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We investigated the mesoscopic electrical transport properties of micropatterned perovskite manganite
�La0.5Ba0.5MnO3; LBMO� films that show electronic phase separation between ferromagnetic and A-type
antiferromagnetic phases. The patterned-wire LBMO film of 10 �m width showed an insulator-metal �IM�
transition associated with a ferromagnetic transition, followed by re-emergence of insulator characteristics
below 200 K that did not appear in the unpatterned thin films. By controlling wire width, we were able to probe
the phase-separated antiferromagnetic insulating domains, where large first-order IM transitions appeared in
the patterned narrow wire with a small channel. Our results show that probing small population of insulating
domains in metallic phases and their control by magnetic fields depends strongly on the dimensions of the
microchannel.
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The electronic phase-separation �EPS� state near the
phase boundary between a ferromagnetic �FM� metal and an
antiferromagnetic �AFM� insulator, as seen in hole-doped
perovskite manganites �R1−xAxMnO3, R: rare-earth elements
and A: Ca, Sr, and Ba�, is a crucial phenomenon for under-
standing external-field-induced phase transitions such as the
colossal magnetoresistance �CMR� effect.1,2 There are many
reports of experimental and theoretical studies on the EPS
state of manganites in bulk and in thin-film materials.3–5 The
phase-separated domains in these materials are generally
from a few nanometers to micrometers in size, and their
resistive responses can be controlled by changing the popu-
lation and the size of the metallic and the insulating
microdomains.3–8 From an engineering perspective, there are
two problems that are related to the colossal resistive re-
sponse of manganites and need to be solved: �1� it is difficult
to produce a large magnetoresistance �MR� response at room
temperature and �2� a strong magnetic field is required for
the emergence of the MR effect. Although we have over-
come the first of these problems by successfully generating
1000% CMR response at room temperature under 9 T in the
A-site ordered manganites that realized the EPS state above
room temperature,8–10 the second problem has not yet been
solved.

Recent studies focusing on the EPS state of microscopic
transport properties of manganites have used thin-film mate-
rials artificially patterned at submicron–micron sizes.11–15

The results of these studies enable dynamic and precise con-
trol of resistive switching properties, including the low-field
magnetoresistance �LFMR� effect. These studies have in-
cluded investigation of �La1−yPry�1−xCaxMnO3 �LPCMO�,
which exhibits an EPS state between the ferromagnetic metal
and the charge-ordered �CO� insulating phases.1 Singh-
Bhalla et al. reported an intrinsic tunneling effect and the
LFMR effect in submicron-size bridges composed of
LPCMO.16 For a valid manipulation of physical properties in
microfabricated manganites, and to explore the possibilities
of EPS domain engineering, a further understanding of the
mesoscopic-scale relationship between the coherent length of
EPS domains and the probe size is needed.

In this study, we investigated the microscopic electrical
transport properties of epitaxial La0.5Ba0.5MnO3 �LBMO�
films. A bulk polycrystalline LBMO shows a ferromagnetic
metal transition at around 270 K as reported in previous
studies.17,18 In our study, powder neutron-diffraction mea-
surements at low temperature �Fig. 1�a�� revealed that the
LBMO contained A-type AFM domains in the FM metal
phase. The weak magnetic Bragg peak �001

2 � corresponding
to the A-type AFM phase appeared at around 2�=13.2° be-
low 150 K �Fig. 1�b��, indicating that the submicrometer-
scale A-type AFM domains were coexistent with the FM
phase. The A-type AFM phase in the manganites showed
metallic behavior in the ab plane and insulating behavior
along the c axis. The in-plane �ab� and the out-of-plane �c�
resistivities of A-type AFM in the manganite single crystals
at low temperature were on the orders of 10−2 and
102 � cm, respectively.19 Thus, the randomly distributed
A-type AFM microdomains in the phase-separated FM metal
of the LBMO are weak insulators compared to the phase-
separated CO domains of high resistivity ��105 � cm� in
the LPCMO. We focused on the EPS state between the me-
tallic FM phase and the weak insulating A-type AFM do-
mains and studied the probe-size dependence of electrical
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FIG. 1. �Color online� �a� Neutron diffraction patterns of poly-
crystalline LBMO at 400 and 20 K, indexed to the simple perov-
skite unit cell, where subscripts N, F, and A represent nuclear, FM,
and A-type AFM, respectively. �b� Temperature dependence of mag-
netic diffractions for �001�F and �001

2 �A.
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transport properties of the LBMO with artificial microwire
geometry.

We employed an excimer laser-assisted metal organic
deposition �ELAMOD� process based on a chemical solution
deposition to fabricate micropatterned perovskite manganite
films. The ELAMOD process has a big advantage over other
methods for the patterning of oxide materials, such as the
focused ion-beam physical etching process. It is a simple
process that does not damage the film during patterning be-
cause the oxide films are crystallized after patterning.20,21

The preparation of LBMO began by mixing
2-ethylhexanoate solutions of the constituent metals diluted
with toluene. The La:Ba:Mn molar ratio in the coating solu-
tion was 0.5:0.5:1.0. This solution was spin coated onto a
SrTiO3�100� substrate at 4000 rpm for 10 s. The coated films
were irradiated by a KrF laser �Lambda Physik, Compex
110� in two steps. In the first step, laser irradiation was car-
ried out at a fluence of 25 mJ /cm2 for 4000 pulses at room
temperature through a chromium photomask. The laser-
irradiated regions �wire shape� were solidified by decompos-
ing the organic components, and patterned films with the
wire geometry were obtained by the removal of unirradiated
parts by acetone. The patterned films were then heated to
500 °C in air for 10 min, and then irradiated a second time
with a KrF laser at a fluence of 80 mJ /cm2 for 20 000 pulses
at 500 °C in air. The films so obtained were annealed in air
at 700 °C for 30 min to eliminate any slight oxygen vacan-
cies generated at the film surface. Details of the crystal-
growth mechanism of the ELAMOD process are described
elsewhere.21 By means of this process, we successfully ob-
tained micropatterned LBMO with the wire geometry, which
we confirmed by atomic force microscopy analysis �Fig.
2�a��. The relationship between electrical resistivity ��� and
temperature of the samples was determined by dc four-probe
transport measurements �inset in Fig. 2�a��. The multiple ex-
perimental runs for �-T curve of each sample were continu-
ously measured under identical probing conditions. The pat-
terned film thickness �t�, the wire width �w�, and the probe
contact distance �l� were checked by atomic force micros-
copy. The film thickness for each sample in this study was 30
nm.

The �-T curves for various wire patterns �Fig. 3� show

that for the LBMO film with a wire geometry of
w=500 �m and l=1000 �m �Fig. 3�a��, the IM transition
occurred at 270 K, which is consistent with the ferromag-
netic metal transition of bulk LBMO. This shows that the
electric resistivity of this sample was almost the same as that
of bulk material. From second to fourth experimental runs
for this sample reproducibly exhibited identical �-T curves to
that of the first run. This �-T behavior was not changed at all
in the further measurement runs. In the system in which a
FM phase dominantly governed the matrix, there must be
many conduction paths in a sample with large w and long l,
even if small AFM domains are emerged. Therefore, the ob-
served resistivity represents an averaged low value and then
behaves as simply metallic down to low temperature at
around 20 K as shown in the temperature coefficient of re-
sistance �TCR� data �Fig. 3�e��.
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FIG. 2. �Color online� �a� AFM image of the LBMO wire and
deposited Pt contacts for the � measurements, where w and l rep-
resent wire width and probe contact distance, respectively. The inset
shows the measurement configuration. Cross sections of �b� pat-
terned wire �line 1 on panel �a�� and �c� valley between the probe
contacts �line 2 on panel �a��.
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FIG. 3. �Color online� �-T curves for patterned wires of dimen-
sions �a� w=500 �m and l=1000 �m, �b� w=500 �m and
l=15 �m, �c� w=10 �m and l=1000 �m, and �d� w=10 �m and
l=18 �m. Multiple measurement runs for each sample were car-
ried out under the same probe conditions. The inset in panel �a�
shows �-T curve of bulk polycrystalline LBMO. Schematic models
�insets in panels �b�–�d�� show conduction pathways in the EPS
state of LBMO. White represents FM metal and black represents
AFM insulator. TCR variations at low temperatures for the pat-
terned wires of dimensions �e� w=500 �m and l=1000 �m, �f�
w=500 �m and l=15 �m, and �g� w=10 �m and l=18 �m.

NAKAJIMA et al. PHYSICAL REVIEW B 80, 020401�R� �2009�

RAPID COMMUNICATIONS

020401-2



In the sample with a wire width of 500 �m and a short
contact distance �l=15 �m�, a slight variability in the resis-
tivity at low temperatures was evident. The metallic behavior
was roughly the same in the four experimental runs �Fig.
3�b��: the variation in � values at 20 K in each measurement
remained only within 4%. However, the TCR values changed
from positive to negative at different temperatures below 30
K for each experimental run �Fig. 3�f��. We consider that the
negative TCR is responsible not for resistive grain bound-
aries �RGBs� in the wire films but for intrinsic EPS. If the
RGB effect is dominant for the � behaviors at low tempera-
ture in this system, it would influence � for the large sam-
pling dimensions �w=500 �m and l=1000 �m� with num-
bers of RGBs to a greater degree than the � for the small
measurement geometry with fewer grains. A negative TCR
indicates an effective increase in the size of the insulating
domains between the probe contacts. It appears that for short
probe distances the resistivity is more likely to be affected by
emerging antiferromagnetic insulating domains than is the
case for larger probing dimensions. On the contrary, in the
narrow wire sample �w=10 �m and l=1000 �m�
�Fig. 3�c��, we observed a metal-insulator �MI� transition at
around 200 K, some 70 K below the insulator-metal �IM�
transition at 270 K, and the observed data were consistent for
each experimental run. The increases in resistivity were at-
tributed to the emerging phase-separated antiferromagnetic
domains. The reason why the MI transition appeared in this
case can be easily understood from the schematic illustra-
tions provided as insets in Figs. 3�b� and 3�c�. The metallic
conduction paths are readily available when the probe
contacts are sufficiently wide �w�500 �m�. However,
barriers to electron hopping because of connections
between discrete submicron-size insulating AFM domains in
the ferromagnetic metal phase could emerge anywhere along
the long contact length �l�1000 �m� in the case of the
narrow wire �w�10 �m� sample. This suggests that even
minor insulating AFM domains in the phase-separated
state can be effective in the narrow wire structure. For an
LBMO wire of narrow width and short contact distance
�w=10 �m, l=18 �m� �Fig. 3�d��, the �-T curves for all
runs trend upward below the IM transition at 270 K, but a
large increase in resistivity at low temperature is notable in
run 4. These increases in resistivity were caused by the dis-
connection of metallic paths by emerging antiferromagnetic
domains, as seen in Figs. 3�b� and 3�c�. For the LBMO wires
of narrow width and short contact distance �Fig. 3�d��, a
large difference of �-T behaviors between runs 1 and 4 is
noteworthy below 200 K. Not only does run 4 show an ob-
vious MI transition at 110 K, but for runs 1–3, the tempera-
tures at which TCR values change from positive to negative
differ by 28–36 K, and negative TCR values at 20 K are
scattered in the range from −0.1% to −1.0% �Fig. 3�g��. This
indicates that the observed resistivity behaviors for LBMO
wires of these dimensions �10 �m�18 �m�30 nm� are
determined by the position and the size of randomly emerg-
ing antiferromagnetic domains, and that the resistivity can be
affected by very small numbers of antiferromagnetic do-
mains. Thus, the anomalous increase in resistivity as seen in
run 4 would accidentally appear only when the AFM do-
mains strongly shut metallic pathways in small probing ma-

trix. Actually, we observed this peculiar behavior of large
resistivity increase in approximately 10% of measurement
runs. This result also means that the emergence sites of AFM
domain were not pinned in the materials.

We also investigated the dependence of MR properties on
probe contact distance for the narrow LBMO wires. Figure
4�a� shows the magnetic field �H� dependence of �-T curves
of LBMO wires with l=1000 �m. The long contact distance
prevented the formation of metallic paths even under a
strong magnetic field �H=9 T�. The magnetic field depen-
dence ���H� /��0�� for this sample at 140 K showed no first-
order IM transition �Fig. 4�b��; the resistivity simply de-
creased with increasing H �the MR effect could not be
measured at temperatures lower than 140 K because of the
high resistance of the sample�. On the contrary, the MR ef-
fect was clearly observed in the LBMO wire when measured
with short contact length �l=18 �m� �Fig. 4�c��. The in-
creased resistivity at low temperatures was suppressed by the
applied magnetic field, and the �-T curve demonstrated me-
tallic behavior under 9 T. The magnetic field dependence
���H� /��0�� as a function of H showed a first-order IM tran-
sition with the application of a small magnetic field, namely,
the LFMR effect: the ��H� /��0� ratio started to drop dra-
matically when the applied magnetic field reached 1.0 T and
approached its minimum value �about 0.15� at 2.5–4 T �Fig.
4�d��. It appears that the LFMR effect occurred in this
sample because the collapse of a remarkably small popula-
tion of AFM domains, in response to the applied magnetic
field in the small channel, produced an on-off action for re-
sistivity. The first-order IM transition under a low magnetic
field was also observed in an LPCMO that exhibited a phase
separation with a charge-ordered state in a smaller sampling
dimension �w=0.5 �m� than that of our observations
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�w=10 �m�.14,16 This indicates that discrete A-type AFM
domains with a higher mobility of carrier electrons than that
of the CO state are more sensitive to magnetic fields, result-
ing in the IM transition in the 20 times larger probing size of
the EPS state between the FM and the CO phases.

The MR effect of the LBMO wire with short contact
length �l=18 �m� can be seen in Fig. 4�d�: the ��H� /��0�
curve loses its smooth form below 3.0 T. We consider this
behavior to be an intrinsic characteristic of the conduction
properties of the EPS manganites. As the magnetic field de-
creases, the metallic pathways appear to be disrupted by the
re-emergence of insulating AFM domains, but the conductiv-
ity did not change gradually because the re-emergent insulat-
ing domains were heterogeneously distributed in the FM
phase. Consequently, the resistivity changes observed at
small channel were not smooth, but showed considerable
scatter.

In addition, the MR curve measured for the small-probe
dimension �Fig. 4�b�� did not trace the resistivity curve be-
fore applying the magnetic field �run 4 of Fig. 3�d��. This
proved that the insulating domains were not pinned in this
system. It appears that LBMO contains only a small amount
of slightly distorted cubic material and thus the emergence

sites of AFM domains tend not to be strictly determined to
the same positions. To make electrical transport properties
reproducible in LBMO, minimal distortion, such as ion dop-
ing or artificial damage, might effectively pin the active sites
of AFM domains.

We investigated the mesoscopic electrical transport prop-
erties of micropatterned perovskite manganite LBMO films
that show EPS between FM and A-type AFM phases. The
patterned wires were fabricated by the ELAMOD process. A
patterned wire of LBMO film of 10 �m width showed an
IM transition associated with ferromagnetic transition that
was followed by a re-emergent insulator transition below 200
K that did not appear in unpatterned thin films. Through the
control of wire width, we were able to probe phase-separated
antiferromagnetic insulating domains and demonstrated a
large first-order IM transition in the patterned narrow wire
with a small channel. Our study showed that probing of the
insulating domains as minor phase in the metallic phases,
and their control by magnetic fields, is strongly dependent on
microchannel dimensions.

The authors acknowledge T. Yamauchi at the University
of Tokyo for fruitful discussions.
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