of
Laj 3Cay,MnO; crystal in freshly established metastable re-
sistivity state exhibits jumps and jiggles in R(T), which be-
comes relatively stable only after a few subsequent thermal
cycles.

One of the puzzling characteristics of the metastable re-
sistivity in bulk single crystals is a possibility of erasing
freshly created metastable states by heat treatment in air at
temperatures above 360 K. We have found that heat treat-
ment at temperatures somewhat higher (~450 K) than those
employed in the single-crystal case may also rejuvenate pris-
tine resistivity state in thicker films. Nothing conclusive can
be said about rejuvenating the pristine state in thinner films
since contacts to 15-nm-thick samples always became non-
linear and unfit for measurements after the thermal treatment.

The p(T) characteristics of pristine and rejuvenated state
are plotted along the metastable p(7) in Fig. 3. Note that the
rejuvenated state exhibits MIT transition at 7,,~ 133 K fol-
lowed by a metalliclike behavior below 7, and low-
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FIG. 4. (Color online) The normalized dynamic resistance of
LaggCap,MnO; 15 nm film as a function of current at various
temperatures.

temperature upturn below T.;,=~40 K. Although the MIT
temperatures of the pristine and rejuvenated states are differ-
ent and their p(T) do not fully coincide at low temperatures,
the resistivity in both states is likely governed by a similar
scattering mechanism. Fitting of p(7) of the rejuvenated state
in the paramagnetic temperature range, 210 K<7< 295 K,
by Eq. (1) gives E,~105 meV, a value very close to the
pristine state activation energy. Equation (2) applied to the
metalliclike conductivity in temperature range between 45
and 100, 110, 120, or 130 K approximates well the experi-
mental data but with significantly higher parameter p,
=70 mQ cm. Nevertheless, similar to the pristine state, the
parameter « varies between 2.7 and 3.1, depending on the
temperature range.

In the paramagnetic temperature range, the V-I character-
istics of all samples are almost linear and the effect of cur-
rent flow on R, is negligible. Below the MIT point tempera-
ture, the V-I characteristics become progressively nonlinear,
as illustrated in Figs. 4 and 5 for the case of a thinner film.
Note that nonlinear resistivity is frequently observed in
phase separated manganite thin films,'>*2°  tunnel
junctions,”’ and single crystal.*?%2° The increasing nonlin-
earity of V-I curves may be seen as a fingerprint of increas-
ing of the contribution of the tunneling mechanisms to the
conductivity with decreasing temperature. In description of
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FIG. 5. (Color online) Experimental points of current vs voltage
dependences of Lag gCay,MnO5 15 nm film fitted (solid line) by the
GM tunneling theory.
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FIG. 6. (Color online) The normalized dynamic resistance
dv1dI(I)/dV/dI(0) of 130 nm LajgCay,MnO; thin film as a func-
tion of bias current at various temperatures.

the tunneling conductivity, we refer to the Glazman-Matveev
(GM) model of indirect tunneling.>* The GM theory has been
previously employed by us to describe nonlinear V-I charac-
teristics of lowly doped LCMO crystals* and La, ;Cay;MnO;
thin films (15 nm).3! In the framework of the GM model, the
V-I dependence is expressed as multistep tunneling via n
localized states. For eV>kgT, one has

o

I=(Gy+ GV + 2, a, V12D, (3)
n=2

where coefficients a, are exponential functions of the barrier
thickness. Coefficient G accounts for the direct tunneling,
G, for the resonant tunneling via one impurity, while the
nonlinear terms describe inelastic multistep tunneling via lo-
calized states. We were able to fit the experimental V-I de-
pendences of thinner films to the GM model using n=2 and
n=3 nonlinear terms only, as shown in Fig. 5. With tempera-
ture increasing above 50 K, both nonlinear terms start to
decrease while the linear term progressively increases. At
temperatures above 7~ 180 K, the linear term fully domi-
nates the conductivity and coefficients a, and as; are practi-
cally reduced to zero.

Current dependence of the differential resistance R, of a
thicker film in the pristine state is shown in Fig. 6. The
dependence was recorded during the initial thermal cycling
which does not influence the resistivity. At high tempera-
tures, V-I curves are almost linear and the differential resis-
tance does not depend on bias. With decreasing temperature,
the nonlinearity appears and R,(I) characteristics start to re-
semble that of a tunnel junction. In particular, a pronounced
zero-bias anomaly (ZBA) appears at temperatures between
10 and 50 K. A similar “abnormal” zero-bias anomaly in the
form of a conductivity maximum has been previously ob-
served by us in the low-temperature conductivity of self-
doped Lay goMnO5 and Lag g,Cag ;sMnO; single crystals.*3?
We have attributed the abnormal ZBA to spin-sensitive tun-
neling through magnetic states located inside barriers of in-
trinsic tunneling junctions.*3233 Voltage-current characteris-
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FIG. 7. (Color online) (a) Experimental points of current vs
voltage dependences of LaygCay,MnO3 130 nm film fitted (solid
line) by the multistep tunneling GM theory. (b) Experimental points
of current vs voltage dependences of LajgCaj,MnO5 crystal at
80 K in pristine and high-resistivity metastable states fitted (solid
line) by the multistep tunneling GM theory.

tics of thicker films in the pristine state are well described by
the GM model [see Fig. 7(a)]. The parameters a, and a;
obtained for thicker films are much smaller than those for
thinner films. Unfortunately, we were not able to obtain R (1)
dependencies for the first metastable state in thicker films
because during the thermal cycling our samples spontane-
ously switched to the second metastable resistive state in
which the low-temperature resistance exceeded the measur-
ing capabilities of our setup.

Finally, for completeness of the picture, we have also fit-
ted the V-I characteristics of LajgCay,MnO; bulk single
crystal to the GM model. The characteristics recorded’ in the
pristine and highly resistive metastable state at 7=80 K, to-
gether with their fit to GM model, are shown in Fig. 7(b).
Remarkably, the nonlinearity of V-I characteristics is barely
visible even in the metastable state.

II1. DISCUSSION

While analyzing current influence of the resistivity, one
has to consider first the Joule heating by current flow which
may be the real cause of nonlinear V-I characteristics.**~’
Current flow which causes a significant heating effect would
shift the temperature of the metal-insulator transition to
lower temperatures, as was observed in overheated phase
separated Lasjg_ Pr CassMnO;  polycrystalline sample,'®
Lay,7Cay,3MnO; single crystal,®® and thin (50 nm)
Lay,CaysMnO5 film.* In our experiments, the current flow
shifts the MIT to higher temperatures (see Fig. 8). This fact
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FIG. 8. (Color online) Temperature dependences of resistance
recorded at various currents in the high-resistivity state of 15 nm
Laj gCap,MnOj thin film.

enabled us to discard the Joule overheating as a possible
source of the observed nonlinear effects.

It is also well known that structural microcracks may de-
velop during thermal cycling of manganite films and lead to
tunneling behavior, as was demonstrated in Nd,/;;Sr;,3;MnO;
films by Satyalakshmi et al.*’ The authors have shown that
with respect to uncracked specimens, the cracked films are
characterized by much lower temperature of metal-to-
insulator transition 7y, 3 orders of magnitude higher resis-
tivity at T, and significantly changed form of the tempera-
ture dependence of the resistivity at 7> T,,.*° We exclude
that similar thermal cycling induced microcracks are respon-
sible for the behavior of our LajgCaj,MnO; films because
none of the above discussed effects showed out in our films
during progressed thermal cycling (see Figs. 2, 3, and 8).
Although the resistivity of thinner Laj3Cay,MnO;5 film sig-
nificantly increases with increasing number of thermal
cycles, nevertheless, in a marked contrast to the case of
cracked films, the temperature of metal-to-insulator transi-
tion remains unchanged. Moreover, microcracks result in ir-
reversible structural changes, which cannot be rejuvenated
by a modest thermal treatment at 180 °C, as was observed in
our experiments (see Fig. 3).

Comparison of the temperature evolution of resistivity in
thinner films (15 nm), thicker films (130 nm), and in single
crystals of LajgCay,MnOj5 indicates that despite significant
differences in MIT temperature, the transport mechanisms in
all samples are apparently the same. We have shown that
transport in the paramagnetic state at 7> T can be described
by thermally activated process with single activation energy
close to 100 meV. The low-temperature resistivity below T
exhibits metalliclike behavior (dp/dT>0), with the exclu-
sion of the very low temperature range below Ty (Tmin
~20 K for films and ~80 K for bulk crystals), where the
resistivity upturn is observed. We have determined that
within metalliclike conductivity range, the resistivity does
not obey the quadratic power dependence on temperature,
expected for the pure electron-electron scattering mecha-
nism. A higher value of the power exponent points out to
some additional mechanism of low-temperature scattering,
most likely to a single magnon scattering.
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The Curie temperature in thinner and thicker films is
higher than that in single crystals. The difference results
most likely from the higher levels of strains in the film
samples. The T of thinner and more strained 15 nm film is
consistently higher than that of the thicker 130 nm film. It
appears that in Lag gCaj ,MnOj films, the strain effect signifi-
cantly increases the transfer integral and electron bandwidth,
and pushes the sample beyond the percolation threshold, in
contrast to LajgCay,MnOj5 single crystals where the ferro-
magnetic  insulating  phase = dominates at  low
temperatures.*>7-8

The main ingredient for understanding our experimental
results is a pronounced phase separation in manganites. In
the lowly doped LCMO system, the phase separation results
in the coexistence of two FM phases with different orbital
orders. 7% The analysis of *>Mn and '*’La NMR and mag-
netization data proved that the coexisting phases are charac-
terized by a significantly different magnetic anisotropy and
conductivity.”? In general, the conductivity of a PS system
does not depend exclusively on the ratio between volumes
occupied by the coexisting phases but depends, in a crucial
way, on the distribution sizes and shapes of PS domains.
Various external stimuli, such as temperature gradients and
applied magnetic or electric field, may influence the topology
of the coexisting phases and even cause a change in their
volume ratio.*! Under the influence of an external stimulus,
the percolating path of conductive domains became ‘“more
insulating” or “more metallic,” leading to differences be-
tween transport properties of metastable resistive states in the
same sample.

Recent theoretical phase separation models consider
phases with different electron densities (electronic phase
separation) and/or different structural distortions. Although
the evidence for mixed-phase states has been collected in
many experimental ways, an unambiguous picture of the to-
pology of a PS system is still not available. The presence of
nanoscale chemical inhomogeneities additionally compli-
cates the topology of PS in real samples. The observed phase
separation varies from nanometer to micrometer scale length,
leading to intricate structures which are too small to be ther-
modynamic phases in their own right. As a result, a mag-
netic, electronic, and crystallographic texture appears inside
a single complex phase. Moreover, strain interactions can
promote mixed-phase textures in the presence of disorder.
We believe that dramatic resistivity changes in our samples
under progressing thermal cycling and its high sensitivity to
applied electric current may be attributed to changing pat-
terns of metallic and insulating regions of the texture within
single complex phase.

The electric field and/or current exercises the strongest
influence on boundaries between more metallic and more
insulating regions, in the areas where the electric field is
maximal. Spin polarized electrons accumulating at the
boundaries are driven by electric field and/or current and
literally pull the boundaries deeper into insulating regions,
thus raising the volume occupied by the metallic phase.'*
The shift of boundaries for relatively low currents may be
reversible. Alternatively, it was proposed that spin polarized
current from FM metallic regions flowing into more insulat-
ing regions preserves spin polarization along a certain depth
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and thus increases the volume of FM conduction regions.*?

Recently Viret et al.** considered the effect of electrical cur-
rent influence on magnetic domain walls (DWs) in conduct-
ing ferromagnets with different DW orientations with respect
to the current direction. When current is perpendicular to a
DW, then the Hall voltage and direct spin transfer will inde-
pendently induce a pressure capable of moving the DW.
When the current direction is not normal to a DW, the elec-
tric field in the sample will exercise force on local charges
induced on the wall by the Hall effect. Therefore, it is rea-
sonable to suggest that high enough electric current increases
volumes of the FM metallic domains and creates a percola-
tive path through the sample, resulting in a strong resistivity
decrease at low temperatures.

The comparison of the resistivity  between
Lay3Ca;,MnO;5 thin films and single crystals in pristine
states and in various metastable states shows that the most
prominent resistivity changes occur at 7<<T, and especially
at low temperatures T<<T, whereas in the paramagnetic
range at 7> T, the changes are relatively small. Such be-
havior indicates that a change in the topology of FM metallic
domains is likely responsible for the pronounced resistivity
changes below Curie temperature.

Metastable resistivity can be erased by thermal processing
above room temperature. The experimentally determined
memory erasing temperature 7y coincides closely with the
upper temperature limit for Q, structural distortion estab-
lished from structural measurements.” The temperature Tx
can be also identified with the temperature at which the in-
trinsic energy landscape with hierarchical energy barriers
coupled to the strain fields is formed, or with the temperature
at which thermal fluctuations start to exceed the pinning en-
ergy, such that at 7> T the domain walls are not effectively
pinned by the hierarchical pinning landscape.** The differ-
ence between the memory erasing temperature 7. of bulk
crystals and that of films may be attributed to a high level of
strains in thin-film samples. Clearly, more energy, i.e.,
higher-temperature treatment, is needed to overcome the
elastic energy and to form a new intrinsic energy landscape
in thin films.**

Sharp resistivity drop observed in the temperature depen-
dence of resistivity of thicker films in the first metastable
state shown in Fig. 3 is very similar to the resistivity jumps
recently reported for Lasg o 3Pry3Casz;sMnO5; manganite thin-
film wires.*> The jumps were observed in R(T) curves of
Las/g o 3Pry3CassMnO; wires of the width reduced down to
1.6 wm. Such jumps were associated with the spatial con-
finement of the current and reduction of the conduction chan-
nels down to a single pathway. It was suggested that when
the size of wire decreases to the length scale of a single FM
or charge-ordered (CO) domain, the conductivity of a single
pathway is temperature driven by CO to FM transition, re-
sulting in a sudden resistivity jump at the transition
temperature.* Applying the same mechanism to our case, we
find that a transition between competing orbitally ordered
more insulating FM phase and orbitally disordered more
conductive phase FM phase’~? within a single pathway of the
current may cause a resistivity jump. Progressive shift of the
jump temperature to lower temperatures can be attributed to
an increase of the volume occupied by less conductive OO
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phase under increasing number of thermal cycles. However,
in our experiments we did not observe any resistivity jumps
in thinner films, where the conduction path is clearly stron-
ger spatially confined, than in the thicker films, where the
pronounced jumps appear. This fact proves that the above
scenario is not suitable for description of transport properties
of LajgCay,MnO; thin films and their evolution with ther-
mal cycling and changing electric current.

Our results elucidate the instability of the PS state in thin
films, associated with the conversion of a metalliclike FM
phase into an insulating FM phase under the perturbation of
external or internal stresses induced by the current flow or by
the thermal cycling. The PS state instability resembles the
one reported previously by us for LajgCay;,MnO; single
crystals. The conducting FM phase in the bulk crystals was
found to be much less stable than the insulating phase to
such extent that even unperturbed storing of the sample at
room temperatures caused a decay of the more conductive
orbitally disordered metastable state toward the thermody-
namically more stable orbitally ordered insulating FM state.’

A significant enhancement of the electric resistivity by dc
in Laj gCay,MnOj5 epitaxial thin films and its extreme sensi-
tivity to even weak currents resemble the effects observed
previously in LajgCay,MnO; single crystals. It has to be
underlined that dc density required to enforce nonlinear re-
sistivity in thin films is 2-3 orders of magnitude higher than
the one causing the same degree of nonlinearity in bulk
single crystals.

It has to be emphasized that in a difference to fabricated
tunnel junction, one cannot provide an absolute proof for the
existence and reality of tunneling processes in phase sepa-
rated materials. However, the analysis of experimental data
provides clear signatures of the domination of tunneling
mechanism in the low-temperature conductivity. Indirect evi-
dence is obtained from the nonlinearity of V-I characteristics
and their temperature evolution, which are well described by
the indirect GM tunneling model (see Figs. 5 and 7). The
tunneling conductivity should be associated with intrinsic
tunnel junctions arising when percolating metallic paths be-
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come separated by insulating regions of less conducting
phase. The transport across interrupted metallic paths is
dominated by inelastic tunneling of charge carriers across
localized states in the barriers separating FM metallic re-
gions. It is interesting to note that as-prepared strained
Laj 3Ca;,MnO; epitaxial thin films exhibit metalliclike be-
havior below T.. Nevertheless, in the metastable state their
resistivity  significantly increases and exhibits low-
temperature upturn resembling more that of the single crys-
tals, suggesting that changes in the resistivity and switching
into metastable state may be associated with some strain re-
laxation in the sample. This conclusion is also supported by
the transition into higher-resistivity states in bulk samples
upon prolonged aging at room temperature. We have tried to
verify this hypothesis by means of x-ray measurements of
thin films in different resistivity states. First results seem to
confirm the hypothesis; nevertheless, the quality of the data
does not entitle us to make any decisive conclusions at this
stage of the experiments.

IV. CONCLUSIONS

In conclusion, we have studied the effects of thermal cy-
cling and applied current on the transport properties of
Lay3Cay,MnO; thin films with thicknesses of 15 and
130 nm deposited on SrTiO; substrate. We have performed
the resistivity measurements using various protocols. The re-
sults reveal metastable states induced by the application of
current bias and/or thermal cycling. Metastable states are
characterized by the history dependent conductivity, memory
effects, and strongly enhanced sensitivity of the resistivity to
small current. Metastable resistive state exhibits clear tunnel-
ing features associated with development of intrinsic tunnel-
ing junctions at low temperatures. The tunneling mechanism
dominating charge-transfer mechanism at low temperatures
can be regarded as a manifestation of the mixed-phase be-
havior. The comparison of thin-film data with the results
published previously for LaygCay,MnO; single crystals
shows that transport properties in thin films and bulk crystals
are likely controlled by a similar mechanism.
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