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The interesting transport and magnetic properties in manganites
depend sensitively on the nucleation and growth of electronic
phase-separated domains. By fabricating antidot arrays in
La0.325Pr0.3Ca0.375MnO3 (LPCMO) epitaxial thin films, we create or-
dered arrays of micrometer-sized ferromagnetic metallic (FMM) rings
in the LPCMO films that lead to dramatically increased metal–insula-
tor transition temperatures and reduced resistances. The FMM rings
emerge from the edges of the antidots where the lattice symmetry is
broken. Based on ourMonte Carlo simulation, these FMM rings assist
the nucleation and growth of FMM phase domains increasing the
metal–insulator transition with decreasing temperature or increasing
magnetic field. This study points to a way in which electronic phase
separation in manganites can be artificially controlled without
changing chemical composition or applying external field.

manganites | metal–insulator transition | electronic phase separation |
antidot | magnetization

Electronic phase separation (EPS) is a striking phenomenon that
commonly occurs in strongly correlated materials such as high-

Tc oxides and colossal magnetoresistive (CMR) manganites (1, 2).
Because EPS originates from strong coupling between spin, charge,
orbital, and lattice, studies of EPS may reveal the fundamentals of
strong electronic interactions in complex oxides (3, 4). Moreover,
physical properties of complex oxides often depend sensitively on
the details of EPS domains, including their size, density, and growth
kinetics upon changing physical parameters. Therefore, a great ef-
fort has been devoted to study the EPS phenomena and engineer
the domains in complex oxides (5, 6).
With the help of real-space imaging methods, the size of EPS

domains of oxide films has been shown to range from ∼10 nm to a
few hundred nanometers, depending on the material (7, 8). The
spatial distribution of the EPS domains is often random, and their
shape can be tuned by external strain (9, 10) or the symmetry of
substrates (11). Recently, it has been shown that the nucleation and
growth of EPS domains in manganites are controllable by applying
local external fields (magnetic or electric) (12, 13). What has not
been explored is the effect of ordered arrays of artificially structured
domains on EPS.
In this work, we show that ordered arrays of EPS domains can be

created with controllable size, shape, and density in La0.325Pr0.3-
Ca0.375MnO3 (LPCMO), a prototypical CMRmaterial. Specifically,
we fabricate patterned arrays of holes, often referred to as negative
dots or “antidots,” (14–16) in the epitaxial LPCMO thin films.
Ferromagnetic metallic (FMM) rings were observed surrounding
the edges of the antidots, which is consistent with the recent dis-
covery of FMM edge state in manganite strips (17). The magnetic
measurements indicate that the magnetization of these rings is
∼16% higher than that of the film. With the increase of antidot
density, the LPCMO thin films exhibit considerably higher metal–
insulator transition (MIT) temperature and lower resistivity. We
propose a model that includes the nucleation effect of the FMM
rings to explain the observed transport phenomena.

LPCMO films with 60-nm thickness are grown epitaxially on
(001)-oriented SrTiO3 substrates by ultrahigh vacuum pulsed-
laser deposition. During the growing process, the system pres-
sure is set to 3 × 10−3 torr with flowing oxygen and 8% ozone; the
substrate temperature is kept at 800 °C (18). The layer-by-layer
growth is monitored by reflection high-energy electron diffrac-
tion. The film is postannealed ex situ in flowing oxygen at 900 °C
for 3 h. The antidots are fabricated by UV optical lithography
and KI:HCl:H2O (1:1:1) wet etching (17). For consistency, six
samples, including five samples with different densities of uni-
form circular antidot (radius 1.2 μm) arrays and one control
sample with no antidot, are fabricated from one single 5-mm ×
5-mm film. Au electrodes with Cr buffer layers are patterned by
optical lithography and grown by sputtering and lift-off method.
Their resistances are measured by the four-point probe method
(19) in a physical property measurement system, as illustrated in
Fig. 1A. The effective area for all transport measurements is
500 μm × 1,000 μm (uniformly and fully filled with antidots) and
the distances between the centers of the nearest antidots from
lowest density to highest density (labeled D1 to D5) are 20, 10, 5,
4.1, and 3.3 μm, respectively. As an example, an SEM image of the
second highest density antidot sample (D4) is shown in Fig. 1B.
Fig. 2 A–D shows the temperature dependence of normalized

resistance (with respect to the resistance at 300 K) (6, 20) of
different samples measured at 0-, 1-, 2-, and 5-T magnetic fields,
respectively. The effect of imperfect shape of antidots, which is
temperature-independent, can be excluded by using the nor-
malized resistance. At zero and small fields, the samples with
higher density antidots show considerably higher MIT tempera-
tures, especially in the cooling process (solid line in Fig. 2). For
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instance, at zero field (Fig. 2A), the MIT temperature of the
highest density sample (D5) is about 40 K higher than that of
the control sample. This enhancement is dramatic considering
the fact that it is achieved with no change of doping concentration
and no external field. In addition, samples with higher density
antidots show smaller normalized resistance. In particular, the
normalized resistance of the highest antidot density sample (D5)
at the MIT temperature is about 60× smaller than that of the
controlling film. By applying stronger magnetic field, the MIT
temperatures of all samples increase and the differences between
them become smaller. For example, the difference of MIT
temperatures between the highest density sample (D5) and the
controlling sample is less than 10 K at 5 T, as shown in Fig. 2D.
The differences of the normalized resistance between samples
also become smaller at large field, similar to the behavior of the
MIT temperature.
Magnetic measurements indicate that the presence of antidots

induces enhanced magnetization in the LPCMO films, which is
consistent with the transport studies. Fig. 3 A and B shows the in-

plane and out-of-plane initial magnetization (dashed line) and
hysteresis loops (solid line) at 10 K of a 60-nm-thick LPCMO
film with and without the highest density (D5) antidots. With
antidots, the saturation magnetization (Ms) of the film increases
by 12% and 13% at low temperatures in the in-plane and out-of-
plane directions, respectively. The steep rise of the initial mag-
netization at low field of the sample with antidots ends up with a
plateau that is considerably higher than that of the film sample
without antidots in both the in-plane and out-of-plane directions.
Obviously, the antidots produce a larger portion of ferromag-
netic phases and higher magnetization during the phase sepa-
ration process (21, 22).
The antidot-induced dramatic increase of the MIT tempera-

ture, decrease of the normalized resistance, and increase of
magnetization appear to correlate strongly with the preferred
FMM phase around their edges. Fig. 4 shows the magnetic force
microscopy (MFM) images of the second lowest density antidot
sample (D2) acquired at 200, 140, 80, and 20 K under 5-T field
cooling and the corresponding resistivity vs. temperature (R–T)
cooling curve. Whereas submicrometer ferromagnetic domains
can be seen in regions away from the antidots (8, 17), clear
preference of ferromagnetic phase can be observed at the edges
of the antidots. We note that the observed ferromagnetic do-
mains by MFM should correspond to the FMM phase in the
LPCMO system with the particular Pr and Ca doping chosen in
this work (7). The preferred FMM edge phase becomes even
more distinguishable when the sample is cooled to low temper-
ature, which is in stark contrast compared with the MFM images
acquired from LPCMO films with no antidots (Fig. S1). Whereas
nearly the whole sample area becomes ferromagnetic at 20 K and
5 T, ferromagnetic phase with much stronger signal appears
around the edge of the antidots, forming arrays of ferromagnetic
rings in the film. As clearly seen from the MFM image at 20 K in
Fig. 4, the magnetization signal decays with distance away from
the edge of the antidots, which implies that the FMM rings serve
as nuclei for the growth of ferromagnetic domains (for detailed
analysis, see the Supporting Information, Fig. S2). It is important
to note here that the 5-T perpendicular field is used to get a

Fig. 2. Temperature dependence of normalized resistance for different density samples measured at (A) 0 T, (B) 1 T, (C) 2 T, and (D) 5 T. D1-5 represent the
antidot samples with density from low to high. The solid lines show the cooling process and dashed lines show the warming process. In A, the samples with
higher antidot density show higher MIT temperature and lower resistance. With increasing magnetic field in B–D, the differences become much smaller.

Fig. 1. (A) Schematic of the samples with different densities of antidot arrays.
The golden square represents Au electrodes and the ammeter and voltmeter
show the four-point probe method. (B) SEM image of the second highest density
antidot sample (D4); the circles are the antidot holes fabricated by optical li-
thography and wet etching. The radius of the antidot is approximately 1.2 μm.
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better MFM imaging contrast because the easy magnetization
axis is parallel to the surface. Even with a 2-T perpendicular
field, there is enough perpendicular component of magnetization
that allows us to view the FMM rings in MFM (Fig. S3), although
with an understandably weaker imaging contrast. Based on the
percentage of the antidot-induced enhancement of the saturation

magnetization and the volume ratio of the ferromagnetic rings,
we estimate that the saturation magnetization of the ferromagnetic
rings is about 16% higher than that of the film without antidots.
To explain the experimental observations, we establish a

model and carry out numerical simulations. The FMM rings
around the antidots serve as nuclei sites for the expansion of

Fig. 3. Hysteresis loop (solid line) and initial magnetization (dashed line) of a 60-nm LPCMO film is measured in the in-plane (A) and out-of-plane (B) direction, before
and after the highest density antidots (D5) fabricated in it. Stronger magnetizations in antidot samples than in the film in both directions are shown. (A and B, Insets)
Detailed information of the hysteresis loop around zero field.

Fig. 4. MFM images acquired during 5-T field
cooling show four antidots in the second lowest
density antidot sample (D2) at 200, 140, 80, and 20 K.
The color scales are set as −45°, −24°, −20°, and −15°,
respectively. The colored scales are set with the same
zero point but not the same value because the sig-
nals at low temperature are much stronger than that
at high temperature. The R–T curve is the corre-
sponding cooling curve in Fig. 2D. Preference of
ferromagnetic states around the antidots is shown in
theMFM images at 200 and 140 K and the FMM rings
become clear at 80 and 20 K. Around these FMM
rings, these stronger magnetic signals slowly spread
and decay to the values of the normal film.
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FMM phase during the cooling process and assist the percolation
process.
We divide the film into 350 × 350 pixels and define their

magnetic states with a spin s. For simplicity, we use the Ising
model and the Monte Carlo method for studies of the phase
transition (23),

H =−J
X
hiji

sisj +
X
½ik�

Jik′ sisk −B
X
i

si, [1]

where si are the Ising variables, B is the external magnetic field, J
is the nearest-neighbor ferromagnetic coupling, and Jik′ is the
next-nearest-neighbor antiferromagnetic coupling. As known,
LPCMO films tend to have stronger magnetization at the edge,
which can be described by an enhanced J or reduced J′ in those
regions. In the present work, the edge ferromagnetism is incor-
porated by setting J′= 0 for pixels that are within three rows near
the edge (16). In the interior region, Jik′ is calculated from a

random field, Jik′ = J′ð1+ «ikÞ, with «ik reflecting the effect of long-
range correlation of the disorder in the following manner (23):

«ik =
X
j

hjk�
1+ d2ij

�α=2, [2]

where hjk stands for the random fields at four next-nearest-neigh-
bors k around the pixel j. The best agreement with experiment is
found when α = 6.
For transport studies, we define that a pixel belongs to a me-

tallic domain if more than 70% of its neighboring pixels are
aligned in the same direction at the end of Monte Carlo steps
following the Metropolis algorithm, otherwise it belongs to the
insulating domain. The conductivity of the metallic domain varies
with temperature as σM = σ0=ð1+ cTÞ while that of the insulating
domain is σI = expð−Et=kBTÞ, with an assumption Et = 10J. The
total resistance of the network is solved from the current conti-
nuity equation, ∇ · σ∇ϕ = 0, where ϕ is the potential with the
boundary condition supplied by the bias voltage. The current
density across the pixels is calculated from σ∇ϕ and the total
resistance can be obtained from the ratio between the bias
voltage and current. Hysteresis is an important aspect of CMR
R–T curves. However, unlike magnetic hysteresis curves of fer-
romagnetic materials, the R–T curves of CMR materials are
strongly time dependent, which means that for infinitely slow
measurements the hysteresis can be very small. To use the sim-
plest possible model to explain our experiment, we will neglect
hysteresis in our model, thus removing the need to assume an
energy barrier for switching the spins.
The results of simulations for samples of high and low antidot

densities are shown in Fig. 5 A and C for B = 0, 0.2J, and 0.67J,
respectively (for simulated patterns see Fig. S4). The fluctuations
reflect intrinsic noise in Monte Carlo simulation. For the low-
density configuration, the distance between adjacent antidots is
10× the antidot radius, whereas for the high-density one this
ratio is 6. For ease of comparison, the resistance is also nor-
malized with respect to the value at 300 K. Obviously, our sim-
ulations capture the main essences of experimental observations,
i.e., the higher MIT temperature and lower resistance for sam-
ples with antidot arrays and the convergence of transport be-
haviors of different samples in large magnetic field.
The MFM data indicate that antidots facilitate the growth of

FMM phase around them due to the enhancements of magne-
tization and magnetic ordering around the edges of antidots.
Simulations verify these FMM rings are the reasons for the
higher MIT temperature. In turn, the expansion of the FMM
phase offers more connecting channels for the percolation, which
leads to lower resistance of samples with high-density antidots
at zero and small fields. The convergence of the MIT temper-
atures and resistances at large fields is natural because the
external magnetic field plays the major role for the population
of ferromagnetic phase and the effect of FMM rings becomes
minor (24, 25).
In summary, we designed and studied LPCMO films with

antidots and found strongly enhanced MIT temperature and
reduced resistance, particularly in samples with higher antidot
density. Based on Monte Carlo simulations with a simple model
Hamiltonian, we attributed the mechanism to the enhancement
of magnetization and magnetic ordering around the edges of
antidots in LPCMO films. This work offers a way to control the
physical properties of CMR manganites without changing the
doping concentration, introducing new materials, or applying
external fields. Moreover, the successful creation of ordered arrays
of FMM rings in manganites opens an avenue to electronically
pattern complex oxides for better tunability of their performance
in electronic and spintronic devices.

Fig. 5. Monte Carlo simulation of the temperature dependence of nor-
malized resistance for different density of antidot samples at (A) B = 0, (B) B =
0.2J, and (C) B = 0.67J. In the low-density model, the distance between
adjacent antidots is 10× the antidot radius, whereas in the high-density one
this ratio is 6. Simulation results are consistent with transport measurement
data both in the MIT temperature and normalized resistance behavior.
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