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Anisotropic transport properties in the phase-separated
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The anisotropic transport property was investigated in a phase separation La0.67Ca0.33MnO3 (LCMO) film grown
on (001)-oriented NdGaO3 (NGO) substrate. It was found that the resistivity along the b-axis is much higher than that
along the a-axis. Two resistivity peaks were observed in the temperature dependent measurement along the b-axis, one
located at 91 K and the other centered at 165 K. Moreover, we also studied the response of the resistivities along the two
axes to various electric currents, magnetic fields, and light illuminations. The resistivities along the two axes are sensitive
to the magnetic field. However, the electric current and light illumination can influence the resistivity along the b-axis
obviously, but have little effect on the resistivity along the a-axis. Based on these results, we believe that an anisotropic-
strain-controlled MnO6 octahedra shear-mode deformation may provide a mechanism of conduction filaments paths along
the a-axis, which leads to the anisotropic transport property.
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1. Introduction
Doped manganites with the formula R1−xAxMnO3 (R =

rare earth element, A = alkaline earth element) exhibit a wide
variety of magneto-transport phenomena due to the strong
electronic correlation.[1–3] The strongly coupled charge, spin,
orbital, and lattice degrees of freedom lead to states with com-
peting energies. As a consequence, even subtle stimuli such
as electric/magnetic fields,[4–8] light irradiation,[9,10] heat, and
lattice strains[11] can result in a switching of the mangan-
ites between different states, bringing about various pecu-
liar properties, such as colossal magnetoresistance (CMR),
colossal electro-resistance (CER), and insulator–metal tran-
sition. Among these, the effect of the lattice strain de-
serves special attention. Many studies confirmed that the lat-
tice strain in manganites is crucially important since it may
trigger a phase separation, and then tailor the magnetic and
transport properties.[12] As observed by Li et al. in the
La2/3Ca1/3MnO3 films grown on (110)-SrTiO3 and LaAlO3

substrates, the anisotropic lattice strain imposed by the sub-
strate affects the magnetic anisotropy of the films. Strain in-
duced anisotropic magnetic and transport properties have also
been reported by Shen et al.[13] The authors found that the
anisotropic strains favor a distinct arrangement of the metal-
lic phase in the La5/8−xPrxCa3/8MnO3 (x = 0.3) film, lead-
ing to a preferential percolation along a certain axis. Wu et

al.[14] found that annealing the La0.67Ca0.33MnO3 films grown
on NdGaO3 substrates in oxygen atmosphere can lead to the
formation of an antiferromagnetic insulator (AFI) phase. Par-
ticularly, the ferromagnetic-metal (FM) phase has a preferred
growth direction in the AFI background.[15,16] This is in sharp
contrast to the ordinary phase-separated manganites, and gives
us an opportunity to study the anisotropic transport properties
in manganites.

Up to now, there are many reports on the anisotropic prop-
erties in manganites,[17,18] but none of those works focused
on tuning the anisotropic of the magnetic and transport prop-
erties using external stimuli of magnetic field, electric cur-
rent, and light irradiation. On the other hand, the mecha-
nisms based on strain and chemical disorder are inadequate
to interpret the phenomenon. Therefore, we choose the phase-
separated La0.67Ca0.33MnO3/NdGaO3 (001) thin film as our
research object. In this paper, we present a systematic in-
vestigation on the anisotropic properties of the (001)-oriented
La0.67Ca0.33MnO3/NdGaO3 thin film under the magnetic field,
electric current, and light irradiation. The result shows that the
resistivity along the b-axis is much higher than that along the
a-axis and two resistivity peaks are observed along the b-axis,
one at 91 K and the other centered at 165 K. Effects of the
magnetic field, electric current, and light illumination on the
resistivities along the two axes are further found to be differ-
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ent: both resistivities along the two axes are sensitive to the
magnetic field but the resistivity along the b-axis is more sus-
ceptible to the electric current and light illumination, becom-
ing more conducting.

2. Experiments
A 24-nm-thick La0.67Ca0.33MnO3 film was grown on the

(001)-NdGaO3 substrate by the pulsed laser ablation tech-
nique at the laser energy of ∼ 2 J/cm2 and the repetition rate
of 5 Hz. There exists an obvious anisotropy in the (001)-
NdGaO3 substrate, whose lattice constants are a = 3.840 Å,
b = 3.889 Å, and c = 3.855 Å. The lattice mismatch can be
calculated. There are 0.85% tensile strain along the b-axis
and −0.70% compressive strain along the a-axis. During the
growth, the temperature of the substrate was kept at ∼ 735 ◦C
and the oxygen pressure was maintained at ∼ 45 Pa. The film
was then ex-situ annealed at 780 ◦C in flowing O2 for 12 h
to be in the antiferromagnetic-insulation phase. The standard
four-probe technique was adopted for the resistive measure-
ments, using a Keithley 2400 sourcemeter and a Keithley 2182
nanovoltmeter. Magnetic measurements were performed in a
Quantum Design superconducting quantum interference de-
vice (SQUID) magnetometer with the magnetic field applied
parallel to the b-axis. The photo-conductance was measured
in a close cycling cryogenic system equipped with a window
for incident light. The size of the laser spot is ∼ 1 mm2, com-
pletely covering the gap between the probes.

3. Results and discussion
Figure 1 shows the temperature-dependent resistivities

along the a-axis and b-axis for the La0.67Ca0.33MnO3 epi-
taxial film grown on NGO (001) substrate. One can notice
that the sample experiences complex phase transitions along
the two directions: the transition from paramagnetic insula-
tor (PI) to ferromagnetic metal (FM) occurs at TC of 255 K;
the AFI phase first appears at 245 K (TAFI); the insulator–
metal transition (IMT) occurs below 200 K. Moreover, we dis-
cover the anisotropic resistivities along the a-axis and b-axis.
In comparison to the resistivity along the a-axis, the resistiv-
ity along the b-axis is much higher in the whole temperature
range and the insulator–metal transition temperature shifts to
the lower temperature during the cooling process along the
b-axis. In particular, two peaks (labeled by green arrows 1
and 2 in Fig. 1) appear along the b-axis during the warming
process, one located at 91 K and the other at about 165 K,
which is close to the unique peak along the a-axis in the heat-
ing process, and also the resistivity situated at 165 K is less
than the peak value located at 91 K. A similar result is also
observed in Pr0.63Ca0.37MnO3 and La0.7Ca0.3MnO3−δ films,
which show two resistivity peaks under an applied magnetic

field of 5 T.[19,20] It is believed that there are two phase tran-
sitions in the process. For our La0.67Ca0.33MnO3/NGO films,
the specific mechanism will be further discussed latter. In ad-
dition, the coexisted FM and AFI phases always compete with
each other, which also leads to a complex thermal hysteresis
below 245 K.
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Fig. 1. (color online) Temperature dependence of the resistivity in
La0.67Ca0.33MnO3/NdGaO3 (001) film measured along the a-axis and
b-axis respectively. Two peaks are marked by 1 and 2.

We have already known that the sample possesses
anisotropic resistivities along the a-axis and b-axis. It is an
interesting question whether the external stimuli, such as the
measuring electric current, magnetic field, and light illumi-
nation, produce different effects on the resistivities along the
two directions. Firstly, we focus on the influence of the elec-
tric current on the resistivities along the two axes. Figures 2(a)
and 2(b) show the resistivity as a function of temperature mea-
sured under a series of electric currents along the a-axis and
b-axis. As shown in Fig. 2(a), along the a-axis, the changes
of the resistivity and the peak position are quite trivial even
under the current density of 24 µA/mm2, while there is a dis-
tinct effect on the resistivity along the b-axis, as displayed in
Fig. 2(b). With the increase of the measuring current den-
sity, the resistivity below 200 K decreases significantly, and
the peak position of the resistivity begins to shift towards a
higher temperature dramatically during the process of temper-
ature decreasing and increasing, similar to the observations
under the effect of a magnetic field. Furthermore, the peak
centered at 91 K nearly disappears under the action of a large
electric current density in the heating process. To further illus-
trate the electric current effect, we define the electroresistance
as ER = 1− ρ(J)/ρ(0.3 µA/mm2), where ρ(J) is the resis-
tivity when the testing current density is J. When the current
density reaches 24 µA/mm2, it causes an ER as high as 82%
at 91 K. We can infer that an even larger value of ER can be
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obtained by increasing the measuring current density. Con-
sequently, we draw a conclusion that the sample has a notice-
able anisotropic transport property and the resistivity along the
b-axis is more susceptible to the electric current, in contrast
to that along the a-axis. This is the first observation for the
electric current-induced anisotropic resistivity change in the
phase-separated La0.67Ca0.33MnO3/NdGaO3 (001) film.
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Fig. 2. (color online) Resistivity versus temperature along (a) a-axis
and (b) b-axis under various electric current densities.

In Fig. 2, the pronounced current effect along the b-axis
is observed. Considering that the memory effect may occur
at low temperatures in manganites, we wonder whether our
film retains the lower resistivity in the heating process after
the film undergoes the processing with large current density
during cooling. To answer this question, we first processed
the film by large current density during the cooling process,
and then measured the resistivity with the current density of
0.3 µA/mm2 during heating. As demonstrated in Fig. 3, we
find that the resistivity raises partially when the measuring
current density reduces from the large one to 0.3 µA/mm2

at 20 K. This phenomenon has also been observed in the
La5/8−yPryCa3/8MnO3 (y = 0.43) thin film.[21] As the tem-
perature goes up, the film can keep the intermediate value

of the resistivity in the main till about 70 K followed by a
sharp jump in the resistivity. Subsequently, above 120 K,
the resistivity coincides with that of the film processed by
0.3 µA/mm2. It is believed that the large current density in-
duced memory effect varies non-monotonically with tempera-
ture, which differs from our prior results in the phase separated
La5/8−yPryCa3/8MnO3 (y = 0.43) film.
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Fig. 3. (color online) Resistivity as a function of temperature measured
along the b-axis. The resistivity of the film was first measured with a
certain large electric current density during the cooling process and then
the resistivity was recorded with the current density of 0.3 µA/mm2

during the warming process. The measurement current densities and
cooling/warming process are given in the graph.
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Fig. 4. (color online) Temperature dependence of the resistivity along
the b-axis under light illumination with power densities of 0 (dark) and
100 mW.

Next we try to study the effect of light illumination on
the resistivities along the two axes. To explore the influence,
we carried out the following measurement. The sample was
mounted in a continuous-flow type cryostat. Then the laser
was introduced to the gap between the electrodes. The laser
spot fully covered the gap. We measured the resistivity as
a function of temperature under the light illumination with
power densities of 0 (dark) and 100 mW along the b-axis. The
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results are presented in Fig. 4. It is shown that the light il-
lumination makes the resistivity fall below 70 K during the
cooling process. In the subsequent heating test, the resistivity
displays the lower value until 170 K. We notice that the illumi-
nation weakens the intensity of the resistivity peak located at
91 K during heating, suggesting that the light illumination can
regulate this state at 91 K, but has little effect on the state at
168 K. We also perform the same study along the a-axis (the
data is not shown), which indicates that the light illumination
does not influence the resistivity along the a-axis at all.

In addition to the electric current and the light illumina-
tion, it is meaningful to recognize the influence of the mag-
netic field on the resistivities along the two axes. Figure 5(a)
depicts the temperature dependence of resistivity performed
in different magnetic fields along the a-axis. It is shown that
the resistivity below TC drops remarkably and the peak po-
sition of the resistivity moves to the higher value when the
magnetic field increases to 0.25 T. With the further increase
of the magnetic field, the resistivity peak and the temperature
loop between the cooling and warming processes which come
from the competition between AFI phase and FM phase nearly
vanish, and TIM also shifts towards the high temperature. This
suggests that the AFI phase in the film almost all transforms
into the FM phase under the action of the magnetic field. The
resistivity as a function of temperature along the b-axis un-
der a series of magnetic fields is also analyzed, as shown in
Fig. 5(b). In the same way, the resistivity declines gradually
as the magnetic field increases. However, different from the
change along the a-axis, especially in the warming process,
the peak value centered at 91 K becomes smaller and the peak
position moves to the higher temperature when the magnetic
field increases from 0 T to 7 T. It is a great surprise to find that
the peak located at 91 K does not disappear, even the applied
magnetic field reaches up to 7 T. Nevertheless, for the resis-
tivity peak centered at 165 K, the peak position changes from
162 K at 0 T to 220 K at 0.25 T, then no resistivity peak is
observed when the magnetic field increases to merely 1 T. The
change of the resistivity along the b-axis under the magnetic
field shows that the mixed phases located at about 91 K are
robust which can hold the AFI state in part until 7 T, implying
that the mixed phases are an AFI dominated state. The mixed
phase at 165 K is more sensitive to the magnetic field, sug-
gesting that this mixed phase is an FM dominated state. In a
word, different influences of the magnetic field on the resistivi-
ties along the two axes are observed. Consequently, the results
demonstrate that the electric current and the light illumination
have the same effect on the resistivity, and they largely affect
the state located at 91 K along the b-axis. While, the magnetic
field easily alters the resistivity peak at 168 K along the two
directions.

Our La0.67Ca0.33MnO3/NdGaO3 (001) thin film is a typ-
ical phase separation system in low temperature,[22] in which
competing FM and AFI phases interplay. The FM and AFI
domains do not distribute randomly, since the resistivity along
the a-axis is far lower than that along the b-axis, suggesting
that the conductive FM phase may arrange along the a-axis.
This speculation is reasonable, since there exists an obvious
anisotropy in the (001)-NdGaO3 substrate. The LCMO/NGO
(001) films suffer from a −0.70% compressive strain along the
a-axis but a 0.85% tensile strain along the b-axis. Wu et al.
also inferred a similar structure. Due to the anisotropic strain
from the NGO substrate, the MnO6 octahedrons of the man-
ganites may produce shear-mode deformations, which arrange
the AFI and FM phases into an orientation-preferred pattern,
thus resulting in the anisotropic percolative transport.
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Fig. 5. (color online) Resistivity versus temperature along (a) a-axis
and (b) b-axis under various magnetic fields.

Based on the above results, we speculate that the FM and
AFI domains arrange like stripes along the a-axis, as shown in
the inset of Fig. 6. In that case, because the resistivity of the
FM domains is smaller, and the electrons of the film travel
along the path of least resistance between the contacts, the
resistivity measured along the a-axis actually reflects the re-
sistivity of the FM domains. The transport path will not be
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forced to cross the insulating regions when there are available
metallic regions. However, when we measure the resistivity
along the b-axis, the electric current must travel across the FM
and AFI domains. The AFI and FM domains together deter-
mine the total resistivity. Therefore, we can consider that the
FM domains are connected in parallel with the AFI domains
along the a-axis, while the FM domains are in series with the
AFI domains along the b-axis. In Fig. 1, there is only one re-
sistivity peak centered at 165 K along the a-axis. Combined
with the above analysis, we believe that the peak centered at
165 K corresponds to the state in which the FM phase is dom-
inant along the a-axis. On the other hand, along the b-axis, the
FM domains are in series with the AFI domains. For series re-
sistors, the one with a higher resistance plays a leading role in
all-in resistance, and the resistivity of the AFI phase is much
higher than that of the FM phase. As observed in Fig. 1, the
peak at 91 K appears along the b-axis during the warming pro-
cess, suggesting that the peak at 91 K may reflect the property
of the AFI phase dominated state.
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Fig. 6. (color online) ZFC and FC (7 T) magnetization–magnetic field
loops of the LCMO/NGO film measured at 23 K. The inset shows the
sketches for the phase distribution in the LCMO/NGO film.

In recent years, many groups found that colossal elec-
troresistance could be achieved without increasing the metal-
lic composition in a phase separation system.[23] It is reported
that the formation of a filamentary conducting path along a
certain direction can account for this phenomenon. For an-
other, Tokura et al. reported that the light-induced insulator–
metal transition is due to the emergence of a well-localized
conducting path in the Pr0.7Ca0.3MnO3 single crystal.[10] Ac-
cording to the results in Figs. 2 and 4, the electric current and
light illumination can make the resistivity at low temperature
drop substantially, even bring the resistivity peak at 91 K dis-
appear along the b-axis. However, the resistivity peak at 165 K
has little change under the electric current and light illumina-
tion along the a-axis. It suggests that a filamentary percolation
path is established along the b-axis more easily when the film

is processed by the electric current or light illumination. It
is because many paths have already existed along the a-axis,
the electric current travels along the FM domains rather than
producing new filamentary paths when the electric current or
light illumination is exerted on the film. As a result, the elec-
tric current and light illumination alter the resistivity along the
b-axis more easily. What is more, the electric current induced
resistivity drop possesses an evident memory effect, as shown
in Fig. 3. Although the formed filamentary paths may be un-
stable since the resistivity rebounds after the removal of the
large current, most of the effect is memorized. However, the
memory effect of the film can be destroyed by increasing tem-
perature. Additionally, when the sample is processed by the
magnetic field (shown in Fig. 5), the AFI phase may be con-
verted into the FM phase. More filamentary percolation paths
are formed along the a-axis, leading to the dramatic decline of
the resistivity along the a-axis. On the contrary, a small part
of the AFI phase still exists even under the magnetic field of
7 T, and the resistivity peak at 91 K corresponds to the AFI
dominated mixed phases. Hence, the residual AFI phase will
render the resistivity peak at 91 K hold even at 7 T.

At last, we investigate the magnetic properties in the
phase separation LCMO/NGO film. We performed a se-
ries of zero field cooling (ZFC) and field cooling (FC-7 T)
magnetization–magnetic field loop measurements at different
temperatures along the b-axis. Figure 6 present ZFC and FC
magnetization–magnetic field loops at a representative tem-
perature of −23 K. As observed from Fig. 6, the FC M–H
displays an obvious squared loop with the saturated magneti-
zation (MS) of 2.9 µB/Mn and the coercive field of 0.0249 T.
In contrast, for the ZFC M–H, the smaller saturated mag-
netization (MS) of 1.09 µB/Mn and higher coercive field of
0.0464 T are observed. This phenomenon is understandable
since the magnetic field can tune the fraction of the AFI and
FM phases. When the sample is field-cooled under 7 T to a
certain temperature, the magnetic field has converted the AFI
phase into the FM phase. The magnetic result also indicates
that the magnetic field can make the AFI phase transform into
the FM phase.

4. Summary
We have investigated the anisotropic transport property in

a phase separation LCMO film grown on (001)-oriented NGO
substrate. The results show that the resistivity along the b-axis
is much higher than that along the a-axis and two resistivity
peaks are observed along the b-axis: one located at 91 K and
the other centered at 165 K. Moreover, we also studied the
response of the resistivities along the a-axis and b-axis to var-
ious electric currents, magnetic fields, and irradiations. The
magnetic field can alter the resistivities along the two axes.
However, the electric currents and light illuminations mainly
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influence the resistivity along the b-axis, but have little effect
on the resistivity along the a-axis. According to the results,
we believe that an anisotropic-strain-controlled MnO6 octa-
hedra shear-mode deformation may provide a mechanism of
conduction filaments paths along the a-axis, which leads to
the anisotropic transport properties.
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