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A B S T R A C T

Rare-earth nickelates have received great attention owing to the extreme sensitivity of their metal-insulator
transition (MIT) and particularly the local defect state under external perturbation. Accordingly, it is critical to
effectively control their local defect state to tailor the MIT. However, although macroscopic MIT behavior has
been extensively studied, the relationship between the local defect state related to polar discontinuity and MIT
has been rarely investigated. Herein, we demonstrate the presence of intrinsic conductive nanochannels due to
the Ni deficiency induced by the polar discontinuity and the flexoelectric healing of such nanochannels in
NdNiO3 thin films using atomic force microscopy (AFM). The results indicate that the intrinsic conductive na-
nochannels are likely related to the Ni vacancy. Intriguingly, these conductive nanochannels are effectively
removed by the application of mechanical force with the AFM tip, i.e., flexoelectric healing. Our findings suggest
that mechanical stimuli can be one of the effective ways for modulating the intrinsic defect state and the cor-
responding properties at the nanoscale.

1. Introduction

Transition metal oxides (TMOs) have attracted great attention
owing to the extreme sensitivity of their electronic phase transition
under external stimuli such as electric and magnetic fields, tempera-
ture, and strain [1–3]. Among them, rare-earth nickelates (RNiO3,
where R= trivalent rare-earth ion) such as NdNiO3 (NNO) show a
sharp metal-insulator transition (MIT) near the phase boundary under
external perturbation, because of their strongly correlated electronic
state [4–7]. Therefore, the modulation of their intriguing MIT under
various external stimuli has been studied. To date, most of these studies
have focused on understanding of the macroscopic MIT, and they have
revealed that ionic defects such as the oxygen vacancy can act as a
source to initiate MIT in RNiO3 as well as other oxide systems [8]. This
implies that the effective control of ionic defects, e.g., stoichiometry, via
external stimuli can be critical for tailoring MIT in RNiO3. From this
viewpoint, intriguingly, it was also reported that a local defect state can
be generated due to polar discontinuity between a polar RNiO3 film and
non-polar substrate such as SrTiO3 (STO) [9]. Although the

macroscopic MIT behavior has been extensively understood in previous
studies, the relationship between the local defect due to polar dis-
continuity and MIT has been rarely investigated in RNiO3 thin films.
Hence, there is still lack of information on the nanoscopic MIT behavior
related to the local defect and how it can be modulated with external
stimuli. Furthermore, external stimuli other than electrical stimulus
have been barely studied so far.

In this context, it has been demonstrated that an atomic force mi-
croscopy (AFM) tip with nano-sized tip radius can be effectively utilized
to apply local external stimuli and to probe the corresponding local
variation in the properties. For instance, electric field applied by the
conductive AFM tip can induce local changes in the ionic state of the
sample surface [10,11]. In addition, it was recently reported that the
application of mechanical stimuli, i.e., force or pressure, using an AFM
tip can be also used to modulate the local ionic stoichiometry that leads
to MIT in oxide thin films [12–14]. Such mechanically induced mod-
ulation of the local ionic state can be explained by the flexoelectric field
underneath the AFM tip [12,15]. These studies have demonstrated that
AFM-based approaches can be effectively utilized to understand as well
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as modulate the nanoscopic MIT behavior in diverse material systems.
Here, we demonstrate the presence of intrinsic conductive na-

nochannels owing to Ni deficiency induced by the polar discontinuity
and their mechanical, i.e., flexoelectric healing in NNO thin films. Even
though NNO thin films are known to exist in poor metallic state at room
temperature, interestingly, we observed the presence of nanochannels
that are intrinsically more conductive on the less conductive matrix
region using conductive AFM (CAFM). Scanning transmission electron
microscopy (STEM) investigations revealed that the conductive channel
is possibly related to the Ni-deficient bucket region, resulting in the
valance change of the Ni ion and the corresponding enhancement of the
metallic character of the NNO film. Intriguingly, these conductive na-
nochannels are effectively removed after the application of mechanical
force via an AFM tip. Based on the observed results, we can conclude
that the intrinsically Ni-deficient region, i.e., conductive nanochannels,
can be modulated through flexoelectric field exerted by the AFM tip.

2. Material and methods

2.1. Fabrication of NNO thin film

A 10 nm-thick epitaxial NNO thin film was grown on (001)-oriented
Nb-0.5 wt%-doped STO substrate by pulsed laser deposition. Before the
deposition the NNO film, an atomically flat surface with steps one-unit
cell in height was prepared. The substrate was ultrasonically soaked in
deionized water at 60 °C for 30min to obtain a TiO2-terminated surface.
Then, it was etched using a buffered oxide etchant for 25 s. After that,
the substrate was annealed at 910 °C under oxygen flow for 2 h. After
this substrate treatment, the NNO thin film was deposited in a vacuum
chamber with base pressure under 3× 10−6 Torr. A KrF excimer laser
(λ=248 nm) was focused onto a stoichiometric NNO ceramic target at
a fluence of ~2.2 J/cm2 and repetition rate of 10 Hz. The films were
grown in oxygen ambient of 300mTorr and at a growth temperature of
650 °C to optimize the intrinsic temperature-dependent metal-insulator
transition of NNO. After growth, the samples were cooled to room
temperature at a cooling rate of −20 °C/min.

2.2. STEM and EDX analysis

Electron-transparent cross-sectional samples oriented along the

〈100〉 zone axis for STEM and EDX chemical analysis were prepared
with the use of focused ion beam (FEI Helios Nano Lab 450) milling/
slicing and lift-out processes, and the samples were additionally treated
by low-energy Ar ion milling at 900 V (Fischione Model 1040 Nanomill)
to remove any residual damaged surface layers. High-angle annular
dark field (HAADF) imaging was performed using an aberration-cor-
rected scanning transmission electron microscope (JEM-ARM200CF,
Jeol Ltd.), operating at 200 kV, equipped with an energy dispersive X-
ray spectrometer (EDX, JED-2300T, Jeol). The probe formed a semi-
angle of ~23mrad, giving rise to a spatial resolution of ~0.8 Å for the
largest condenser aperture, and the HAADF signals from the samples
were collected over a detector angle range of ~70–175mrad. Random
background noises in the experimental images were filtered out by the
Wiener filtering method implemented in the commercial software
(HREM Filter Pro, HREM research Ltd.). Atomic-resolution elemental
maps of the samples were acquired with an EDX dual-type detector with
a large effective solid angle (~1.2 sr) and a highly focused electron
probe (~1.1 Å) in the HAADF-STEM imaging mode. Each detector had
an effective X-ray sensing area of 100mm2. The multiple frames of the
256× 256 pixel chemical map up to 505 frames were obtained and an
acquisition time of 10 μs per pixel (~6min as a total acquisition time)
was used to obtain the STEM–EDX spectrum imaging data cube.

2.3. AFM measurements

A commercial AFM (XE7 and NX10, Park Systems) connected with a
current amplifier (Femto, DLPCA-200) was employed for CAFM and I–V
measurements; a conductive Pt/Ir-coated AFM tip (BudgetSensors,
Multi75E-G) with a spring constant of ~3 N/m was used. The I–V
measurement was carried out by applying a unipolar negative trian-
gular waveform with a minimum voltage of −3 V and the CAFM image
was obtained under the tip bias of −0.4 V at room temperature. All the
AFM images and I–V curves were obtained under 50 nN contact force,
and a protective series resistor of 2MΩ was connected to limit the
maximum current level.

3. Results and discussion

To investigate their basic electrical properties, CAFM measurements
were performed on the as-grown NNO thin film (Fig. 1(a)).

Fig. 1. (a) Schematic of the CAFM measurement. (b)
CAFM and (c) the corresponding topography images of
an NNO thin film. Inset in Fig. (b) shows the current
line profile extracted from the red line in Fig. (b). (d)
CAFM image and (e) I–V curves. The I–V curves were
recorded at the conducting and insulating regions
shown by red and blue arrows in Fig. (d), respectively.
The CAFM image was obtained under the tip bias of
−0.4 V and a series resistor of 2 MΩ was connected
during the CAFM and I–V measurements. (For inter-
pretation of the references to color in this figure le-
gend, the reader is referred to the web version of this
article.)

D. Seol, et al. Applied Surface Science 497 (2019) 143727

2



Interestingly, intrinsically more conductive nanochannels (dark spots)
were spread over the entire CAFM image, as shown in Fig. 1(b). The size
of the observed conductive nanochannels, i.e., the full-width half
maximum, is ~10–20 nm (see the line profile in the inset of Fig. 1(b)).
We note that the actual size of the more conductive nanochannels can
be much smaller, considering the nominal radius of the conductive
probe (here,< 25 nm) [16]. Since the intrinsically more conductive
nanochannels were observed over the entire as-grown NNO surface, we
examined the correlation between them and the topographic features,
according to the following equation:
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where, the images are represented as matrices A and B of equal size
taken over an identical spatial grid(m,n), A =mean(A) and B =mean
(B) [17]. In the correlation coefficient, ‘0’means that the images are not
correlated, ‘1’ means that the features in two images have a positive
correlation, and ‘−1’ implies a negative correlation. The correlation
coefficient for CAFM and topography images was calculated as
−0.2317, which implies that there seems to be a somewhat negative
correlation between the two images. That is, many of the more con-
ductive nanochannels can be considered to be distributed on the convex
grains. However, note that, even though locally conductive na-
nochannels were observed in the CAFM image, it does not imply that
the matrix region in the as-grown surface is in an insulating state.
RNiO3 thin films are known to exist in a poor metallic state at room
temperature [18]. Indeed, the I–V results presented in Fig. 1(e) indicate
that the matrix was also in a conducting state, although its current
value is relatively small as compared to the intrinsically more con-
ductive nanochannels. This indicates that the more conductive na-
nochannels are distributed on the less conductive matrix with poor
metallic state. This is the reason why we refer to this ‘conductive na-
nochannel’ as a ‘more conductive nanochannel’ in the NNO thin film.

In order to explore the crystallographic origin of these more con-
ductive nanochannels, STEM measurements were performed (Fig. 2).
Interestingly, the first several unit cells grew as uniform epitaxial NNO
films (see Fig. 2(a)). However, after the growth of these unit cells, two

laterally separated regions grew. One of them is the bucket region that
can be responsible for the more conductive nanochannels, considering
its size in Fig. 1(b). In the HAADF-STEM image in Fig. 2(a), cation in-
termixing of A site Nd and B site Ni is observed in the bucket region. In
addition, as shown in Fig. 2(c), the STEM-EDX elemental mapping over
two different areas in Fig. 2(b) indicates that the O content is nearly the
same along the A and B areas; however, the Ni content in area B is
slightly lower that in area A. The relative EDX peak ratios of Ni K edge
measured from the left (red square) and right (green square) regions of
Fig. 2(b) are 17.7% and 16.2%, respectively, indicating that the right,
i.e., bucket, region is deficient in Ni (see also Fig. S1). It was previously
reported that NiO precipitates are formed in LaNiO3-LaAlO3 super-
lattices on STO substrates because of the polar discontinuity between
the polar material and non-polar substrate, where Ni is depleted at the
interface between the NiO and superlattice layers and Ni vacancies are
filled by Al atoms [9]. Likewise, in the present case, the bucket region
might be related to the polar discontinuity between the polar NNO film
and non-polar STO substrate. In other words, these bucket regions
probably supply Ni to the matrix region, and as a result, these regions
seem to be depleted. Some of the Ni vacancies are filled by Nd atoms, as
observed in the HAADF-STEM image in Fig. 2(a) [9]. In this situation,
the more conductive state of the nanochannel is likely due to the Ni
vacancy in the Ni-deficient bucket region. It was reported that the Ni
vacancy can result in a change in the valence of Ni ions from 3+ to 4+,
which can lead to the enhancement of the metallic character of the
NNO thin films [19,20]. Thus, such a valence change owing to the Ni
deficiency might be responsible for the generation of more conductive
nanochannels. We note that further studies may be necessary to confirm
the valence of Ni ion. We also note that similar bucket region with
shallower depth was observed in slightly right-side of the original
bucket region marked with dotted white line, and this might be also Ni-
deficient.

It has been previously reported that the force exerted by the AFM tip
can modulate the local ion distribution via the nanoscale flexoelectric
effect [15], which is related to the strain-gradient-induced local stoi-
chiometric change. In other words, since the conductive nanochannels
are related to the Ni-deficient bucket region, local change in

Fig. 2. (a) HAADF-STEM image of an NNO thin film and (b) magnified HAADF-STEM image near the bucket region. (c) EDX area profiles of each element along the
area A and B marked in Fig. (b).
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stoichiometry induced by the flexoelectricity could be used to heal the
defect, i.e., the Ni vacancy, of the more conductive nanochannels in the
present NNO thin films. Indeed, the conductive nanochannels could be
clearly removed after the application of 300 nN force, as shown in
Fig. 3(a). The results indicate that the nanoscale flexoelectricity can
reduce Ni vacancies in the bucket region, which might diffuse into the
neighboring matrix region under the flexoelectric field underneath the
AFM tip [15]. In this case, the local volume, i.e., the surface height,
measured by the AFM can increase, because the Ni vacancy of the
bucket region can have a larger volume compared to that of the Ni ion
of the matrix region [21]. In fact, we observed increased local volume
(albeit not uniform over the entire area, see Figs. 3(b) and S2); thus, we
confirmed that flexoelectricity can be used for the stoichiometric
healing of conductive nanochannels.

To further corroborate the feasibility of healing the intrinsic con-
ductive nanochannels, we examined their electrical healing by applying
electric field through the AFM tip. As expected, the conductive na-
nochannels disappeared after the application of a positive voltage at
+3 V (see Fig. 3(c)). In this case, if the Ni vacancy is responsible for the
Ni deficiency, the positive voltage is likely to remove the highly con-
centrated Ni vacancies in the bucket region. In the nickelates, redox
reaction and the accompanying oxygen loss at the surface underneath
the top electrode can occur when a positive voltage is applied to the top
electrode, i.e., the anodic interface [22], and accordingly, positively
charged Ni interstitial can form and diffuse to the bottom electrode
even though the major intrinsic defect is different from the Ni inter-
stitial. In this regard, if the redox reaction is still valid in our case,
newly generated Ni interstitial could fill the existent Ni vacancy, and
therefore, the bucket regions become more stoichiometric. As a result,
the more conductive nanochannels can recover their stoichiometric
state under the positive voltage. This once again confirms that the Ni
vacancy in the bucket region could be responsible for the more con-
ductive nanochannels and that their healing through the application of
external stimuli is feasible. Based on the observed results, the possible

mechanism for the flexoelectric healing of the more conductive na-
nochannel is schematically depicted in Fig. 3(e). The Ni vacancy in the
bucket region is expected to be removed by the flexoelectric field un-
derneath the AFM tip when the force is applied. As a result, the stoi-
chiometry of the Ni-deficient bucket region is recovered, and conse-
quently, the intrinsically conductive nanochannel disappears.

To demonstrate the validity of the flexoelectric healing of the in-
trinsic more conductive nanochannels, we examined their reformation
by applying a negative voltage to the less conductive region applied
with 300 nN force. As shown in Fig. 4(b), the conductive nanochannels
are not nearly regenerated after the application of the negative voltage
of −2.5 V (see red square). This suggests that the Ni-deficient bucket
region might not be extrinsically induced after its recovery. It is worth
mentioning that, when a negative voltage higher than −2.5 V was
applied to the less conductive region, surface deformation that might
have been induced by the irreversible electrochemical reaction was
observed (Fig. S3). That is, it is hard to induce conductive nanochannels
extrinsically, before irreversible surface deformation. Thus, we could
conclude that the flexoelectric healing of the intrinsically more con-
ductive nanochannel is possible in the context of the observed results.
However, in this case, since the amount of the Ni interstitial generated
at the film/bottom electrode interface by the application of a negative
voltage may be relatively smaller than that at the tip/film interface,
owing to the huge difference in the electric field concentration, the
application of a negative voltage cannot induce the reformation of the
conductive nanochannels effectively. Moreover, such irreversible be-
havior might be due to the highly conducting state of the NNO thin film
under the application of a higher negative voltage because the NNO
matrix is poorly metallic (see Fig. 1(e)). When the negative voltage of
−2.5 V was applied to the less conductive region, significant current
flow with a higher correlation coefficient of−0.3503 than that in Fig. 1
was observed, regardless of the region, more conductive nanochannel
or matrix region (Fig. 4(d)). It seems that, because it is hard to con-
centrate the negative electric field owing to the relatively higher

Fig. 3. (a, c) CAFM images after the application of (a) contact force of 300 nN and (c) positive voltage of +3 V, respectively. The external stimuli were applied to the
black square region 1 μm×1 μm in area. The CAFM images were obtained under the tip bias of −0.4 V and connection of a 2MΩ series resistor. (b, d) Topographic
differences before and after the application of (b) contact force of 300 nN and (d) positive voltage of +3 V, respectively. Topography images before and after the
application of these stimuli can be found in Fig. S2. (e) Schematic for possible scenarios of the flexoelectric healing.
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conducting state, it may not serve as an effective external stimulus,
unlike the positive one in the present case. Nonetheless, we can con-
sider that the healing of the intrinsic conductive nanochannel is feasible
under the external mechanical stimulus as well as electrical stimulus.
Note that, as shown in Fig. 4(a) and S4, even the application of a ne-
gative voltage leads to an increase in the local volume, the conductive
state was not changed as shown in Fig. 4(b). We expect that, because
the volume change induced by the application of the external voltage
can occur in both the more conductive channel as well as the matrix
region, resultant volume increase can be generated, regardless of the
polarity of the voltage.

Finally, we investigated the degree of flexoelectric healing of the
intrinsic more conductive nanochannel, depending on the magnitude of
the applied force. As shown in Fig. 5(a), we can still see some of the
conductive nanochannels after the application of force ranging from
100 to 250 nN. However, the conductive nanochannels completely
disappeared after the application of a force higher than 300 nN.
Fig. 5(b) and (c) shows the histogram of the pixel count of the con-
ductive nanochannels and the corresponding plot as a function of the
magnitude of the applied force, respectively. Clearly, the number of
counts decreases with increasing contact force (Fig. 5(c)). By assuming
that the number of counts has a linear relationship with contact force,
we can consider that the slope extracted from the least-square linear

fitting is −1.39 counts/nN and the critical force is ~350 nN. Note that
the critical force of 350 nN roughly corresponds to 2.03 GPa which is
estimated by calculating the contact area based on the Hetzt and
Sheddeon model [23]. These results clearly demonstrate that the
flexoelectric healing of the intrinsic conductive nanochannel can be
modulated according to the magnitude of the applied force, and thus,
the nanoscale flexoelectric field can be effectively used as one of the
external stimuli to modulate the intrinsic ionic defects.

4. Conclusion

We investigated the presence of intrinsic conductive nanochannels
owing to Ni deficiency induced by the polar discontinuity in NNO thin
films and their flexoelectric healing. Intrinsically more conductive na-
nochannels were observed in the less conductive matrix region. STEM
results indicated that conductive nanochannels are likely related to the
Ni-deficient (i.e., Ni vacancy) bucket region. Intriguingly, such con-
ductive nanochannels were removed by the flexoelectric field under the
application of a mechanical force with an AFM tip, and their flexo-
electric healing was modulated by varying the magnitude of the applied
force. Furthermore, the conductive nanochannels are recovered irre-
versibility. That is, the intrinsically defective region is clearly removed
by the mechanical stimuli. Our observations suggest that mechanical

Fig. 4. (a, c) Topography and (b, d) CAFM images (a, b) after the sequential application of 300 nN (black square region of 1 μm by 1 μm) and −2.5 V (red square
region with 0.75 μm×0.75 μm area) and (c, d) during the application of−2.5 V (red square in Figs. (a, b)). The CAFM image in (b) was obtained under the tip bias of
−0.4 V. A series resistor of 2MΩ was connected for all CAFM measurements. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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stimulus can be one of the effective ways for modulating the local defect
state and the corresponding properties of the NNO.
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