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It is becoming increasingly clear that the exotic properties displayed by correlated electronic materials such as high-
T superconductivity in cuprates, colossal magnetoresistance (CMR) in manganites, and heavy-fermion compounds are
intimately related to the coexistence of competing nearly degenerate states which couple simultaneously active degrees of
freedom—charge, lattice, orbital, and spin states. The striking phenomena associated with these materials are due in a
large part to spatial electronic inhomogeneities, or electronic phase separation (EPS). In many of these hard materials, the
functionality is a result of the soft electronic component that leads to self-organization.

In this paper, we review our recent work on a novel spatial confinement technique that has led to some fascinating
new discoveries about the role of EPS in manganites. Using lithographic techniques to confine manganite thin films to
length scales of the EPS domains that reside within them, it is possible to simultaneously probe EPS domains with different
electronic states. This method allows for a much more complete view of the phases residing in a material and gives vital
information on phase formation, movement, and fluctuation.

Pushing this trend to its limit, we propose to control the formation process of the EPS using external local fields,
which include magnetic exchange field, strain field, and electric field. We term the ability to pattern EPS “electronic
nanofabrication.” This method allows us to control the global physical properties of the system at a very fundamental level,
and greatly enhances the potential for realizing true oxide electronics.
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1. Introduction

In this new millennium, research in physics, chemistry,
and life sciences is converging toward a striking common-
ality: understanding the physical and chemical properties of
nanoscale objects. Elucidating the intricate causal relation-
ship between fundamental interactions and length scales, and
the emerging physical, chemical, or biological behavior is
one of the greatest scientific and technological challenges of
the 21st century. Emergent phenomena in material research,
such as high temperature superconductivity, giant magnetore-
sistance, and quantum Hall effect, were initially discovered via
controlled synthesis of novel materials with carefully tailored
structure and chemical composition. While those milestone
developments have defined the forefront of condensed matter
science for the past twenty years, today we are presented with
a golden opportunity to create nanoscale architectures using
the novel tools and the rapidly expanding knowledge base of
nanoscience. New research strategies aimed at connecting the
world of nanophysics with complexity and emergent phenom-
ena in artificially structured materials are a most promising
avenue toward elucidating the most fundamental organizing
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principles of matter that may one day allow researchers to de-
sign emergent matter with desired functionality.

Correlated electronic materials (CEM) are materials with
high degrees of complexity.!! Colossal electroresistance,
colossal magnetoresistance, high-7; superconductivity, and
multiferroicity are several fascinating emergent behaviors
found in CEM; however there is yet no known theoretical
model that is capable of fully explaining any one of these
behaviors let alone a unifying understanding capable of ex-
plaining the effects of complexity on emergent behavior as a
whole. The one thing that many of the materials exhibiting
these properties share is electronic phase separation (EPS).[%]
For this reason, it is imperative that we fully understand this
phenomenon. Many systems with correlated electrons, such as
manganites, cobaltates, and cuprates, have been shown to con-
tain inherent electronic inhomogeneity near a phase transition.
The shape and scale of EPS are different for different systems
with electronic domain sizes ranging from a few nanometers
to several micrometers. What is also of interest is that exper-
imental probing and imaging techniques have suggested that
there is not necessarily any preferred domain nucleation site
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under thermal cycling, which could imply that the seeding of
electronic phase domains is a purely emergent phenomenon.’!
The fact that EPS is present in so many materials of such vary-
ing character raises many questions as to its origin and its role
in correlated electronic systems.

Due to the strong electronic correlation in CEM, they are
likely to lead to observations of striking new phenomena under
spatial confinements. For instance, in transport measurements
of unconfined CEM systems where the device size is larger
than the inherent electronic phase domains, the current will
bypass regions of high resistance in favor of regions having
lower resistance, as the probing electrons will follow the path
of least resistance. By reducing CEM to length scales smaller
than the electronic phase domains that reside in the material, it
is possible to probe both the high and low resistance domains
inherent in the material using transport measurements. This
method allows for a complete view of the phases residing in
the material, which gives vital information on phase forma-
tion, movement, and fluctuation. Since the multiple regions
also possess varied properties, this technique could lead to un-
expected functionalities in future device applications. Spatial
confinement of CEM exhibiting emergent phenomena is a nec-
essary step in unlocking these systems to better scrutiny and
opening them to new applications.

Ultimately, when the dimension of CEM is reduced to the
length scale of the correlation length, one would expect fun-
damental changes of the correlated behavior. In the past, we
have seen abundant evidences that simple materials become
complex at small scale. For complex materials, it would be
of great interest to investigate whether they become simple or
even more complex when they are smaller than the correlation
length scale.

Manganites are model systems to study the emergent phe-
nomena in CEM under spatial confinements. The existence
of EPS in manganites with various length scales has been

8-131 which is also believed to have strong

widely reported,!
influences on the metal-insulator transition and the colossal
magnetoresistance (CMR) in manganites.!'*! If a wire could
be fabricated with a width on the same scale or smaller than
that expected for the EPS in the CMR materials, one would
expect quite dramatic changes in functionality and the emer-
gence of new phenomena. The challenge is that the expected
length scale in most manganites is in the nanometers,!' 3]
which makes the fabrication very difficult. However, sub-
micrometer scale phase separation has been observed in the
La;_PryCa; sMnO3 (LPCMO) system where ferromagnetic
metallic and charge ordered insulating domains coexist.!'6]
This large-scale phase coexistence makes LPCMO an ideal
model system, because wires can easily be made using the
conventional lithographic fabrication processes.

In this article, we review some recent developments in

studying the spatial confinement effect on manganites. The
examples given are mostly based on our own results. The pa-
per is organized as follows. After some general discussion on
the experimental details of growth of manganite films and sub-
sequent wire fabrication in Section 2, we give several exam-
ples demonstrating emergent phenomena in manganites under
spatial confinement in Section 3. The attempt to control the
EPS in manganites by elastic strain is described in Section 4,
followed by a description of using a local external field to pat-
tern EPS formation (termed as electronic nanofabrication) in
Section 5. In the end (Section 6), we give conclusions and
outlook.

2. Growth of manganite thin films and wire fab-
rication

Thin film epitaxial growth using laser molecular beam
epitaxy (LMBE) has become one of the most popular tech-
niques in condensed matter physics because of its versatility
and relatively easy application to achieve different function-
ality. However, the LMBE growth process is far from simple
because it involves multiple complex steps, such as ablation
of target material, plasma generation and propagation through
vacuum or background gas, deposition of ablated atoms on
the substrate, followed by non-equilibrium processes on the
surface such as diffusion, desorption, nucleation, attachment
to existing atomic steps, etc.!’~1”! The resulting LMBE film
growth mode depends strongly on all of these steps, in addi-
tion to the consideration of the cohesive energy between the
ablated atoms and the binding energy between the atoms and
the substrate.?%?!! For example, the background gas pressure
plays an important role on plume collision, sharpening as well
as compensating film stoichiometry;!!”-!8! the high instanta-
neous deposition rate implies a high supersaturation value that
gives rise to a small critical nucleus and thus high density nu-

cleation sites:!17-18:20]

temperature is known to have critical in-
fluence on the diffusion barrier, which may affect the growth
mode strongly. Although various kinds of growth modes have
been observed for oxide thin films under different growth
conditions,”>4 a general growth diagram that can help to
guide growth control of complex oxides was not obtained till
very recently.”>!

In this work, manganite thin films were grown on sin-
gle crystal substrates of SrTiOsz, SrLaGaO4, LaAlOs, and
NdGaOs3 using LMBE (248 nm, 5 Hz, 1 J/em? fluence) in an
ultrahigh vacuum chamber (base pressure < 1 x 10~1* Torr).
During growth, oxygen atmosphere (8% ozone) of about
7 mTorr was used. The substrate temperature was kept at 800—
900 °C to allow step flow growth, which produced thin films
with high quality in terms of minimum oxygen deficiency and
other structural defects. For some LPCMO thin films, the sam-

ples were immediately cooled down to room temperature after
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growth and in-situ transferred to a scanning tunneling micro-
scope (STM) chamber. As shown in Fig. 1, STM images con-
firm the existence of submicron scale EPS in the LMBE grown
epitaxial films.

The high quality of the epitaxy was not only indicated
by RHEED oscillations, but also verified ex-sifu by atomic

(a) morphology

force microscopy (AFM), X-ray diffraction, and a Rutherford
backscattering (RBS)/channeling experiment in a 2 x 1.7 MV
Tandem accelerator using 2.1 MeV alpha particles (see Fig. 2).
The all-important stoichiometry of the epitaxial films was fur-
ther checked by comparing the phase transition point of thick
films to that of the corresponding bulk.

(b) spectroscopy

Fig. 1. The 320 nm x 320 nm topography image (a) and corresponding current image (b) simultaneously obtained from the same
scanning area of 120 nm (La5/8,0‘3Pr0_3)Ca3/gMnO3 film at 7 = 300 K. The current image is shown for Vi, = 1.6 V.
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Fig. 2. Laser MBE growth of manganite films. (a) Schematic of the set-up, (b) RHEED oscillations showing unit cell by unit cell
growth, (c) 6-26 XRD scan showing fringe oscillations of a high quality film, and (d) ion channeling data indicating a minimum yield

of 2% (bottom right, similar to that of single crystal Si).

For consistency, LPCMO wires of different sizes were
fabricated from a single LPCMO film using optical lithogra-
phy within an area of about 3 mmx3 mm, as shown by scan-
ning electron microscope (SEM) images in Fig. 3. In every
unit (~ 0.5 mmx2.5 mm), four gold pads (gold thickness is
200 nm) have been coated onto the LPCMO film with two
500 umx400 wm pads serving as the current contacts and two
500 pm x 200 pum pads as the voltage contacts. The electrical
connections between the Au pads and the puck of a Physi-

cal Property Measurement System were made by Kulicke and
Soffa wire bonders (model 4123 for Al and 4124 for Au).
Twenty-micron diameter Au or Al wires were directly engaged
without using any paint and solder, which removes all possi-
ble contact problems for the transport measurements. A mag-
netic field was applied along the easy magnetization axis, i.e.,
the direction perpendicular to the substrate surface during the

transport measurements.
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Fig. 3. SEM images of LPCMO wires fabricated from a single
LPCMO/LAO(100) film with different sizes. The gold contacts are in
200 pum to 500 pm scale, which is considerably larger than the 20 pm
diameter of the wire bonding thread. Current flows from top to bottom
during the transport measurements.

3. Emergent phenomena in manganite wires

As mentioned earlier, the LPCMO system is well known
to have coexisting ferromagnetic metal (FMM) and charge-
ordered insulator (COI) domains upon its metal—insulator tran-
sition (MIT). By spatially confining epitaxial LPCMO thin
films to the scales of the inherent EPS domains, the electronic
transport lanes are forced to pass through both the low re-
sistance lanes of the FMM and the high resistance lanes of
the COL. This differs from past studies on bulk and thin films
which probed only the low resistance lanes (Fig. 4). Through
confinement, “hidden” regions are opened to scrutiny, which
gives us new insight into the fundamental characteristics at

play.

Fig. 4. Schematic diagram of film and wire with corresponding resistive
networks. Black and grey areas represent FMM and COI regions.[*”)

Figure 5 reveals ultrasharp jumps in resistivity of LPCMO
wires on LaAlO3 that become visible as the widths of the wires
are reduced to a scale on the order of the inherent EPS. These
jumps are attributed to a reduction of the transport lanes to
a single channel. As the insulating barriers of the charge or-
dered state are broken by the reduction of temperature or an
increase in magnetic field, the resistance in the wire shows
sharp jumps around the MIT, which reflects the nature of the
first-order phase transition between FMM and COL?!

Having established that we are capable of probing multi-
ple domains, we are able to investigate the formation and in-
terplay of domains. This can be accomplished by studying
the effects of strain through La/Pr doping and substrate in-
duced strain. As shown in Fig. 6, we have found a reemergent
MIT that, while present, is not seen in transport measurements

in either bulk or thin film form. The wire geometry forces
the electronic channel to pass across both high and low resis-
tive domains and can be modeled as a serial resistive network
(Fig. 4). Further, this behavior is tunable. By varying chemi-
cal pressure and pressure from the substrate, we find that there
is a critical regime in which the reemergent MIT resides, and
it can be accessed through balancing these strains.!>’]

Because transport measurement can reveal the signature
of phase transition of an individual EPS domain in a man-
ganite wire, it becomes possible to probe the EPS domain
dynamics of manganites. This is accomplished by setting an
La;_PryCa; sMnO3 wire at or very near the critical point of
phase transition and measuring the phase fluctuation with high
time resolution. The very limited number of EPS domains that
can be hosted in the wire effectively removes the problems as-
sociated with spatial averaging methods in the conventional
transport measurements while allowing for a high temporal
resolution. At the critical point of the MIT, single domain
fluctuations will show a clear signature in time-dependent re-
sistivity measurements.
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Fig. 5. (a) Resistivity versus temperature (R-T") curves for the LPCMO
wires under a 3.75-T magnetic field. Arrows indicate the direction of
the temperature ramp. The R—T curves all exhibit hysteresis behavior
in cooling—warming cycles, which is consistent with the coexistence
of FMM and COI domains in the LPCMO system. The MIT is rather
smooth for both the 20 pm and the 5 pm wires. Ultrasharp and giant
steps are clearly visible for the 1.6 pum wire. (b) Resistivity vs. mag-
netic field curves for the LPCMO wires measured at 110 K. Sudden
step-like jumps are again visible in the 1.6 um wire. Arrows indicate
the sweeping directions of the magnetic field for each curve.[*¢]
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Fig. 6. Transport and magnetic properties of 70 nm Lag 3,5Prp3Cag375MnO3 thin film and wire with (ra) of 1.339 A on lattice
matched SrLaGaOy4 on heating and cooling (indicated by arrows) under increasing magnetic fields. Left: optical image of 10 mm
geometry with expanded view of film (up) and wire (down). Upper right: comparison of temperature dependence of resistivity in film
at 0 T (black), 0.4 T (red), 1 T (blue), and 3.5 T (green). The film shows a single MIT peak. Lower right: comparison of temperature
dependence of resistivity in 10 um wire at 1.5 T (black), 1.75 T (red), 2.25 T (blue), and 3.75 T (green). The wire shows a reemergent,

low temperature peak in r that is not present in the film. Insets show differences in resistivity between warming and cooling curves.

Figure 7(a) shows resistivity of 10 pumx50 pmx70 nm
LPCMO wire as a function of temperature on warming un-
der a 3.75 T magnetic field. This field is sufficient to align
the ferromagnetic domains without melting the charge ordered
phase, which allows us to probe only the electronic domains
without the interference from magnetic domains. The MIT is
clearly visible across a 2 K window centered at 83 K as an ul-
trasharp peak in resistivity (p) with a Ap /p of 3200%. This is
contrasted with the same sample in a film geometry (Fig. 7(a)
inset), which shows a smooth transition from metallic to in-
sulating behavior across a 150 K window. Figures 7(b) and
7(c) show the time-dependent resistivity while the wire is held
at the transition temperature. Figure 7(b) has a relatively low
time resolution of 10 s and is characterized by a stable com-
petition between two states with resistivity jumps of 46%. By
increasing the time resolution from 10 s to 22 us, the true na-
ture of this volatility becomes clear (Fig. 7(c)). The apparent
two-state system is actually comprised of a much richer multi-
state system. There are three inherent resistivity levels, each
containing a further two-state fluctuation. In contrast, the film
(Fig. 7(c) inset) only exhibits white noise. These fluctuations
in the wire are a direct signal of the microscopic fluctuations
in EPS domains at the transition temperature.[*8]

As shown above, confining a thin film to a wire allows
us to gather high resolution dynamical information on a single

or few electronic domains residing in the wire as they transi-

[27]

tion between insulating and metallic phases. The behavior and
response of a first-order phase transition have not been well
studied in the previous works, but as we seek to better under-
stand the mechanisms that drive electronic phase transitions
and begin to incorporate these materials in practical devices,
such as in magnetic cooling or memory applications, it is vital
to investigate the timescales at which these transitions occur.
The data collected in Fig. 7 is further investigated as
it contains a single two-state fluctuation that is present in
three background states. This allows us to study the influ-
ence of background effects on a single electronic domain’s
dynamics*®! Figure 8(a) shows a snapshot of the time-
dependent resistance of the 10 um wide wire held at the crit-
ical point of 83 K under a 3.75 T magnetic field. We see that
within each of the three background levels, there is a single
active domain that can be observed. This means that any dif-
ferences in this single domain’s dynamics can be directly at-
tributed to changes in the applied electric field arising from
background resistive changes, local current effects as the re-
sistive network is modified, and correlations between neigh-
boring domains as they undergo transition. We interpret the
high and the low resistance states as arising from a single
phase domain set in a complex switching network dominating
the transport signal as it transitions between the FMM phase
and the COI phase. The inset shows a typical transition from
the FMM phase to the COI phase followed a few milliseconds
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later by a transition back to the FMM phase.
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Fig. 7. Transport measurements. (a) Temperature dependent resistivity
plot for a 10 pm wide LPCMO wire under 0.5 pA constant current (in-
set: temperature vs. resistivity plot of the same sample in a thin film
form.) (b) Long scale, low sample frequency resistivity vs. time plot
for wire held at 83 K. (c) Wire’s resistivity vs. time plot at the transi-
tion temperature taken at a sampling frequency of 45 kHz Inset: film’s
resistivity vs. time plot under the same conditions. (>8]

To find the lifetime of the single electronic domain as
it undergoes transition, we use an inverse exponential fitting
R=Ae "/, where R is the resistance, A is a constant,  is time,
and 7 is the transition lifetime. Thousands of transitions on the
3 levels were fitted; the results of which are shown in Fig. 8(b)
with the error bars representing the standard deviation in fitted
lifetimes. The first thing that we can observe is that the metal-
lic to insulating transition time is consistently longer than the
insulating to metallic transition time. This could be a response
to the disordered FMM phase requiring a longer time to or-
der itself into the COI phase than that for the COI phase to
disorder to FMM. The observed transition times are on the or-
der of milliseconds, which is several orders longer than what
would be expected for a purely quantum electrical transition

or from the thermal dissipation resulting from the free en-

ergy release.3%3!] This longer transition time may be the sig-
nature of an intermediate glassy phase and is quite different
from the nanoseconds transitions that have been induced us-

st321 or the femtoseconds to picosec-

ing vibrational excitation
onds transitions induced through photo excitations.?3! These
short-time transitions have been described as forced transi-
tions where the probing excitation directly separates and melts
the charge/orbital order parameters from the larger system.!>*!
This is an important point, as it suggests that phase transitions
that are driven by an external stimulation push the systems far
out of equilibrium, so they should not be considered when try-
ing to understand the dynamics of a phase transition at a stable

critical point.
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Fig. 8. (a) LPCMO wire held at a critical point where a single small do-
main’s phase transitions can be tracked across 3 different background
resistive states due to modifications of the transport channel away from
the domain site. (Inset) Typical two-state fluctuation that is observable
on each of the three levels. Lines indicate type of transition that the
small domain is undergoing. (b) Transition times of a single electronic
domain on each of the 3 background states. Error bars denote standard
deviation. These lifetimes are taken from thousands of individual tran-
sitions on each of the 3 background resistive states. In each case, it takes
longer for the domain to transition from the disordered FMM phase to
the ordered COI phase.[>”!

4. Control electronic phase separation by epi-
taxial strain

In a previous section, we demonstrated that EPS in man-
ganites can lead to striking phenomena when the system is

017501-6



Chin. Phys. B Vol. 22, No. 1 (2013) 017501

confined to a dimension comparable to the size of EPS. More-
over, the spatial confinement also offers a mean to study the
dynamic behavior of an individual EPS domain, which is gen-
erally very challenging using any existing imaging techniques.
In this section, we will discuss the first attempt to control the
process of EPS formation, which allows us to tune the global
physical properties of the system.

In the past, inherent crystalline strain and local lattice dis-
tortions have been known to have a strong influence over the
formation of EPS.*>=371 Combining these influences, theoreti-
cal models based on electronic and elastic degrees of freedom
have shown that a large scale EPS can self-organize into elon-
gated domains with no preference for uniaxial orientation.!®!
By applying an anisotropic long range strain field to an EPS
system, we can investigate the specific effects of elastic en-
ergy on the emergent formation of coexisting EPS domains.
We again use Las g, Pr,Caz sMnO3 (x = 0.3) as a model sys-
tem and compare the transport data of two perpendicular in-
plane directions in the case of an anisotropically strained or-
thorhombic structure. While other methods, such as magnetic

38401 and out-of-plane vs. in-plane

force microscopy (MFM
transport,[““ have found evidences of local variation in do-
main formation due to strain effects, the ability of in-plane
vs. in-plane transport measurements to identify the percolation
point in metal—insulator transitions on global levels makes it
the ideal method for understanding how emergent EPS affects
macroscopic properties such as CMR and the metal-insulator
transition.

While bulk LPCMO is a pseudocubic perovskite at room
temperature, we are able to force a 50-nm LPCMO thin film
to epitaxially conform to the in-plane lattice parameters of an
orthorhombic NdGaO3 (NGO) substrate.[*?! The in-plane lat-
tice commensurability induces anisotropic, tensile strain fields
in the epitaxial film. For comparison, we have also grown
a 50-nm LPCMO film on an SrLaGaO4 (SLGO) substrate,
which is tetragonal with in-plane lattice parameters less than
0.1% different from those of the bulk LPCMO.

In Fig. 9(a), the direction-dependent resistivity on heat-
ing and cooling as a function of temperature under a 7.5-T
magnetic field is examined for a 50-nm thick LPCMO film on
NGO. Transport is shown along the two in-plane directions
corresponding to the [101] and [101] directions (Fig. 9(b) in-
set). Remarkably, the MIT temperature (TyyT) measured along
the more strained [101] direction is 24 K higher than that mea-
sured along the [101] direction. The difference between the re-
sistivities measured at the respective Tyt is 0.31 Q-cm, which
corresponds to a relative variation of ~200%. In fact, the
anisotropic resistivity, i.e., relative difference in resistivities

compared at the same temperature ((P(101] — P[101))/Pyi01))> 1S

even larger, reaching 500% at 110 K (Fig. 9(b)). Interestingly,
in the temperature range between the two Tys, the system
acts as a metal in the [101] direction and an insulator in the
[101] direction. In contrast, figure 9(c) shows the temperature
dependent resistivity for the 50-nm LPCMO film grown on
an SLGO (001) substrate. Comparing the in-plane transport

curves, we see that there is a relative variation of only ~1%
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Fig. 9. In-plane transport properties. (a) LPCMO film on an NGO sub-
strate has anisotropic in-plane strain and shows significant differences
in both the MIT temperature and the resistivity at the MIT depending
on which axis transport is taken across. (b) Relative percent differ-
ence between cooling curves along perpendicular in-plane directions
for LPCMO on NGO. Inset: diagram showing directions of transport in
the LPCMO thin film relative to the in-plane axes. (c) LPCMO film on
an SLGO substrate has isotropic in-plane strain and shows negligible
differences in transport along the two in-plane axes. Note that for panel
(c), the strain field along [101] = the strain field along [101], while in
panel (), the strain field along [101] < the strain field along [1017.421
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in the resistivity at the MIT and that there is no difference in
Twvit- This strongly suggests that the anisotropic strain field
applied by the NGO substrate must be the driving mechanism
for the observed differences.
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Fig. 10. Effects of anisotropic strain field applied through NGO sub-
strate on LPCMO film. (a) Diagram of a percolative model in which the
metallic phase domains have an elongated aspect ratio directed along
axis under the higher strain field. Yellow lines indicate randomly seeded
regions of low resistance laid in a high resistance background. Dotted
lines indicate possible high resistance channels through which current
must travel in each direction. (b) Resistivity percent difference between
orthogonal in-plane cooling curves is maximized at low field[*?]

Because the MIT in the LPCMO system is percolative in
nature, the higher Tyt along the strained [101] direction indi-
cates that there is a preferential seeding and growth of FMM
domains along the [101] direction, which is determined to be
the easy magnetization axis. Figure 10(a) presents an illustra-
tion of how the elongated domains act to channel the current,
which leads to a higher Tyt along the [101] direction. In an
insulating background with preferentially elongated metallic
domains oriented along one direction, the measured resistivity
in line with the metallic domains will be substantially lower.
As a matter of fact, the anisotropic resistivity is extraordinarily
high in this system (Fig. 10(b)). For instance, the anisotropic
resistivity reaches ~20000 % at 48 K under a 6.5 T field. With
increased magnetic field, this difference is reduced. This is
because the melting of the COI phase by the magnetic field
destroys the elongated aspect ratio of the metallic domains,
which means that the current path along the [101] direction is
no longer dominated by the insulating regions. This behavior
also allows for magnetic field tunable anisotropic resistivity.

The large anisotropic transport behavior of the LPCMO
system under the presence of an anisotropic strain field indi-
cates that the EPS depends sensitively on the long-range elas-
tic strain. We have shown that the formation and the orien-
tation of EPS domains can be guided by applying a uniaxial
strain field. Even within the same plane, the metallicity can
change drastically along different directions with respect to
that of the strain field. Consequently, the system exhibits ex-
traordinarily large anisotropic resistivity, which can, in turn,
be used to detect subtle changes in the external strain field
from the environment. These findings show that emergent
EPS domain formation can be selectively tuned over long dis-
tances, which opens the door to engineering novel devices and
to understanding more fully the balanced energetics that drive
emergent behaviors in CEM.

5. Electronic nanofabrication of manganites

For most CMR manganites, both the MIT and the ampli-
tude of magnetoresistance critically depend on the percolation
of FMM domains in the system. Controlling the formation and
the spatial distribution (size, density, symmetry, etc.) of the
electronic domains will not only help to understand the ori-
gin of the electronic phase separation, but also help to design
manganites or other CEM materials with desired properties for
all-oxide based electronic devices.

The key to achieving control of the formation and the spa-
tial distribution of electronic domains in manganites is a novel
method called electronic nanofabrication, a conceptually new
approach. In striking contrast to the conventional nanofabrica-
tion, the electronic nanofabrication patterns electronic states in
materials without changing the actual size, shape, and chem-
ical composition of the materials. Specifically, we will use
local external fields to drive a local electronic phase transition
and eventually control the formation and the spatial distribu-
tion of electronic states by patterning the local external fields.
The success of this approach will open a new avenue to de-
signing physical properties in CEM.

Our recent work has shown that the electronic nanofab-
rication is a promising method for manganites.[*”) Figure 11
shows that by growing magnetic Fe nanodots on the surface
of a 20 nm thick Lag 7Cag3MnQO3/LaAlO3(001) film, we have
turned the film from an insulator to a metal with a high MIT
temperature. The underlying mechanism is understood to be
the local magnetic exchange field between Fe and Mn spins
that aligns the local Mn spins leading to the formation of a lo-
cal metallic state. As shown in Fig. 12, the MIT temperature
is tunable by the density of Fe nanodots, which strongly indi-
cates that the local metallic state follows the spatial locations
of the Fe nanodots.
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Fig. 11. Transport properties of ultrathin LCMO film before and after application of nanodots. (a) Resistivity behavior for 20 nm
ultrathin film of Lag 7Cap 3MnO3 showing insulating behavior and no clear metal—insulator transition. (b) Resistivity data of the same
film after applying Fe nanodots to surface showing a recovery to bulk-like behavior with an MIT temperature of 255 K at 0 T (note
change in scale). (c) Ferromagnetic Fe nanodots drive a huge change in the film’s resistivity compared to the diamagnetic Cu nanodots.
Insets: AFM images of typical nanodot coverages for Cu and Fe systems on LCMO films. (d) Magnetoresistive behavior shows a

much higher magnetic response in the spin coupled system.[*?!
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Fig. 12. Comparison of transport properties with different Fe nanodot density. Resistive data for an ultrathin LCMO film after
application of low density Fe nanodots shows recovery of the metal-insulator transition but with a much lower transition temperature

than that seen at higher nanodot densities.[*3)

Besides the magnetic exchange field, many other external
fields can influence the electronic states of CEM. These in-
clude magnetic fields, electric fields, strain fields, and electro-
magnetic fields induced by short-wavelength light. Our very
recent work indicates that a local electric field can be used to
tune the transport behavior of manganites wires as well.[*4]
To carry out electronic nanofabrication using these exter-

nal fields, one needs to resolve the following three issues. (i)

When an external field is confined to the nanometer scale and
applied to a CEM sample, can a local electronic phase transi-
tion occur? If yes, what are the stability and the dimensions of
the transformed electronic state? (ii) When the local external
fields are patterned into a designed symmetry with changing
size and shape, will the transformed electronic states follow
their pattern? (iii) Can we use imaging methods to provide in-

formation on the electronic, spin, and lattice structures of the
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transformed electronic states?

Focusing on these issues, manganite thin films can be
used as model systems for electronic nanofabrication. The
developed electronic nanofabrication methods can then be ap-
plied to spatially confined manganites such as wires and dots,
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which will enhance the response of the system to the external
fields. Other CEM materials including multiferroic materials
will also be used for electronic nanofabrication in the future.
Figure 13 shows some of the possible routes to carry out elec-

tronic nanofabrication for manganites.
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Fig. 13. (a) Schematic picture of an assembly of patterned Fe nanostructures on a manganite thin film surface. (b) Schematic picture
of patterned epitaxial piezoelectric nanostructures on a manganite thin film surface. The tunable local strain field is applied due to
lattice misfit between the piezoelectric and manganite. (c) Local electric field induced by voltage pulse from SPM tip. A designed

pattern can be written using the tip.

6. Concluding remarks

For condensed matter physicists, materials are often sep-
arated into two classes: simple materials and strongly cor-
related materials. Because the interesting problems in these
fields of study are very different, there is traditionally very
little overlap between the two. However, in the world of re-
duced dimensionality, the line is no longer well defined. Sim-
ple materials can become complex, and complex materials can
become even more complex, or, sometimes, simple. In this
paper, we have used CMR manganites as a model system to
demonstrate how emergent phenomena appear in reduced di-
mensionality. The emergent phenomena mostly originate from
the EPS in the manganite system. Helped by the spatial con-
finement, the nature of the EPS including their dynamics can
be cleanly studied using the conventional transport measure-
ments. It is hoped that such work will lead to a new field
where the interplay between complexity and quantum effects
will generate fascinating new properties for future technology.
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