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ABSTRACT We have investigated superlattices consisting of up to 30 epitaxial
nanomultilayers (3—7 nm thick) of ferromagnetic La,;Ca;3Mn0; (LCMO) and insulating
SrTi0; (STO) hybrids. The superlattices demonstrate dramatic shifts of Curie temperature,
indicating the possibility of its tunability. The metal—insulator transition (MIT) has been
observed around 140 K. Below the MIT temperature, the superlattices have shown sharp
drops of resistivity, facilitating the largest and sharpest magnetoresistance peaks
(>2000%) ever observed in LCMO films and superlattices at low temperatures. The
observed experimental results can be explained in the frame of the phase separation
model in manganites with well-organized structures. The results of magnetic and

transport measurements of such hybrid structures are discussed, indicating a magnetodi-

LAO substrate

electric effect in STO interlayers. The magnetic and transport properties of the

superlattices are shown to be technology-dependent, experiencing dimensional transitions, which enables the creation of structures with prescribed

magnetoresistance characteristics for a broad range of applications.
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erovskite manganite oxide, La;_,-
P Ca,MnOs, exhibits a great research in-

terest due to the colossal magnetore-
sistance (CMR) observed in this material
and a possibility to employ it for magnetic
sensors, recording memory devices,"? and
emerging spintronic applications in the
form of epitaxial films and heterostructures.>*
The key feature responsible for the CMR effect
in this compound is the dynamic coexistence
of phases with different properties, known as
phase separation (PS).>® The coexistence of
insulating and metallic phases in Lay;sCaq/s-
MnOs (LCMO) was directly observed at tem-
peratures below the Curie temperature (T¢).”
In ref 8, the direct imaging of clusters with the
size of around 3—4 nm was reported in
lanthanum manganite and attributed to as
evidence of the nanoscale phase separation.
Moreover, manganite thin films exhibit un-
usual properties such as nonlinear resistance
and resistance metastability.>'® However, the
successful development of manganite-based
devices requires certain magnetic and trans-
port properties, in particular at surfaces and
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interfaces if hybrid heterostructures com-
prising cuprate and manganite components
are used for spintronic applications employ-
ing CMR and high-temperature superconduc-
tivity (HTS)."" Unfortunately, the lanthanum
manganites usually demonstrate their rele-
vant magnetic properties well above the
superconducting critical temperature of the
cuprates, which impairs the development of
these hybrid applications.

Lower temperatures of the metal—insulator
transition and the magnetoresistance en-
hancement at low temperatures were ob-
tained by reducing the manganite film thick-
ness'? or by creating manganite—insulator
superlattices with periods of n < 10.'*'
However, no observations of unusual CMR
behavior in these superlattices were reported
below 90 K, the range of interest for combina-
tion with HTS materials.

In this work, we have grown (LCMO/STO),,
superlattices (with n = 20—30 periods) on
LaAlOs (LAO) substrates by pulsed laser
deposition (PLD). To enhance effects ob-
served, the thickness of individual LCMO
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Figure 1. Typical transmission electron microscopy image
of the cross section of (LCMO-3 nm/STO-3 nm)s, super-
lattice grown on LAO substrate buffered with a 35 nm thick
STO layer. Alternating bright and dark layers are STO and
LCMO layers, respectively.

layers (~3 nm) is chosen to be comparable with the
diameter of nanoclusters formed as a result of phase
separation. We have investigated magnetic and trans-
port properties of such superlattices and compared
them with properties of LCMO films grown on similar
substrates under the same technological conditions.

RESULTS AND DISCUSSION

Transmission electron microscopy shows sharp in-
terfaces between LCMO and SrTiOz (STO) layers in
LCMO/STO superlattices (SL). In Figure 1, the super-
lattice with (LCMO-3 nm/STO-3 nm)sq, hereafter de-
noted as SL4, is shown. The region in the vicinity of the
substrate buffered by a 35 nm thick STO layer exhibits a
high density of columnar defects, which evolve into a
presumably more relaxed structure with 25—60 nm
wide columnar domains characteristic of PLD epitaxial
films. A similar structure has been observed for REBa,.
Cu30 superconducting films and multilayers (RE de-
notes a rare earth element, such as Y or Nd)."> The
analysis of SEM images of the SL surfaces shows various
rectangular patterns, from clearly separated rectangu-
lar islands of about 50 nm to the mosaics of intercon-
nected chains of rectangular islands (as shown for SL4
in Figure 2) formed on the surface of the LCMO/STO
superlattice depending on the structure, deposition
conditions, and substrate selected. These rectangular
surface features indicate the dimension (~50 nm) of
the columnar domains. The columnar domains exhibit
enhanced deformation (slightly enhanced upward
layer curvature within domains) in the top half of the
structure (Figure 1), which can result in rougher inter-
faces between the layers and eventually the surface
itself. In the case of the SL4 shown in Figure 2, the
surface is rather smooth with the roughness on the
surface of about 10 nm as can be estimated from its
lowest points at the boundaries to the highest points in
the middle of the domains in Figure 1.
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Figure 2. Field emission scanning electron microscopy
(SEM) of the surface of (LCMO-3 nm/STO-3 nm)so super-
lattice, exhibiting the mosaic of interconnected chains of
rectangular islands formed as a result of columnar growth.
The diffraction pattern in the top right corner shows the
cubic crystal structure of the epitaxially grown superlattice.

It is well-known that the boundaries between the
columnar domains, traversing the entire thickness of
the SL, disrupt the crystal structure and act as cumu-
lative pinning centers for structural defects, such as
edge dislocations.'®'” These boundaries, marked by
arrows in Figure 1, are usually 2—4 nm thick. On the
other hand, the epitaxial growth of the cubic crystal
structure in the superlattice is confirmed by the dif-
fraction pattern in the inset of Figure 2. Thus, such
columnar superlattices exhibit alternating sections of
LCMO and STO with the average dimensions of 50 x 50 x
3 nm® each (or whatever the thickness of the layers is).
This structure represents a 3D well-ordered mixed
phase (or defined phase separation). Indeed, we con-
sider the presence of two clearly defined, transversally
alternating phases of LCMO and STO, as well as one or
two minor in-plane phases serving as the domain
boundaries. Obviously, we obtain a unique, well-
organized 3D structure of alternating in-plane regions
possessing high conductivity (crystalline LCMO) and
low conductivity (STO and boundaries between
columnar domains?'). This structure can be well-
controlled by selecting layer thickness and/or using
various PLD deposition parameters and conditions,
allowing one to obtain controllable structural proper-
ties of phase separation which governs the CMR effect.

The temperature dependence of magnetization
[M(T)] for the zero-field-cooled (ZFC) samples with
the in-plane field geometry is shown in Figure 3. The
ferromagnetic Curie temperature for all measured
samples has been estimated by finding the steepest
slope from the temperature derivative of magnetiza-
tion (dM/dT),"®'° shown by arrows in Figure 3. It has
been observed that, for single-layer LCMO films grown
on LAO substrates, Tc is decreased with decreasing
thickness of the layer. For the 200 nm thick LCMO film
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Figure 3. Temperature dependences of ZFC magnetization
for LCMO films of 50 and 200 nm thick, as well as super-
lattices SL4 (LCMO-3 nm/STO-3 nm);o and SL1(LCMO-3 nm/
STO-7 nm),, showing T¢ = 180, 235, and 135, 74 K, respec-
tively. Multipliers noted in the legend are applied to the
corresponding curves for scaling.

(LCMO-200), Tc == 235 K was obtained, whereas for the
50 nm thick film (LCMO-50) Tc = 180 K. This result is
consistent with ref 12, which reported a similar trend
for similar thickness reductions.

In contrast, we propose to effectively and dramati-
cally control the T¢ shift to lower temperatures by
introducing a certain LCMO/STO superlattice structure
grown on the same type of substrates. The SL1, which
has a total LCMO thickness (~60 nm) similar to the
50 nm thick LCMO film, shows T¢ = 74 K (Figure 3). The
(LCMO-3 nm/STO-3 nm)sq superlattice (SL4) with the
total LCMO thickness of about 90 nm exhibits a corre-
spondingly higher T¢ = 134 K. Notably, as also follows
from other measured (but not shown) superlattices,
the thickness of STO layers may significantly affect the
Tc trend. This change in properties of separated phases
by the thickness of the STO interlayer is likely to
support the phase separation as the mechanism re-
sponsible for the reduction of T with increasing
insulating domains.”

We should note that some differences in the para-
magnetic signals for our samples above T¢ in Figure 3
are most likely due to different amounts of LCMO
material, its architecture, and its possibe varying param-
agnetic properties dependent on oxygen content.'** In
Figure 3, this difference was artificially enhanced due to
the multipliers applied to the corresponding curves for
scaling to improve presentation.

The transport measurements show significant differ-
ences between the temperature dependence of resis-
tivity for the LCMO films and LCMO/STO superlattices.
In Figure 4, resistivity (o) of the LCMO-50 film is shown
as a function of temperature at the applied magnetic
field B, = 0 and 5 T. We can see a clear metal-to-
insulator transition (MIT) at T, = 160 K and metallic-like
behavior below T,. The temperature-dependent mag-
netoresistance (MR) for the same LCMO film is also
shown in Figure 4. The MR is defined as MR = [R(B,) —
R(0)] x 100%]/R(0), where R(0) and R(B,) are the resistances
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Figure 4. Temperature dependence of resistivity for the
50 nm thick LCMO film showing the MIT point (denoted by T;,)
of about 160 K at zero and high applied magnetic fields. The
magnetoresistance minimum is found also at around Ty,.
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Figure 5. (a) Temperature dependence of resistivity of the
SL4 superlattice grown on LAO substrate measured at B, =0
and 5 T. The solid line exhibits the temperature dependence
of RC product (right axis) for LCMO/STO interface with C(T)
taken from ref 26 and R(T) from Figure 4. (b) Magnetoresis-
tance as a function of temperature shows two maxima at =27
and 75 K. Open circle curves overlapped in (a) and (b) show the
reproducibility of the respective curves obtained by measur-
ing with a smaller temperature step.

at the applied field B, = 0 and 5 T, respectively. The
sample shows a MR minimum in the vicinity of the
metal—insulator transition temperature. Both resistiv-
ity and MR behavior of the LCMO films measured are
typical for the samples with similar thickness and
composition as described in refs 9 and 10.

In the LCMO/STO superlattices (Figure 5a), the p(T)
behavior of the high-temperature paramagnetic part
at T > T, is rather similar to the LCMO single-layer films.
However, below Ty, the transport characteristics can be
very different compared to the LCMO films of compar-
able thickness. The p(T) curves for SL4 demonstrate two
sharp singularities with the resistivity drops of up to
2 orders of magnitude for both zero-field and in-field
resistivity curves. The corresponding magnetoresistance
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curve is shown in Figure 5b for this superlattice. Above
MIT temperature, the MR demonstrates behavior simi-
lar to single-layer LCMO films with negative MR values
as high as —90%. Below Tj,, the magnetoresistance of
the superlattice shows two sharp positive peaks with
the highest value of more than 2000% at T = 75 K,
which corresponds to the lowest resistivity point for
the zero-field resistance dependence on temperature.
Note that p(T) curves are highly reproducible for every
sample (as can be seen from two overlapped curves
measured with different temperature step for the spike
obtained at higher temperature) and do not have any
dependence on cycles of cooling and heating. How-
ever, the behavior of spikes depends on the layer archi-
tecture and deposition parameters (including substrate
selection). For example, for thicker STO interlayers (SL1)
and fewer number of layers in the SL with very straight
interfaces, even in the vicinity of the domain boundaries,
no spikes have been observed; with a slight variation
of the STO interlayer thickness (by <2 nm), the spikes'
position can be adjusted; importantly, identical deposi-
tion conditions and layer architecture for different sam-
ples lead to identical behavior (verified during the
refereeing process). The discussion of exact parameters
allowing us to control the resistance drop behavior is
outside the scope of this work and will be detailed
elsewhere. In this work, we report this new phenomenon
and its most pronounced behavior obtained for SL1 and
SL4, as well as focus on its possible explanation.

The explanation of such unusual behavior can be
proposed within the framework of a phase separation
model, arising as a result of the well-ordered 3D
alternating structure of ferromagnetic (FM) and insu-
lating domains in our hybrid multilayered system
(explained above).

According to the models of phase separation,”® the
concentration of carriers in various clusters (or system
domains) affects the local and global magnetic
properties?? due to effective spin exchange through
various mechanisms including double exchange, car-
riers (electron) hopping, crystal lattice distortions, etc.?
In the paramagnetic state above the MIT temperature,
spin-charge-ordered insulating phases create potential
barriers between clusters (or domains) of ferromag-
netic phase. The mutual phase charging due to in-
creasing concentration of carriers leads to increasing
Coulomb fields. This increase would expand conducting
regions, eventually setting up presumably percolative
conduction between them below the MIT at T,,. This does
not destroy the phase separation but changes its
topology,® most likely also within the LCMO domains.

Furthermore, below the MIT (Figure 5), two negative
spikes in the resistivity curves have been observed in
the superlattices for zero magnetic field and B, =5 T.
The lower-temperature spike (at 27 K) is usually broader
than the high-temperature spike (at 75 K). In addition, the
spikes measured in the applied fields are shifted relative
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to their zero-field temperatures, so that the low-
temperature spikes are observed at even lower tem-
peratures, while the high-temperature spike is shifted
to higher temperatures. It is also important to notice
that the “background” resistivity does not drop sub-
stantially, remaining at the same level and likely in-
dicating a similar mechanism of conductivity outside of
the spike ranges. We presume that a certain degree of
“tunneling” through structural barriers with high resis-
tances between LCMO domains shown in Figure 2 is
involved with marginal variations outside the spikes.
Within the spike temperature range, the Coulomb
potentials experience a progressive breakdown as
the temperature of the sample is changed. The proper-
ties of multiple potential barriers created by the
superlattices are expected to be temperature- and
magnetic-field-dependent, which plays an important
role in the progressive breakdown. This would mean
that, instead of tunneling, the neighboring ferromag-
netic regions become electrically connected, hence
progressively lower resistivity is measured. As the
Coulomb potentials discharge throughout the entire
sample, the insulating barriers are again progressively
reinstated, leading to reinstating resistivity and even-
tually to the “background” tunneling-driven percola-
tive conductivity level. Both negative spikes may have
a very similar scenario. However, the high-temperature
spike at 75 K may have additional contribution from
the out-of-plane tunneling barrier breakdown because
of conducting filament formation (through the STO
layers).2* Thus, these two negative spikes may reflect
characteristic behavior of the well-ordered domain
structure (well-ordered PS) for in-plane (2D-like) and
out-of-plane (3D-like) conductivity.

To illustrate the scenario described above, we pro-
pose the dimensional RC network model as follows.
Taking into account that in our superlattice the LCMO
semiconductor layers are separated by the insulating
STO layers, a certain capacitance is created across each
insulating layer. Thus, we can analyze a RC network in
our superlattice with nonlinear, temperature-depen-
dent resistors being represented by LCMO layers
(Figure 6). The capacitor characteristics would depend
on dielectric properties of STO layers, which in turn can
also vary as a function of temperature and electric field
strength. In Figure 5a, we reproduce the RC curve (solid
line) obtained for a hybrid temperature dependence of
a LCMO/STO interface capacitance (from ref 26) and a
LCMO layer resistance from Figure 4. Indeed, the curve
indicates substantial influence of the capacitance on
the behavior observed in the superlattice. This ap-
proach should be reasonable for the STO interlayer
thicknesses used in our SL because it was shown that
even 0.8 nm thick STO layers can display good insulat-
ing properties.>> However, the application of threshold
voltages is likely to lead to the formation and rupture
of filamentary conducting paths inside insulating
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Figure 6. Model of LCMO/STO superlattice as the 3D RC
network, where the formation of the filamentary conduct-
ing paths in the STO interlayers is shown as thin lightning
bolt-like lines.

sublayers®* (lightning bolt-like thin lines in STO layers
in Figure 6), which respectively results in short-circuit-
ing and reopening the capacitors.

In the situation where all of the in-plane capacitors
(across the LCMO domain boundaries) are short-
circuited presumably at the low-temperature negative
spike, the RC network behaves as a set of 2D capaci-
tively coupled resistors with the resistance R being
determined by the in-plane LCMO resistance. The
equivalent diagram of the RC network model is simpli-
fied in this case to the one shown in Figure 7.

At low temperatures (well below the low-temperature
spike), the capacitance of the STO insulating layers
is the highest,® hence the total resistance is likely
defined by the 2D RC network of only one top LCMO
layer (an ideal case) that is RT = 1 kQ (measured at
10 K). As temperature increases, the relatively small
capacitances across the LCMO domain boundaries break-
down, expanding electrically connected ferromagnetic
clusters and decreasing the total 2D-like in-plane
LCMO resistance. At the minimum of the low-tempera-
ture spike at T, = 27 K (for zero field), the superlattice
possesses the minimum resistance of R1,;, = 80 Q at/=
100 uA applied only to the top manganite layer.

At the minimum, the electric field strength between
the voltage terminals has its minimal value £ = 0.2 V/m,
which is too small for the connectivity filament forma-
tion, and the inverse process of filament rupture is
triggered. Note that the local electric field strength
between the LCMO domains across domain bound-
aries can be as high as hundreds of kV/m if we consider
the width of the boundaries, which is on the order of a
few nanometers.”>~ "7 It is sufficient to facilitate the
capacitive domain boundary rapture.

Upon further increased temperature, we are expect-
ing three processes to occur. (i) The capacitance of
STO interlayers keeps degrading, which lowers the
Schottky-like barrier and enables the formation of
conducting filaments through STO layers.2% (ii) A similar
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Figure 7. Simplified equivalent diagram of a superlattice
with the assumption that all 2D-like in-plane resistances are
within the LCMO layers with the in-plane capacitors across
the LCMO domains being short-circuited, while the out-of-
plane capacitors (across STO layers) effectively decouple the
LCMO layers at and below the low-temperature negative spike
where the capacitance would still be large to form conductive
filament®* (or breakdown) across the STO interlayers.

degradation process would be valid for the capaci-
tance of the domain boundaries (reducing local electric
field strengths), (iii) whereas the resistance of the
LCMO within the domains keeps rising due to MIT
(Figure 4), which redistributes E more evenly over the
LCMO layers reducing the chance of the rupturing. This
three-fold process can result in the behavior observed
experimentally as follows.

The resistivity is rather constant between the two
negative spikes, being the result of counteraction of
rising resistivity within the LCMO domains, on one
hand, and lowering capacitance of the domain bound-
aries, hence gradually enhancing the tunneling, on the
other hand.

At a certain point, the capacitance across the STO
layer drops below a threshold level (the onset of 3D-like
behavior), so that it becomes favorable for carriers to
tunnel through (or to rupture) the STO layers. As a
result, a process similar to the 2D process described
above for a single LCMO layer is initiated, but now it is
likely to engage not only one LCMO layers but all LCMO
layers for 2D in-plane conductance as well as tunneling
or rupture of STO layers enabling the 3D-like participa-
tion of all LCMO layers. Again, a rough estimation of
electric field across one =3—6 nm thick STO layer
reaches E ~ 2—4 MV/m, which corresponds to the field
strength necessary to rupture the STO layer of up to
1 um thick.?” According to our model, at the minimum
of the spike at T,,, = 78 K, all capacitors across STO
interlayers in Figure 7 have to be replaced by conduct-
ing filaments. This allows us to verify our model by a
simple check of the total resistance expected at the
minimum. It can be found by dividing the resistance of
the single LCMO layer R1 = 80 Q measured at T,,; by

VOL.7 = NO.1 = 286-293 = 2013 K@N&NK}

WWwWW.acsnano.org

290



the number of the deposited LCMO layers in the SL4
(n = 30). Hence, the total network resistance expected
at the minima of the spike is ~3 Q. This value can be
considered to agree well with the measured value
of =15 Q, in particular, if we recall that the resistance
within LCMO domains rises with the temperature,
while our estimation is based on the R1 value obtained
at T,y = 27 K. Furthermore, the disagreement may also
be due to structural imperfections and short-circuiting
between layers, which could also mean that R1 was
measured as a parallel resistance of two (or even a few)
LCMO layers, whereas we initially considered it an ideal
case. Additionally, the resistance of the LCMO layers
near the substrate may be quite different than the top
layers due to the larger amount of defects in the initial
layers near the substrate, as can be seen in TEM image
(Figure 1).

At temperatures higher than T, the reverse pro-
cess commences due to the low averaged £ value, in a
fashion similar to that described above for the low-
temperature spike. Eventually, the total superlattice
resistance rises with temperature up to the MIT point.

Yet another confirmation of the dimensional mech-
anism proposed comes from the field dependence
of the spike behavior. The first 2D low-temperature
spike is proposed to be governed by in-plane FM
domains. By applying an in-plane magnetic field, it
forces the domains to align along the field, so that
some neighboring domains are likely to merge, de-
creasing their number and increasing their size. This
would lead to (i) a more rapid rupturing (and inverse)
process (fewer domains), (ii) which is likely to happen
at lower temperature, and (iii) resulting in a lower
resistance at the minimum (fewer domain boundaries
to rupture). Indeed, we observe these three features in
our experiments (Figure 5a).

Furthermore, the second 3D high-temperature
spike, on the contrary, shifts to a higher temperature
at the applied field, which may confirm its different
dimensionality as follows. Indeed, the dielectric prop-
erties of materials can be changed in materials, in gen-
eral, and systems like the STO structure, in particular.?5?°
In our case, during the PLD process, STO interlayers in the
superlattice may become doped (contaminated) with
Mn or LCMO due to remnant plasma after switching
targets from LCMO to STO, or/and the secondary
ablation of LCMO upon STO deposition, or/and inter-
diffusion between layers at the deposition tempera-
ture of 780 °C. STO doped with Mn and LCMO itself has
been shown to exhibit magnetodielectric effects.>
This means that the dielectric constant of the STO
interlayers would increase in the magnetic field ap-
plied, leading to the rupture process occurring at
higher temperatures, as indeed was observed in our
experiment at B, = 5 T. Similarly to the first spike, because
of the in-plane larger FM clusters, the rupture process
would be more rapid, exhibiting lower resistance.
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These peculiarities are observed in our measurements
(Figure 5a).

It is important to note that the resistivity of single-
layer LCMO films in Figure 4 is higher than in the SL by 2
orders of magnitude, which is consistently observed
for these types of SL. Intuitively, the resistance trend
should have been reversed simply because the thicker
conducting LCMO film had lower resistance than in the
2D LCMO layers of the SL separated by insulating STO.
Indeed, although the total thickness of LCMO in the SL
was kept equal to the corresponding single-layer
LCMO films, the current was applied to the top layers
only. The explanation of this seemingly unexpected
effect is in fact in line within the RC model we propose
as follows. The current applied, which would flow
through the entire 3D LCMO single-layer film, flows
through one (or a few) top 2D layers in the SL, implying
higher E in each of them across all possible barriers,
such as domain boundaries, phase separation within
domains, etc. Higher E suggests easier mutual phase
charging followed by the corresponding easier dis-
charging and formation of additional conducting fila-
ments between phases, domains, etc. This obviously
leads to lower resistivity in the SL than in the LCMO
films with tunneling-driven conductivity across all
possible barriers. In general, this process is likely to
be responsible for the presence (controllability) of the
sharp resistivity drops. However, we should mention
that the difference in resistivity can also be influenced
by (i) the oxygen content in LCMO,'®"® which (ii) may
not be reproduced by PLD without the due attention,
which (iii) may be affected by the proximity of the
interlayers and interfaces (also reducing surface con-
ductivity noticed upon SEM studies), and (iv) by the loss
of oxygen during gold contact deposition, which (v)
may be different for the films and SL.

The recent theoretical study has demonstrated®
that in the vicinity of region of competition between
the ferromagnetic metallic and spin-charge-ordered
insulating phases, the CMR phenomenon may be
observed with MR of up to 10000% with the resistivity
behavior becoming metallic via an abrupt discontinu-
ity. We indeed observe large MR in excess of ~2000%
in the form of discontinuities, likely representing the
dimensional or a first-order transition. It is the sharpest,
strongest, and, importantly, controlled MR behavior
reported in LCMO films and superlattices.®’

CONCLUSION

In summary, we have manufactured LCMO films and
LCMO/STO superlattices by PLD and investigated their
properties by means of magnetic and transport mea-
surements. We have managed to establish an accep-
table technology for combination of LCMO films
exhibiting the CMR effect with HTS REBCO films for
novel hybrid functionalities and devices, so that the
relevant magnetic properties of LCMO at T < T would
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be exhibited below the superconducting transition
temperature. This can be achieved by reducing thick-
ness of LCMO single-layer films but more effectively and
controllably by introducing LCMO/STO superlattices
with the period of n > 20 and 3—7 nm thick layers.
We have obtained Tc = 74 K, which is even below liquid
nitrogen temperature (and T = 91 K of HTS REBCO
films), enabling an easier cooling approach for poten-
tial applications. A shift of the metal—insulator transi-
tion to lower temperatures in p(T) curves has been also
observed for the films and superlattices. Importantly,
the p(T) curves of the superlattices below the MIT have
remarkable sharp features exhibiting about 2 orders
of magnitude drops of resistivity, which result in the

EXPERIMENTAL DETAILS

Thin films of La,y/3Ca;;3MnO3, SITiO3 (STO), and their hetero-
structures were epitaxially deposited on 5 x 5 mm? STO(100)
and LaAlO3 (LAO) substrates by a standard PLD technique
developed and employed for high-quality YBa,CusO; film
deposition®? with a pulsed KrF excimer laser (wavelength of
248 nm) at the laser fluency of ~3—4 J/cm? and the pulse
repetition rate of 5 Hz. The oxygen pressure in the vacuum
chamber was maintained at 300 mTorr during all deposition
processes. The target to substrate distance was typically 65—
70 mm with each target rotating uniformly around their axes in
order to obtain homogeneous high-quality epitaxial films. The
deposition temperature was kept at 780 °C for all materials
used. The thickness of epitaxial layers was controlled by the de-
position rate determined by measuring thickness with the help
of surface profiler measurements. The programmable target
carousel was used to facilitate the noninterrupting deposition
process for manufacturing multilayered structures and super-
lattices. Magnetic measurements were performed using a
superconducting quantum interference device (MPMS) by
Quantum Design. The surface morphology of thin film was
investigated using a field emission scanning electron micro-
scope (SEM) equipped with a through the lens (TTL) detector.
The interfaces between layers and microstructure of the super-
lattices were observed by transmission electron microscopy
(TEM), as well as energy-filtering transmission electron micro-
scopy (not shown). Cross-sectional TEM samples were prepared
using lift-off focused ion beam technique. For magneto-transport
measurements, golden contact pads were deposited by laser
ablation. The sample resistance as a function of temperature and
current—voltage (V) characteristics was measured by a dc four-
probe method at different applied magnetic fields.
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