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ABSTRACT: An anomalous polarity-dependent electrostatic field modulation
effect, facilitated by spatial confinement, is found in an oxide-based field-effect
prototype device with a spatial-confined Pr0.7(Ca0.6Sr0.4)0.3MnO3 channel. It is
revealed that the dominant field modulation mode under a small bias field varies
from a polarity-independent strain-mediated one to a nonvolatile polarity-
dependent one with enhanced modulation sensitivity as the channel width
narrows down to several micrometers. Specially, in the structure confined to
length scales similar to that of the phase domains, the field modulation exhibits a
greatly increased modulation amplitude around the transition temperature and an
anomalous bias-polarity dependence that is diametrically opposite to the normal
one observed in regular polarization field-effect. Further simulations show that a
large in-plane polarization field is unexpectedly induced by a small out-of-plane
bias field of 4 kV/cm in the narrow strip (up to 790 kV/cm for the 3 μm strip).
Such large in-plane polarization field, facilitated and enhanced by size reduction,
drives phase transitions in the narrow channel film, leading to the reconfiguration of percolation channel and nonvolatile
modulation of transport properties. Accordingly, the accompanied polarity relationship between the induced in-plane
polarization field and the applied vertical bias field well explains the observed anomalous polarity-dependence of the
modulation. Our studies reveal a new acting channel in the nanoscale control of lateral configurations of electronic phase
separation and macroscopic behaviors by a small vertical electric bias field in spatial-confined field-effect structures. This distinct
acting mechanism offers new possibilities for designing low-power all-oxide-based electronic devices and exploiting new types of
multifunctionality to other strongly correlated materials where electronic phase competition exists.

KEYWORDS: anomalous polarity-dependence, spatial confinement, electrostatic field effect, electronic phase separation,
ferromagnetic metal edge state

I. INTRODUCTION

In the classic electrostatic field-effect configuration, the electrical
charge carrier density and hence the electrical resistance of a thin
channel are precisely modulated by external electrical voltage,
providing electrical switching capability. The application of this
remarkably simple but very successful approach expedites the
powerful electronic device-semiconducting field-effect transis-
tors (FETs), laying a good foundation of the modern electronics
era. Excited by the success of electrostatic field-effect in classic
semiconductors, dozens of groups have tried to apply this
approach in recent years to the novel correlated electron systems
whose properties depend strongly on the carrier concentration.
These materials have attracted considerable attention due to the
observation of many extraordinary physical phenomena such as
high-temperature superconductivity, colossal magnetoresist-
ance, metal−insulator transition (MIT), and multiferrocity.
Specially, these novel behaviors are often accompanied by
coexisting electronic and magnetic phases, resulting from strong

correlations among charge, spin, orbital, and lattice degrees of
freedom.1−5 These energetically degenerate phases coexist and
compete with each other, creating a subtle balanced system that
can be drastically modified with small changes to the underlying
parameters.
Manipulating the balance between electronic and magnetic

phases in a correlated electron system, in particular manganite
oxides,6,7 through external field provides new opportunities for
fundamental physics research8−15 and innovative device
applications, including novel field-effect switching and non-
volatile memory devices.16−19 Several attempts have been made
to achieve nonvolatile electrostatic modulation in field-effect
configurations with all-perovskite-structure, where dielectrics/
ferroelectrics (FEs) serve as the gate oxide and manganite films
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as the channel layer.14,20−23 However, research demonstrated
that the electrostatic modulation is strongly entangled with the
strain effect,24−29 resulting from the inverse piezoelectric effect
of the ferroelectric (FE) substrate/layer, which is polarity-
independent and volatile, which restricts its further investigation
and possible potential application. Moreover, most obtained
electrostatic field effects, particularly for the high-carrier-density
systems such as wide-bandmanganites, were limited by the short
Thomas−Fermi screening length of less than 1 nm, which results
in the requirement of an extremely large electric field (or
polarization field) to achieve substantial field modulation. These
special characteristics make the studies of nonvolatile electro-
static modulation in manganite oxides bog down. Fortunately,
recent studies found that the polarized electric field could
penetrate deeply into the narrow-band manganite film with
phase separation (PS) through an electronically inhomogeneous
channel,20,30 breaking through the limitation of screening effect.
However, recent discoveries of the large influence of dimension
reduction on the phase separation and thus percolation channel
bring new challenges in practice.
Many studies have shown that the length scale of the phase-

separated (PS) regions/domains ranges from micrometers to
nanometers. Although most experimental studies and prototype
device investigations in manganite oxides are based on
modulating the macroscopic behaviors by applying global
electric field,6,7,26,31−33 local control of magnetic and electronic
properties in spatial-confined systems by means of electrostatic
field effect is of special importance for revealing the underlying
mechanism and the potential nanodevice application.34

Recently, spatial confinement at length scales similar to, or
even less than, that of the inherent PS domains has been used to
induce various quasi-one-dimensional magnetic and electronic
behaviors such as intrinsic tunneling,35 single pathway re-
emergent MIT,36,37 and ferromagnetic metal (FMM) edge
state,38 where the phase transition and accompanied percolative
transport are dominated by a relatively few domains35,39 and
very sensitive to multiple types of fields.35,40,41 Naturally, one
may expect that the combination of spatially confined
geometries with local electrostatic field modulation can allow
one to access emergent field-modulating behaviors substantially
different from those in thin-film systems. In addition, the
possibility of modulating the electronic properties of spatially
confined electronic phase-separated systems composed of a
small number of PS domains will allow examining fundamental
issues of nanoscale phase separation and establishing new
functionalities for potential uses in oxide multifunctional
nanodevices.
In this work, we report an anomalous polarity-dependent

electrostatic field modulation effect emerged in spatial-confined

Pr0.7(Ca0.6Sr0.4)0.3MnO3 (PCSMO) strips. It is demonstrated
that the dominant mode of field-modulating behaviors under a
small bias electric field (4 kV/cm) varies with reducing the strip
width, changing from a volatile and polarity-independent strain-
mediated field effect to a nonvolatile polarity-dependent effect
with enhanced modulation amplitude. Especially, in structures
confined to length scales similar to that of the phase domains,
the field modulation exhibits a greatly increased modulation
amplitude around transition temperature and an anomalous
polarity-dependence, where the positive (negative) bias results
in an increase (decrease) of both metallicity and metal−
insulator transition temperature, diametrically opposite to the
normal one observed in regular polarization field-effect.
Calculations of the three-dimensional distribution of electric
field intensity in manganite strips based on finite-element
analysis show that a large in-plane electric field (or polarization
field) is induced by a 4 kV/cm bias field, near the interface
between ferromagnetic metal (FMM) and charge-ordered
insulator (COI) phases in the narrow strip, and rapidly
enhanced with the reduction of strip width (reaching ∼790
kV/cm in 3 μm width strip with FMM domains embedded).
Such large in-plane polarization field can drive FMM phases to
expand or shrink through accumulating different charges (holes
or electrons) at the interface between FMM and COI phases,
leading to the reconfiguration of percolation channel and
nonvolatile modulation of transport properties. The enhanced
in-plane polarization field and limited percolation channel in
narrower strips greatly increase the modulation sensitivity.
Meanwhile, the accompanied polarity relationship between the
induced in-plane polarization field and the applied vertical bias
results in the observed anomalous polarity-dependence of the
modulation. This unique acting channel of the field modulation
offers new possibilities for designing low-power all-oxide-based
functional devices and exploiting new types of multifunctionality
in other strongly correlated materials where electronic phase
competition exists.

II. EXPERIMENTAL SECTION
The typical phase-separated manganite PCSMO was chosen as the
prototype material to investigate local electrostatic field modulation for
its relatively large size of separated phases that are accessible with
standard photolithography techniques. In addition, the strong
interaction between coexisting COI and FMM phases in PCSMO
leads to the local energetic balance between COI and FMMphases near
MIT.42 This subtle balance could be broken by the external field,
resulting in the redistribution of two phases and modulation of MIT.
Moreover, the significantly different resistive properties of COI and
FMM domains provide an effective channel to transfer the polarization
field into the film. The (001)-cut perovskite-type single-crystal
0.7Pb(Mg1/3Nb2/3)O3−0.3PbTiO3 (PMN−PT) with excellent dielec-

Figure 1. (a) θ−2θ scan patterns of as-prepared 100 nm PCSMO/PMN−PT film. (b) Temperature-dependent magnetization under a magnetic field
of 0.01 T and resistance for the as-prepared film before lithographic processing. Inset of (a) shows in-plane strain versus E for the PMN−PT(001)
substrate.
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tric/ferroelectric behavior, on which a typical butterfly ε−E curve and
coercive field of ∼2 kV/cm were obtained (inset of Figure 1a), was
chosen as the gate oxide to provide a large polarization field so that an
all-perovskite field-effect configuration was constructed. A 100 nm-
thick Pr0.7(Ca0.6Sr0.4)0.3MnO3 (PCSMO) film was grown epitaxially on
(001)-oriented PMN−PT substrate using pulsed laser deposition. The
crystalline structure of the film was characterized by a high-resolution
X-ray diffractometer (Bruker AXSD8Discover) using Cu Kα radiation.
The magnetic and transport properties were measured with the
superconducting quantum interference device, equipped with an
electric-measurement module.
Figure 1a shows the θ−2θ scan patterns of the as-prepared film,

demonstrating a high orientation along the out-of-plane direction
without detectable impurity phases. It was determined from the
diffraction patterns that the film undergoes a compress strain of−0.62%
at c-direction. Figure 1b presents the temperature dependence of the
magnetization (0.01 T) and resistance for the as-prepared film before
lithographic processing, which exhibits a typical metal−insulator
transition at 166 K (cooling process) with a thermal hysteresis about
7 K due to the first-order phase transition nature. The COI and FMM
phases coexist near the metal−insulator transition and strongly interact
to maintain a local energetic balance.43−45 With decreasing temper-
ature, the fraction of the metallic phase gradually increases and the
percolation transport network is built,46,47 resulting in the drop of
resistance.
The film was further patterned using photolithography to create

strips with widths of 50, 20, 10, 5, and 3 μm, ranging from the length
scale much larger than the characteristic domain size of PCSMO to the
one comparable. Five Au pads were coated onto the surface of each strip
to serve as current−voltage and top-gate electrodes separately. A 150
nm-thick Au was coated onto the back of the substrate to serve as the
back-gate electrode. Figure 2b shows the schematic diagram of the

experimental device configuration where each PCSMO strip is set in a
four-probe geometry. The resistance of the strip is measured using a 50
nA constant current. A Keithley 6517 electrometer was used to apply
the gate electric field on the substrate of PMN−PT.

III. RESULTS AND DISCUSSION
Figure 2c displays the comparison of the temperature-depend-
ent resistance of the parent film and patterned strips without
electric voltage on the gate electrode. It was found that the
resistance of the strips generally increases in the entire

measuring temperature range, accompanied by a gradual
decrease of MIT temperature (TMI), when the width reduces
toward the individual domain length scale. This behavior of
enhanced resistivity and reduced MIT temperature is consistent
with previous reports in other mixed-phase manganites39,41 and
should be attributed to the dimensionally limited percolation
resulting from the spatially confined conducting channel.
Actually, narrower strips have fewer possible percolation paths
due to the spatial confinement,41,48 resulting in the reduction of
TMI and increase of resistivity around TMI. Further reducing the
width to the level comparable to the domain length scales results
in an abnormal decrease in the resistivity and an increase in the
temperature of MIT, which might be due to the emergence and
enhancement of FMM edge state in the narrow strips. Previous
studies have shown that an FMM edge state exists in manganite
strips due to the broken symmetry effect, which induces
ferromagnetism in the edge region of narrow strips, leading to an
increased curie temperature (or MIT temperature) and reduced
resistivity.38

Figures 3 and 4 show transport behaviors of PCSMO strips
with different widths when various electric bias voltages are
applied on the gate. In each case, the resistance of the strip is
largely modulated by the bias field in the whole temperature
range despite the short Thomas−Fermi screening length
(∼0.2−0.3 nm).23 This is not surprising since inhomogeneous
conducting regions, that is, separated FMM and COI phases,
coexist in the PCSMO film near TMI. However, different bias-
polarity dependencies are found for the modulation in the strips
with different widths. Figure 3c−f shows the variation of the
peak resistivity (ρp) and metal−insulator transition temperature
(TMI) during the cooling process for strips with widths of 50 and
20 μm, respectively, as the bias E-field is cycled from 0 to 4 to−4
kV/cm. One could find that ρp (and TMI) decreases (increases)
monotonously with the bias E-field regardless of polarity,
indicating the polarity independence of the field modulation in
both wider strips.
This obvious polarity independence of modulation, in

particular near TMI, likely comes from the field-induced strain
effect that has been widely observed in manganite−piezoelectric
heterostructural films. Many experimental investigations have
shown that the electric field applied on the piezoelectric
substrate would induce a compressive piezo-strain in the film
above and modulate its lattice distortion, resulting in the strain-
mediated field modulation of magnetic and transport behaviors
through Jahn−Teller coupling.24−26,31−33,49 Since the piezo-
strain is irrelevant to the polarity of E-field (usually exhibits a
butterfly shape),24 the modulation of transport properties
originating from the strain effect shows polarity independence.
In our strips with large width (>10 μm), the polarity-
independent compressive strain induced by E-field (see Figure
3) reduces the epitaxial tensile strain in the PCSMO film,
suppressing Jahn−Teller distortion and thus the stability of
charge-orbital ordering phases. As a result, the metallicity (or
conductivity) and the metal−insulator transition temperature of
the strip increase monotonously with the electric field (from 160
to 172 K under 4 kV/cm for the 50 μm strip, and from 175 to
183 K for the 20 μm strip), independent of the bias polarity.
Meanwhile, one could also find that the modulation of ρp and
TMI in wide strips vanishes after the removal of gate voltage,
which coincides with the volatility of the field-induced strain
effect.24,25,31,32,49 All these results suggest that, in a wider strip,
the strain effect dominates over the E-field-modulating behavior.
In addition, the percentage modulation of ρp under the field of 4

Figure 2. (a)Micrographic image of patterned devices with widths of 3,
5, 10, and 50 μm. (b) Schematic diagram of the experimental device
configuration where each PCSMO strip is set in a four-probe geometry.
(c) Temperature-dependent resistances of the as-prepared film and
patterned strips with varying widths etched from the same 100 nm-thick
film in the absence of electric bias voltage.
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Figure 3. (a, b) Temperature-dependent resistivity under different bipolar electric bias voltages for PCSMO strips with widths of 50 and 20 μm. (c, d)
Variation of the peak resistivity ρp and (e, f) metal−insulator transition temperature TMI with electric bias field for each strip. The TMI is defined as the
temperature of the transition point in the cooling curve, while ρp is the resistivity atTMI of the respective strip. Both ρp andTMI are determined from the
curve in the cooling process. The bias E-field is cycled from 0 to 4 to −4 kV/cm, shown by orange arrows.

Figure 4. (a−c) Temperature-dependent resistivity under different bipolar electric bias voltages for PCSMO strips with widths of 10, 5, and 3 μm. (d−
f) Variation of ρp, (g−i) ρT, and (j−l) TMI with electric bias field for each strip. The ρT is the resistivity at a fixed temperature TMI (0 kV/cm) of the
original measured curve for each strip (the black one in (a−c)). All data of ρp, ρT, and TMI are determined from curves in the cooling process. The bias
E-field is cycled from 0 to 4 to −4 to 0 kV/cm, shown by orange arrows. Note that for the 3 μm strip, the field cycling extends to 4 kV/cm due to its
FMM edge state in the original stage.
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kV/cm decreases largely from 44 to 23% as the strip width
decreases from 50 to 20 μm (see Figure 3c,d). Similar reduction
of modulation amplitude also appears in the modulation of TMI
(from 7.8 to 5.0%; see Figure 3e,f). This large reduction of
modulation amplitude indicates that the dominant role of strain
effect attenuates over the width narrowing, becoming less active.
The increasing strain relaxation due to the strip narrowing
should be the main reason for the weakness of strain effect.
Moreover, it is noted that ρp and TMI of the 50 μm (20 μm) strip
exhibits 11 and 15% (2.2 and 0.1%) differences, respectively, for
external fields of +4 and−4 kV/cm (see Figure 3c,e). This result
suggests that a built-in field may exist and affect the strain-
mediated field modulation of transport properties, consistent
with the small asymmetry in the butterfly ε−E curve. However,
the small value of the difference indicates that the built-in
electric field may have little effect on the polarity-independent
field modulation behaviors in our samples.
More interestingly, a completely different modulation mode

emerges and dominates over the field-modulating behavior at
narrow strips. Figure 4 shows the detailed results in narrow strips
under various bias E-fields. The resistivity (both at respective

transition temperature and at fixed temperature) of each narrow
strip decreases with the positive gate voltage and increases with
the negative one, while the transition temperature TMI does the
opposite. This asymmetric modulation for the field with
different polarities suggests that the strain effect is trivial in
narrower strips. Meanwhile, the opposite modulation for
positive and negative gate voltages indicates that a polarity
dependence for the field modulation of transport behaviors
emerges in the narrow strip. Moreover, it is found that the
modulation amplitudes of ρp and TMI between the fields of 4 and
−4 kV/cm increase about 6 and 2 times (see Figure 5a),
respectively, as the strip width reduces from 10 to 3 μm.
Accordingly, the modulation ratio (defined as a ratio of the half
modulation amplitude to the mean value of ρp and TMI under 4
and −4 kV/cm) increases from 45 to 92% for ρp and 8.7 to 26%
for TMI (Figure 5b). This large enhancement of the modulation
amplitude with dimension reduction of the PCSMO channel
film should be ascribed to the steep decline of possible
percolation paths due to the spatial confinement, which provides
the phase-separation material with a special advantage in the
practical field modulation device with micro- or nanosize.

Figure 5. (a) Variation of peak resistivity ρp (left axis) and transition temperatureTMI (right axis) with the strip width under bias fields of 4 and−4 kV/
cm. (b) Modulation ratio of ρp and TMI for strips with different widths. The ratios are defined as |ρp(−4 kV/cm) − ρp(4 kV/cm)|/(ρp(−4 kV/cm) +
ρp(4 kV/cm)) and |TMI(−4 kV/cm) − TMI(4 kV/cm)|/(TMI(−4 kV/cm) + TMI(4 kV/cm)), respectively.

Figure 6. (a) Sketch of the simulating model. (b−d) Two-dimensional distribution of in-plane and out-of-plane E-field intensities Ex, Ey, and Ez in the
interface plane under +4 kV/cm bias field for the selected strip with 3 μm width, respectively. Two metallic cylinders with a radius of 0.5 μm are
embedded in an insulating host, and the total thickness of the strip is 100 nm, which is the same as the actual thickness of the PCSMO film used in our
experiments. (e−g) Comparison of line-scanned in-plane and out-of-plane E-field intensities at the interface andmiddle plane of the strip. Each curve is
taken along the diametrical direction of the metal cylinder (black line in b, c, and d).
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Meanwhile, one may also note that the modulation amplitudes
(and ratios) in narrower strips (≤10 μm) are much larger than
those in wider strips, indicating that the polarity-dependent field
modulation is stronger than the polarity-independent one due to
the field-induced strain effect in the system exhibiting phase
separation.
Moreover, a voltage/E-field hysteresis in the modulating

process appears in these narrow strips and develops with the
width reducing (see Figure 4d−l). As a result, after the removal
of electric bias field, ρp, ρT, and TMI gradually approach the one
under the field of 4 kV/cm, showing a growing nonvolatile
behavior in the polarity-dependent area (≤10 μm). Typically,
when the width of the strip narrows down to 3 μm, ρp, ρT, and
TMI keep nearly unchanged after the removal of the bias field. In
addition, one could find that the hysteresis width increases on
reducing the strip width. Specially, the reversal field for the 3 μm
strip is consistent with the coercive field of the PMN−PT
substrate (∼2 kV/cm). These results indicate that the transport
modulation in narrower strips is closely related with the
polarization field, regardless of the screening effect at the
interface between the PCSMO film and the PMN−PT substrate.
Previous research on manganite−piezoelectric heterostruc-

tural films have demonstrated that the polarization field would
accumulate charge between separated metallic and semi-
conducting or insulating phases, resulting in the variation of
the relative volume fractions of metallic and semiconducting (or
insulating) regions and thus metallicity and TMI of the film.20 At
first glance, one may attribute the observed polarity-dependent
transport behavior in narrow strips to such polarization field
effect. However, careful examination finds that the direction of
the variation in metallicity and TMI arising from the bias field is
totally contrary to previously observed polarization field effect
where a positive (negative) field depletes (accumulates) the
holes in the film and leads to a decrease (increase) of metallicity
and TMI.

20,30,33 Since the direction of bias field polarity is
identical both in our experiment (see Figure 2b) and in previous
reported polarization effect,20,30,33 one could affirm that a
completely opposite polarity-dependency relationship emerges
in the present electrostatic field effect. Such anomalous polarity-
dependence appearing in narrow strips suggests that the
electrostatic modulation in a spatial-confined system may be
driven by a new mechanism. Considering that the bias electric
field or polarization field on the substrate could penetrate deeply
into the electronically inhomogeneous manganite film regard-
less of screening effect,20,30,33 it is reasonable to speculate that
the distribution of the induced electric field may play a key role
in generating the present distinct anomalous field effect in the
spatial-confined manganite film.
To further understand this anomalous polarity-dependent

field modulation behavior, the electric field distribution in the
PCSMO strip was calculated by using a three-dimensional finite-
element model (Figure 6a), in which three-dimensional
dielectric matrices are constructed with the same geometry as
the experimental devices. The size of the substrate cuboid and
the length of strips (assigned as 2 times the width of the strip)
were chosen to closely align with actual experimental conditions,
taking into account requirements from saving computational
cost. In the simulation, metallic cylinders with a radius of 0.5 μm
are embedded in an insulating host, presenting the inhomoge-
neous distribution of metallic and COI phases. The metallic and
COI phases in PCSMO strips are assigned dielectric constants of
55 000 and 35,30,50 respectively, while the dielectric values of the
PMN−PT substrate and vacuum are set to 5000 and 1,

respectively.51,52 An electric field of 4 kV/cm with both polarity
is applied on the substrate, and the electric field in the strip is
calculated by solving the differential equation of Gauss’ law (∇·
D = 0, where D is the electric displacement field) across the
matrices. It is noted that altering the polarity of the applied bias
field only results in a change of sign for the calculated E-field
intensity. Thus, only results under the bias field with positive
polarity whose direction is defined as pointing from bottom to
top (see Figures 2b and 6a) are presented.
Figure 6b−d shows the distribution of in-plane (Ex, Ey) and

out-of-plane (Ez) E-field intensities in the interface plane
between the film and substrate for the selected strip with 3 μm
width. Two key findings from the simulated results are that the
induced polarization field in the strip has a large in-plane
component and shows a highly localized state around the
metallic edge. Figure 6e−g presents the comparison of line-
scanned in-plane and out-of-plane E-field intensities at the
interface and middle plane parallel to the surface, respectively. It
is seen that the in-plane field exhibits a maximum value (∼790
kV/cm) at the interface between the COI and FMM phases and
decays in the COI region. In addition, the results in Figure 6
demonstrate that the direction of the in-plane polarization field
points from the surrounding COI phase toward the center FMM
one. Moreover, the induced polarization/electric field decays
slowly with an almost linear feature along the thickness
direction, suggesting that the induced field not only locates
near the interface but also penetrates deeply into the channel
film. Typically, a maximum value of∼350 kV/cm (nearly half of
the one at the interface plane) is induced in the middle plane
(see Figure 6e,f). This result demonstrates that the modulating
effect by the induced in-plane field is not limited to interfacial
layers adjacent to the substrate. Besides, it is found that the
absolute value of the induced in-plane polarization field varies a
little around the edge of metal cylinders, which should be
attributed to the edge effect originating from the discontinuous
medium boundary condition (see Section I of the Supporting
Information for a more detailed discussion).
It is noted that the electric field (or polarization field) induced

in the strip has an out-of-plane component (see Figure 6d,g),
which also increases with the reduction of the strip width.
Recent reports on real-space domain observations using a
microwave impedance microscope demonstrate that the typical
domain size in Pr0.55(Ca0.75Sr0.25)0.45MnO3 thin films is 500 nm
to 1 μm,53,54 which is much larger than the thickness of our
strips. As a result, the creation of a domain wall (between
metallic and insulating phases) parallel to the surface in the
present strips would cost too much domain wall energy.54

Therefore, the role of the induced out-of-plane polarization field
should be trivial in observed polarity-dependent modulation
behaviors. Instead, the large in-plane polarization field, which
could drive a phase transition near the edge of FMM domains,
may be the main cause of the anomalous polarity-dependent
field effect observed in the present narrow PCSMO strips.
Moreover, calculated results show that the in-plane polarization
field could appear, induced by an external bias, near the metal
region in all experimental strips. Meanwhile, the maximum value
of the induced in-plane field increases quickly from 450 to 790
kV/cm when the strip width decreases from 10 to 3 μm,
indicating the great facilitation from spatial confinement.
Furthermore, many experimental and theoretical investiga-

tions have previously shown that FM tendencies could appear in
the nanosized antiferromagnetic CO manganites due to the
inhomogeneous charge distribution at the surface.55−58
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Recently, Shen et al. further observed a clear FMM phase with a
width of ∼1 μm at the edge side of spatial-confined PS strips,
which was attributed to the broken symmetry effect.38 It is
reasonable to believe that a similar FMM edge state also appears,
in our experiments, considering similar phase separation
behaviors and an abnormal increase of metallicity and TMI in
the narrow PCSMO strip (see Figure 2c). Obviously, the
induced in-plane polarization field in the strip should also be
affected by the appearance of the FMM edge state. Taking into
account the existence of the FMM edge phase, the distribution
of the electric field is further calculated with dielectric values of
55 000 and 35 assigned to FMM edge phases and COI
phases.30,51 According to the reported characteristics of the
FMM edge state and real configuration of strips in our
experiments, we set the FMM edge state area as a long narrow
cuboid along the y-direction. Moreover, considering that the
FMM−COI interface is parallel to Ey, the role of in-plane Ey is
presumed to be trivial in the strip with FMM edge state (see
Section II of the Supporting Information for a more detailed
discussion). Figure 7 shows the two-dimensional distribution
and line scan of E-field intensity for the 3 μm strip with
symmetric 0.5 and 1 μm-wide FMM edge phases at both sides. It
is seen that a large in-plane electric field (∼420 kV/cm for the
strip with 0.5 μm-wide FMM edge phase and ∼250 kV/cm for
the 1 μm-wide one) appears at the interface between the FMM
edge phase and the central COI phase and extends to the center
of the strip (the COI or phase coexistence regions) with an
attenuated intensity. Meanwhile, a negligible in-plane E-field is
identified in edge regions, which should be attributed to the

screening effect from the metal characteristic of the FMM edge
phase. It is worthy to point out that the E-field intensity
calculated in the strip with cylinder-shaped metal area is almost
twice as large as the one in the strip with cuboid FMM edge area
(see Figures 6e−g and 7c−d), demonstrating the enhancement
of E-field in the area with large curvature. This result indicates
that the induced electric/polarization field in the phase-
separated region can be largely affected by the shape of
coexisting phases.
These large local in-plane electric/polarization fields shown in

Figures 6 and 7 would induce a local phase transition near the
FMM−COI interface and move the interface by accumulating
charges between the FMM edge phase and the COI
phase20,23,30,52 and thus change the relative volume fraction of
metallic and insulating regions. The nature of accumulated
charges, electrons or holes, depending on the polarity of the
induced in-plane electric field, controls the direction of interface
movement. In our case, applying a positive bias E-field on the FE
substrate (which points from bottom to top) induces an in-plane
polarization field in the strip, with the direction pointing from
the COI phase to the FMM phase (see Figures 6a,e,f and 7c).
Such in-plane field would cause an accumulation of holes in the
interface between FMM and COI phases and push the interface
to the COI region, leading to the rebuilding of percolation
channel and thus increased metallicity and TMI in the strip. A
negative bias E-field on the substrate does the opposite, leading
to a decrease in the metallicity and TMI. Obviously, the
modulating direction under this new mechanism is completely
opposite to the one in normal polarization effect, where a

Figure 7.Two-dimensional distribution of (a) in-plane and (b) out-of-plane E-field intensities in the interface plane under +4 kV/cm bias field for the 3
μm strip with symmetric FMM edge state in each side, whose width is set to 0.5 and 1 μm, respectively. Comparison of (c) line-scanned in-plane and
(d) out-of-plane E-field intensities for strips with different-width FMM edge state. Each curve is taken along the red line in (a) and (b), respectively.
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positive bias results in a decreased metallicity and TMI. More
interestingly, it is found that the lateral E-field (or induced in-
plane polarization field) at the interface (between the FMM
edge phase and the central COI phase) decreases with the width
of the FMM edge state (see Figure 7c), indicating that the
expansion of the FMM edge state, driven by the interface
polarization field, may be a negative feedback process.
Moreover, the stronger modulation behavior in the 3 μm-
sample indicates that the FMM edge state could be largely
altered by electrical bias, providing a new channel to understand
the edge state in spatial-confined complex oxides and its
underlying principle.
This picture gives a good qualitative match to experimental

observations of enhanced modulation amplitude and anomalous
polarity-dependence of the field modulation in narrow PCSMO
strips. Actually, simulated results show that the intensity of the
in-plane electric field increases with the reduction of the strip
width, indicating the enhancement of the anomalous field effect
at narrow strips. Moreover, the limited percolation channel in
narrower strips further enhances the modulation sensitivity,
resulting in an enhanced modulation amplitude around the
percolation transition temperature in narrow strips. Besides, in
the narrow strip with FMM edge state, the large FMM−COI
interface area also increases the tuning sensitivity, leading to a
largely enhanced modulation behavior. Meanwhile, instead of
the polarity-independent strain effect, the anomalous polarity-
dependent field effect becomes the dominant factor in driving
field modulation as the strip narrows down. Accordingly, a
transition from polarity independence to anomalous polarity-
dependence emerges in field modulation behaviors (see Figures
3 and 4). Moreover, the experimentally observed nonvolatile
modulation of transport behaviors is also naturally explained
within this framework. As is well known, the phase transition
driven by the induced in-plane polarization field in narrow strips
has a first-order nature, possessing a definite hysteresis. As a
result, the modulation due to the phase transition remains
unchanged after the removal of the bias field, providing the
nonvolatility of the electrostatic field effect in the narrow strip.

IV. CONCLUSIONS
In summary, a greatly enhanced modulation amplitude and
anomalous polarity-dependence, facilitated by dimension
reduction, are discovered in an oxide-based FET prototype
device with a spatial-confined Pr0.7(Ca0.6Sr0.4)0.3MnO3 channel
film. Our studies demonstrate that lateral configurations of
electronic phase separation and thus the percolation channel, in
structures confined to length scales similar to that of the phase
domains, can be nonvolatile modified by a small vertical electric
field through the induced in-plane polarization field, showing a
new acting channel of geometric control of nanoscale electronic
phase separation and macroscopic transport behaviors. This
special acting mechanism and underlying experimental
phenomena offer new possibilities for designing high-effective
and easy-implemented all-oxide-based electronic devices, such
as low-power field-effect switching and nonvolatile memory
devices. Further development of the phenomena may bring new
types of multifunctionality to other strongly correlated materials
where electronic phase competition exists.
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(24) Thiele, C.; Dörr, K.; Schultz, L.; Beyreuther, E.; Lin, W. M.
Piezoelectrically Induced Resistance Modulations in La0.7Sr0.3MnO3/
Pb(Zr,Ti)O3 Field Effect Devices. Appl. Phys. Lett. 2005, 87,
No. 162512.
(25) Zheng, R. K.; Wang, Y.; W. Chan, H. L.; Choy, C. L.; Luo, H. S.
Strain-Mediated Electric-Field Control of Resistance in the
La0.85Sr0.15MnO3/0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 Structure. Appl.
Phys. Lett. 2007, 90, No. 152904.
(26) Zhao, Y. Y.; Wang, J.; Kuang, H.; Hu, F. X.; Zhang, H. R.; Liu, Y.;
Zhang, Y.; Wang, S. H.; Wu, R. R.; Zhang, M.; Bao, L. F.; Sun, J. R.;
Shen, B. G. Abnormal Percolative Transport and Colossal Electro-
re s i s t ance Induced by Ani sot rop ic S t ra in in (011) -
Pr0.7(Ca0.6Sr0.4)0.3MnO3/PMN-PT heterostructure. Sci. Rep. 2014, 4,
No. 7075.
(27) Wu, T.; Bur, A.; Wong, K.; Zhao, P.; Lynch, C. S.; Amiri, P. K.;
Wang, K. L.; Carman, G. P. Electrical Control of Reversible and
Permanent Magnetization Reorientation for Magnetoelectric Memory
Devices. Appl. Phys. Lett. 2011, 98, No. 262504.
(28)Wu, T.; Bur, A.; Zhao, P.;Mohanchandra, K. P.;Wong, K.;Wang,
K. L.; Lynch, C. S.; Carman, G. P. Giant Electric-Field-Induced
Reversible and Permanent Magnetization Reorientation on Magneto-
electric Ni/(011) [Pb(Mg1/3Nb2/3)O3]1‑x[PbTiO3]x heterostructure.
Appl. Phys. Lett. 2011, 98, No. 012504.
(29) Yang, Y. J.; Luo, Z. L.; Yang, M. M.; Huang, H. L.; Wang, H. B.;
Bao, J.; Pan, G. Q.; Gao, C.; Hao, Q.; Wang, S. T.; Jokubaitis, M.;
Zhang, W. Z.; Xiao, G.; Yao, Y. P.; Liu, Y. K.; Li, X. G. Piezo-strain
induced non-volatile resistance states in (011)-La2/3Sr1/3MnO3/
0.7Pb(Mg2/3Nb1/3)O3-0.3PbTiO3 epitaxial heterostructures. Appl.
Phys. Lett. 2013, 102, No. 033501.
(30) Lourembam, J.; Wu, J. C.; Ding, J. F.; Lin, W. N.; Wu, T. Electric
Field Tuning of Phase Separation inManganite Thin Films. Phys. Rev. B
2014, 89, No. 014425.
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(49) Biegalski, M. D.; Dörr, K.; Kim, D. H.; Christen, H. M. Applying
Uniform Reversible Strain to Epitaxial Oxide Films. Appl. Phys. Lett.
2010, 96, No. 151905.
(50) Kundys, B.; Bellido, N.; Martin, C.; Simon, C. Dielectric
Catastrophe at the Magnetic Field Induced Insulator to Metal
Transition in Pr1‑xCaxMnO3(x = 0.30, 0.37) Crystals. Eur. Phys. J. B
2006, 52, 199.
(51) Sun, E.; Cao, W. W. Relaxor-Based Ferroelectric Single Crystals:
Growth, Domain Engineering, Characterization and Applications. Prog.
Mater. Sci. 2014, 65, 124−210.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b10915
ACS Appl. Mater. Interfaces 2018, 10, 32597−32606

32605

http://dx.doi.org/10.1021/acsami.8b10915


(52) Dong, S.; Zhu, C.; Wang, Y.; Yuan, F.; Wang, K. F.; Liu, J.-M.
Electric Field Induced Collapse of the Charge-Ordered Phase in
Manganites. J. Phys.: Condens. Matter 2007, 19, No. 266202.
(53) Kundhikanjana, W.; Sheng, Z. G.; Yang, Y.; Lai, K. J.; Ma, E. Y.;
Cui, Y. T.; Kelly, M. A.; Nakamura, M.; Kawasaki, M.; Tokura, Y.; Tang,
Q. C.; Zhang, K.; Li, X. X.; Shen, Z. X. Direct Imaging of Dynamic
Glassy Behavior in a Strained Manganite Film. Phys. Rev. Lett. 2015,
115, No. 265701.
(54) Hatano, T.; Sheng, Z. G.; Nakamura, M.; Nakano, M.; Kawasaki,
M.; Iwasa, Y.; Tokura, Y. Gate Control of Percolative Conduction in
Strongly Correlated Manganite Films. Adv. Mater. 2014, 26, 2874−
2877.
(55) Rao, S. S.; Tripathi, S.; Pandey, D.; Bhat, S. V. Suppression of
Charge Order, Disappearance of Antiferromagnetism, and Emergence
of Ferromagnetism in Nd0.5Ca0.5MnO3 Nanoparticles. Phys. Rev. B
2006, 74, No. 144416.
(56) Sarkar, T.; Ghosh, B.; Raychaudhuri, A. K.; Chatterji, T. Crystal
Structure and Physical Properties of Half-Doped Manganite Nano-
crystals of Less Than 100-nm Size. Phys. Rev. B 2008, 77, No. 235112.
(57) Biswas, A.; Samanta, T.; Banerjee, S.; Das, I. Influence of Charge
Ordering on Magnetocaloric Properties of Nanocrystalline
Pr0.65(Ca0.7Sr0.3)0.35MnO3. Appl. Phys. Lett. 2008, 92, No. 212502.
(58) Dong, S.; Yu, R.; Yunoki, S.; Liu, J.-M.; Dagotto, E.
Ferromagnetic Tendency at the Durface of CE-type Charge-Ordered
Manganites. Phys. Rev. B 2008, 78, No. 064414.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b10915
ACS Appl. Mater. Interfaces 2018, 10, 32597−32606

32606

http://dx.doi.org/10.1021/acsami.8b10915

