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Field enhancement of electronic conductance at
ferroelectric domain walls

Rama K. Vasudevan® "2, Ye Cao"2, Nouamane Laanait'2, Anton levlev® "2, Linglong Li"23, Jan-Chi Yang?,
Ying-Hao Chu® >®, Long-Qing Chen’, Sergei V. Kalinin® 2 & Petro Maksymovych"?

Ferroelectric domain walls have continued to attract widespread attention due to both the
novelty of the phenomena observed and the ability to reliably pattern them in nanoscale
dimensions. However, the conductivity mechanisms remain in debate, particularly around
nominally uncharged walls. Here, we posit a conduction mechanism relying on field-
modification effect from polarization re-orientation and the structure of the reverse-domain
nucleus. Through conductive atomic force microscopy measurements on an ultra-thin (001)
BiFeOs thin film, in combination with phase-field simulations, we show that the field-induced
twisted domain nucleus formed at domain walls results in local-field enhancement around the
region of the atomic force microscope tip. In conjunction with slight barrier lowering, these
two effects are sufficient to explain the observed emission current distribution. These results
suggest that different electronic properties at domain walls are not necessary to observe
localized enhancement in domain wall currents.
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ulations of electronic conductivity in complex oxides have

been studied for more than two decades, with many cele-
brated examples including observation of a percolative transition
in doped manganites!, formation of a two dimensional electron
gas at the interface between two insulators® 3, and conductivity at
phase boundaries* and domain walls in both proper’ and
improper ferroelectrics® 7. The case of enhanced conductivity at
the nominally uncharged ferroelectric domain walls was a parti-
cularly surprising finding®, as good ferroelectrics are generally
conceived of as insulators, although in reality they are commonly
semiconductors with wide bandgaps (>2.5¢V°). Perhaps even
more surprisingly, the ferroelectric domain wall conductivity (and
in some cases, photoconductivity!?~1?) has now been found in a
host of systems including BiFeOs®, doped and mixed-phase
BiFeO;* 2714, LiNbO;'"°, LiTa0;'%, BaTiO;'7, and PbZr,Ti,.
£03!% 19 1t is important, in reviewing the literature on the topic,
to isolate two categories of experiments: those involving strongly
charged domain walls, which are typically unfavored (due to
high-electrostatic energy penalty, which will be proportional to
energy required to generate free carriers to screen the resulting
charge, ie., the bandgap in the absence of mobile screening

I ocalized metal-insulator transitions and other spatial mod-
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charges), and those of uncharged or nominally uncharged
domain walls. Given the difficulty in producing charged domain
walls in standard ferroelectrics, it is not surprising that their
reports are fewer in the literature!® 17> 20, The classical explana-
tion for their metallic conductance is the accumulation of carriers
(electrons, holes) at the charged domain walls to screen the
polarization charge at head-to-head or tail-to-tail walls, resulting
in the formation of a quasi 2D electron gas (although in reality
the sheet has finite thickness on the order of the screening length)
21 Similar phenomena were also found to exist in nanodomains
formed by an atomic force microscope tip'® '8, In contrast, the
explanations for domain wall conduction in nominally
uncharged, or weakly charged domain walls appear more scat-
tered. Various reports have suggested that the domain wall forms
conducting paths through the film??> (similar to conduction
channels in resistive switching memories), or that the reason for
the conduction is the lowered bandgap®’, with ionization of
oxygen vacancies or vacancy clusters® 24, providing the free
carriers for conduction localized to the domain wall. Hysteretic
behavior has also been found at these domain walls*>, and
transient persistent conduction was reported by Stolichnov
et al.%%, where conductivity was isolated not to existing domain
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Fig. 1 Atomic force microscopy (AFM) measurements of ultra-thin BFO film. a AFM Topography and b c-AFM of the BFO sample in UHV conditions, with
Veam=*1.2 V. Scale bar in a, 100 nm. BE-PFM experiments were performed on the same film in ambient conditions (different location to (a, b)), with the
results shown for vertical BE-PFM amplitude in ¢ and lateral BE-PFM amplitude in d for the same region. The respective phase maps are shown in e f. Scale
bar in ¢, 500 nm. Orientation of the sample and cantilever for the BE-PFM scan is shown in ¢
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Fig. 2 |-V spectroscopy on ultrathin BFO in UHV conditions. a log(/) map at V=1.24 V from the |-V spectroscopic experiment (the voltage is applied to the
sample). Two representative points from the domain and domain wall are shown in b in a log-log scale. The wall current/domain current is plotted on the
right-side y-axis, and shows near constant values indicating same mechanism. ¢ Two example fits from the data, plotted in the Schottky representation. For
one of the points, the fit is best described by a single line fit (black line). The extracted parameters for the dielectric constant and the barrier height are
indicated alongside the data. For other points, a two-segment fit is more appropriate (blue line). Barrier height and dielectric constant for both segments
are indicated (blue: first segment, green: second segment). d, e Spatial map and histograms of the dielectric constant, and f, g spatial map and histograms
for the barrier height, computed as discussed in the text. h Bayesian information criterion allows assessment of which model (single or dual linear
segments) is more feasible; this is mapped spatially. i For those points which can be best fit by two linear segments, the threshold voltage (from the first
segment to the second segment) is plotted. Scale bars in a, d, f, g, i are 100 nm

wall positions, but to their prior positions after their motion
(induced by the applied field from the atomic force microscope
tip). Clearly, a mechanism that posits intrinsically higher con-
duction at walls cannot be reconciled with a persistent con-
ductivity that is observed and relaxes at previous wall positions. It
has however been acknowledged that defect states play an
important role in modulating the conductivity, typically oxygen
vacancies that are ubiquitous in perovskites, and the conductivity
of both domains?” and domain walls?* 2& 2% appears to be heavily
influenced by their concentration.

Given that the studies on wall conduction are often conducted
using conductive atomic force microscope (c-AFM) technique,
progress in reconciling experiments to possible mechanisms
requires a strong appreciation of the role of the junction between
the metal-coated AFM tip and the domain wall’. An under-
standing of the inhomogeneity of the electric field generated by
the biased tip is also needed, as the field will differ for the same
applied potential based on the surrounding polarization profile.
In parallel, there has been renewed interest in exotic domain
topologies, spurred by the discovery of closure states®"32,
quadrupole chains®3, and continuous polarization rotations>® 3>
in ferroelectric thin films and, very recently, experimental
demonstration of vortex-anti-vortex arrays in an oxide super-
lattice heterostructure®®. Key to these novel states is the existence
of non-zero curl of polarization. Yet the ability to twist existing
domain walls (themselves topological defects, according to Mer-
min’s definition®’) by the applied electric field and generate V x
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P+#0 has not been heavily explored experimentally. Although such
twisted structures are meta-stable, this is precisely the situation
incurred during c-AFM studies on ferroelectrics®®, and warrants
investigation. Additionally, distinguishing between the conduc-
tion at the domain walls and the bulk of the film would benefit
from ultra-thin sam7ples (<~10nm) (as current will invariably
spread into the bulk’) while conductivity has only been reported
in thicker films (>~30 nm).

In this study, we perform c-AFM measurements in ultra-high
vacuum (UHV) conditions on ultra-thin (~10nm) (001),.-
oriented BiFeOj; thin films (note, pc refers to pseudocubic) grown
on a (110) dysprosium scandanate substrate, and measure con-
ductivity at pre-existing domain walls across the surface of the
film. Analysis of high-resolution current-voltage (I-V) spectro-
scopy experiments shows that the Schottky barrier is modified
near the domain walls at the surface, changing on average by ~20
meV, but the conduction mechanism between the domains and
domain walls does not change. Importantly, phase-field modeling
reveals the formation of a complex polarization nucleus in con-
junction with domain wall twist. This structure enhances the
electric field locally by between 1- and 50% at the tip apex,
depending on the applied potential, with the nucleation of the
reverse domain substantially enhanced near the domain wall.
These results show an unexpected merging of domain wall con-
duction with field-induced topological defects, wherein the field
introduces a domain topology where V xP#0 for the twisted
domain wall, and which increases the local electric field, allowing
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for a measurement of the intrinsic conductivity of the underlying
ferroelectric. Our findings support a mechanism whereby domain
walls need not host intrinsic conductivity, but rather act as
nucleation centers for a twisted structure, which serves as field-
amplifying confined sites that gate the ferroelectric at nanoscale
dimensions. This picture of induced conductivity by geometric
field confinement is general and can be widely applicable not only
to domain walls, but to any configuration of order parameter
topological defects where twisted structures can favorably
nucleate.

Results

Domain imaging of ultra-thin BiFeO;. The topography of the
(001) ~10 nm-thick BiFeO3 (BFO) thin film is shown in Fig. 1a,
and indicates a smooth surface with low roughness (RMS~200
pm) (Method). The piezoelectric response is weak, and out-of-
plane piezoresponse force microscopy (PFM) images show only
weak features, while the phase appears mostly uniform, suggest-
ing a uniform out-of-plane polarization component (not shown).
Band-excitation PFM imaging in ambient conditions, however,
reveals the presence of a mixed stripe domain structure, con-
sisting of predominantly 71° and some 109° domain walls as is the
norm for (001) BiFeO; samples on (110),. DyScOs (Fig. 1c, d)*°.
It should be noted that the phase images from the PFM are
inconclusive as the signal was extremely weak given the ultra-thin
nature of the films; nevertheless the absence of substantial con-
trast in the Vertical PEM phase signal means one can conclude
that the majority of the walls are 71°, a conclusion which is also
supported by x-ray diffraction microscopy?® data (Supplementary
Fig. 1). The conductive AFM image in UHV, with the tip
grounded and the sample biased at V=+1.2V, is shown in
Fig. 1b. The domain walls in this ultra-thin BFO sample display
conduction, and as such is the first report of this phenomena in
ultra-thin ferroelectric films (though not entirely surprising).
Conductivity at junctions between domain walls appears
enhanced at some locations, although hot spots are also evidenced
along segments of the domain walls, which has been reported
earlier for thicker BFO films?°.

We explore the underlying conduction mechanism further, by
performing I-V spectroscopy in a 50 x 50 grid over a 500 nm x
500 nm area of the BFO film. The log of the measured current at
Vsam=1.24V is shown in Fig. 2a. Similar to the c-AFM
measurements, the conductivity enhancement in the vicinity of
the domain walls is readily observed. The data was initially pre-
processed through use of principal component analysis, for
denoising (Supplementary Note 2 and Supplementary Fig. 2).
Two selected representative curves from the domain and the wall
regions are shown in Fig. 2b, plotted on a log-log scale. The I-V
curves on the domain face and the domain wall itself appear to be
very similar. We further plotted the ratio of wall and domain
currents, shown as a solid green line. The remarkable stability of
this curve through the measured voltage range suggests that the
mechanism driving the conduction at the domain walls and the
domains themselves is the same, as suggested by some of the
earlier works?> 4!, To identify the conduction mechanism, we
began by attempting to fit the I-V curves to candidate conduction
models. Of all the mechanisms investigated (Schottky emission,
Poole-Frenkel, space-charge limited conduction (SCLC),
Fowler-Nordheim tunneling, and variable range hopping),
Schottky emission returned the most reasonable results, as
reported in ref. 22, Specifically, we fit to
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where ] is the current density, T is the temperature (298 K here),
@y is the barrier height, V is the applied voltage, ¢, is the high-
frequency dielectric constant, &, is the permittivity of vacuum, d is
the film thickness (=10 nm), and kg is Boltzmann’s constant. The
Schottky emission mechanism dictates that the log(J) vs. v/V will
be linear, in agreement with the I-V data, as shown in Fig. 2c
(more examples are shown in Supplementary Fig. 4). We note
here that the SCLC behavior also returned reasonable values
(slopes varied between 3 and 4, which are higher than that
reported in ref. 22 suggesting a difference in the trap distributions
between our work and that by Noheda and Farokhipoor), but the
residuals from fitting were slightly larger than for the Schottky
emission fit. We therefore utilized Schottky equation as opposed
to SCLC (see extended discussion in Supplementary Note 3). An
example of a Schottky fit for a single point I-V curve taken from
the spectroscopic measurement in Fig. 2a is shown as a solid
black line in Fig. 2c. The barrier height and the (high frequency)
dielectric constant appear to illustrate reasonable values (the
dielectric permittivity for BFO at high frequency is ~6*).
However, upon fitting it was evident that many I-V curves
captured during the spectroscopic experiment do not conform to
the single linear equation. Rather, they appear better suited to a
two-linear segment model (i.e., linear up to a particular threshold
voltage, and then linear again after this voltage but with different
slope). An example of such data is shown in Fig. 2c with a two-
linear segment fit in blue. The dielectric constant for the first
segment is reasonable, but appears slightly less reasonable for
second segment fit. It should be noted that the fitting range for
the I-V curves was 0.68 < V < 1.25 V, and robust fitting was used
to exclude the effects of outliers. To explore this more system-
atically, we employed the Bayesian information criterion
approach (BIC*, see also Supplementary Note 3) in determining
whether the linear or two-linear segment model is more suitable
for the curve fitting at each point. Where the single linear fit was
more suitable, we employed values for the barrier height and the
dielectric constant from those fits; where two linear segments
were the more likely model (according to BIC), we used the values
of the first segment of the fit. Maps and histograms of the
dielectric constant and the barrier height are shown in d-h, and
reveal that the dielectric permittivity is mostly uniform (though a
substantial proportion of pixels show higher values than
expected), whereas the barrier height is slightly lowered at the
domain walls. The magnitude of this shift in the barrier height is
confirmed via Gaussian deconvolution of the peaks in the
histogram of the barrier height, in Fig. 2h. The difference appears
to be about ~20 meV between the domain walls and the domains.
While the change in barrier height is quite small, it is still on the
order of ~5% of the original barrier height. The values for the
barrier height are noticeably smaller than expected, for a Pt/BFO
interface®. This is a feature that has been observed greviously,
and has been addressed by various authors*> 4° through
modification of the barrier heights measured through addition
of a space-charge term.

Shown in Fig. 2f is a map of the individual locations (pixels)
where each model (single or two linear-segment fit) is preferred.
Many of the points where a transition exists occur at the domain
walls, though points within domains which display this behavior
are also found. The threshold voltage for the cross-over is plotted
in Fig. 2i, and appears to be quite high—typically over 1V, and is
especially high at the domain walls. Due to the high threshold
voltage, the smaller number of data points (i.e., the voltage steps
for the second segment for these I-V curves) precludes further
detailed investigations of the conduction mechanism. None-
theless, the results in Fig. 2 suggest that there exists some
threshold voltage for a change in the mechanism, and further,

| DOI: 10.1038/541467-017-01334-5 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01334-5

ARTICLE

a
(001)
(100) (010)
71° domain wall
(001)
4d |
(100)
0.6
0.4 =
0.2
NE 0
o 02
a -0.4 .
-0.6
Tip 1, inside domain .
_0? Tip 3, near dw 1
0 2 4 6

z(nm)

10

z(nm)

z(nm)

z(nm)

P, (C/m?)

64 96 128
x(nm)

P, (C/m2) 15V

64 96 128
x(nm)

Tip 3

o
d DW d DW

S EEE 114

Tip 4
&

P,(C/m?) 10V

111

€ 10Tip3
£ 5
N 0
0 32 64 96 128
x(nm)
N P, (C/m2) 15V
3 - 150
N 0 -1
0 32 64 96 128
x(nm)
10 P,(C/m?) 20V
£ 5f v 180
N 0
0 32 64 96 128

x(nm)

Fig. 3 Phase-field modeling of 71° domain walls in BFO and formation of a twisted polarization nucleus. a Model setup indicating orientations of the
domains. b x-y cross-sections at Vi, =1.5V for the tip placed at four distinct locations indicating the polarization orientations. Color legend indicates
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for two of the tip positions

€ curlP(Clemd)
iy / ' } ' 400
?{ny/ 300
i 1H 200
\\:§Z"’/%/ 100
N \x’ v -100
it &\Ji/ —200
;,"«::::5% i 18 300
e, /
i R [ ~400
e f  curlP(Ciemd)
\: T T T 700
N 500
& 300
i |H 200
100
NN \ 91 00
NN\ | B
N \&\ﬂ . : Y —-400

Fig. 4 Domain nucleus and polarization-twist structure with non-zero curl. Phase-field simulated polarization vector plots, for the (x-y) plane at the surface
are shown in a, b, d, e for the case when a voltage of V=15V is applied to the tip, for two different tip locations. The curl of polarization

(Vx P= (% — %)f() is also plotted ¢, f for each case. a-c Corresponds to the tip located within the domain (tip 1in Fig. 3), whereas d-f corresponds to

the situation where the tip is adjacent to the domain wall (tip 3 in Fig. 3)

that the mechanism for the conduction is the same for the

domains as for the walls.

Phase-field modeling of the polarization nucleus. To investigate
the origin of the observed changes in Schottky emission at a
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domain wall, we turned to phase-field modeling. The latter has
been used extensively over the past decade in modeling the elastic
and electric configurations of domain structures in ferroelectric
thin films*”> 48, A central aspect of c-AFM measurements
reported here and in previous investigations of domain wall

| DOI: 10.1038/541467-017-01334-5 | www.nature.com/naturecommunications


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

a b c
-0.04 -0.05 -0.05
. —0.08 Va=1.0V . Va=1.3V 041 Va=1.4V
E E Eoo1s] =
S -0.12 > 015 S 5o e
(22} 2} . 5] N
© -0.16 =) © -0.25
e — -0.2 ~
uy 02 w' w 7003':; AE=33%
—0.24} Tip 1, inside domain —0.25 Tip 1, inside domain _b 4| Tip 1, inside domain
Tip 3, near dw Tip 3, near dw " Tip 3, near dw
-0.28 -0.3 -0.45
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Bottom z(nm) Tip z(nm) z(nm)
d e f
-0.1 0 0
—0.2 [
= -02 Y =
§ Va=1.5V § Va=1.7V E 04 Va=2.0V
5 03 5 04 o> 06
[=) =) [=)
T -04 T 06 T 08
o AE=52% o AE~45% I Wy -1
-0.2 Tip 1, inside domain -0.8 Tip 1, inside domain —1.2 Tip 1, inside domain
06 Tip 3, near dw ) Tip 3, near dw 14 Tip 3, near dw
0 2 4 6 8 10 0 2 4 6 8 10 o 2 4 6 8 10
z(nm) z(nm) z(nm)

Fig. 5 Phase-field modeling the enhancement of field due to polarization-twist structure, as a function of potential applied to the tip. Results are plotted in
a-f for progressively larger tip voltages. As the tip voltage is increased, the electric field profile within the film changes in response to the polarization
redistribution. The degree of field enhancement is calculated by determining the electric field at the apex for the case where the tip is near the domain wall

(tip 3), as compared to when it is contained within the domain (tip 1)

conductivity are the very large local electric fields generated by
the biased AFM tip, which is expected to cause substantial
polarization reconstruction and consequently modify the local
electric field distribution. One of the key assumptions in such
investigations is that given a fixed applied potential to the AFM
tip (or sample), the field distribution is identical across the
sample, so that the conductivity values obtained from c-AFM are
directly comparable from site to site. This assumption does not
hold generally in ferroelectrics, given that the applied field cou-
ples to the initial polarization configuration which is variable
across the surface, especially across domain walls. We directly
quantified the degree to which this effect has an impact on the
measured conductivity by phase-field modeling (details of mod-
eling are given in Supplementary Note 4).

To probe the field enhancement at domain walls under the
concentrated electric field of an AFM tip, we simulated a 10 nm
thick film consisting of (111) and (1-11) domains separated by
71° domain walls as shown in Fig. 3a. The tip (y=5nm, see
Supplementary Note 4) is then placed at points in both domains
as well as on both sides of the domain wall before the polarization
structure is evolved under the applied potential in each case. The
domain structure in the (x-y) planes is shown in Fig. 3b for four
different tip locations (Vyp=1.5V), while the (x-z) cross-
sections are shown in Fig. 3c. These simulations reveal in every
case the field-induced formation of a complicated nucleus, as the
local polarization begins to align to both the in-plane and out-of-
plane components of the applied electric field. In the ideal case,
the result will be a center domain (radially symmetric, with soft
restriction of orientation of P to crystallographically allowed
orientations)*. However, when the tip is near the domain wall,
there appears a twisted wall structure, where in one case the wall
is bowed towards the nucleus (tip 2 in Fig. 3b) and in the other
case, the wall is twisted clockwise to wrap around the nucleus (tip
3 in Fig. 3b). Furthermore, the reverse-domain nucleus extends
deeper when the tip is near the domain wall, than when the tip is
within the domain, as seen in the polarization profile in Fig. 3d.

To further identify the nature of the twisted polarization
nucleus, we plot the polarization vector fields for the biased tip
(Vip =1.5V) in locations 1 and 3, in Fig. 4a, d, for the surface x-y

plane. The curl of the polarization, ie. VxP = (aa% — ”%)f( is
y
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also plotted in Fig. 4c, f for each tip location. Interestingly, non-
zero curl exits for both situations, but the curl is substantially
higher for the case where the tip is next to the domain wall (and
the wall twists). Moreover, the volume of film in which the
polarization is affected is more substantial for the tip in location 3
than for the first case. This is reflected in the polarization maps of
both surface and bulk, and is due to the reason that twisting of the
pre-existing domain wall incurs substantially less energy penalty
than creating a new domain to align with the in-plane component
of the field. This can be contrasted with the case in tip 1, where
the simulation shows a high-energy interface with the surround-
ing matrix, and therefore a smaller area of polarization reversal.
We note that the non-zero curl is a situation that is classically
forbidden by Maxwell’s laws for electrostatics for an applied
electric field; however, they can exist for the polarization field,
and further such structures can be meta-stable arising from the
dynamics of polarization reversal. For investigating the polariza-
tion structure in the film bulk, a line profile of the z-component
of polarization through the z-direction from the tip apex to the
bottom of the film is plotted in Fig. 3d. From these plots, there is
substantial asymmetry in the results, because of the different
polarization pattern for the tip placed at position 1 and position 3.
Here it appears that the polarization reversal proceeds to greater
depth when the tip is placed in location 3, and indicative of a
greater divergence of polarization (slightly away from the surface)
for the tip in this location (see plot in Supplementary Fig. 7).
To explore the modulation of the local electric field by domain
wall twisting, we plotted the (calculated) z-component of the
electric field, in Fig. 5, for tip locations in the center of the domain
(tip 1) and the tip near the domain wall (tip 3), for different
values of applied tip potential. We found that the wall-twist
structure and its interaction with the nucleus alters the field
profile substantially, leading to enhancement of the field
magnitude at the surface when the tip is located at the domain
wall, compared to when it is within a domain. The field profile as
a function of depth shows a local maximum that is deeper within
the film for the tip near the domain wall (and arises as a result of
the polarization charge at the interface between the reverse
domain and the surrounding matrix). This results in a field
enhancement at the surface of the domain wall (z=10nm),
which is small at 1.0 V, but which grows with increasing voltage
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Fig. 6 Electric-field enhancement due to the polarization-twist structure as mechanism of wall conduction. a Electric field difference at the apex, from
phase-field modeling for the four different tip positions (from Fig. 3). Difference is taken with respect to tip 1. b Field enhancement from the tip placed at
locations 2-4, as a function of tip bias. € Map of domain wall and domain locations identified from the spectroscopic experiment in Fig. 2. d Mean I-V
curves taken on the domain walls (yellow pixels in €) and on the domains (purple pixels in €), plotted as black and orange circular markers, respectively. Fits
to Schottky emission equation are shown as black and orange curves, respectively. Further dashed lines are plotted assuming field intensification at the
domain wall by values ranging from 10 to 30%. The normalization serves to reduce the current observed at the wall, and assuming 25% field enhancement,
the observed current at the wall is similar to that obtained within the domain

to ~50% for an applied tip potential of 1.5 V. This result shows
that application of an electric potential to the tip will cause local-
field enhancement, due to the polarization nucleus structure
formed. In fact, such enhancement will even exist for the purely
linear dielectric case;>® however, the enhancement is much
greater for the domain wall-twist structure, as a result of a much
more labile domain wall and lowered nucleation barriers for the
reverse domain.

We further quantified this behavior for different tip positions,
plotting the differences in the electric field at the tip—film
interface when compared with the tip placed within the domain
in Fig. 6a. The result indicates a large difference when the tip is
placed at the domain wall, with nonlinear field enhancement,
which reduces after ~Vi;, =1.5V. The fractional degree of field
enhancement is plotted in Fig. 6b, and again highlights both the
nonlinear nature of the enhancement, as well as the large
asymmetry between the tip at positions 2 and 3, both of which are
near the domain wall. This result also suggests that the wall
conduction should be asymmetric, which is partially supported by
observations (Supplementary Fig. 8). To observe the effect of the
enhanced local fields on the conduction that would be observed in
measurements, we plot the average I-V from the domain wall
regions in Fig. 6d, and compare it to the domain face regions
(black and orange markers). The respective Schottky emission fits
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(per equation (1)) are shown as solid black and orange lines. In
addition, we plot the expected domain wall current in the case
that the field is locally enhanced by amounts ranging from 10 to
30%, ie., we renormalize the wall conduction based on the
expected field enhancement, for comparison with the domain
conduction. These results show that a field enhancement of ~25%
at the domain wall can result in current values that adequately
match the domain face conduction. However, the slopes are still
distinct, which can be rationalized by a combination of non-linear
field enhancement (the enhancement in the electric field is not a
linear function of the applied potential, as explained above),
change in barrier height (which would be possible from the re-
orientation of the polarization and associated barrier 10wering26),
and potentially, the change in the dielectric permittivity around
domain walls. Such a scenario can explain most of the
conductivity ‘enhancement’ seen around the domain walls.
Moreover, the field enhancement appears to occur at a threshold
voltage. Practically, this is likely to vary substantially in the real
experiment due to local geometry of the domain walls (which are
more complex than the simple structures modeled), distribution
of pinning sites, presence of chemical or structural inhomogene-
ities, etc. Nonetheless, we do observe that at many points, there
appears to be a cross-over in the slope, as evidenced in Fig. 2,
providing some support for this proposed mechanism.
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Discussion

We note that repeated scans by the AFM tip, by disabling the
slow-scan axis, appears to increase the domain wall conductivity
(Supplementary Fig. 9). We reason these effects are likely due to a
combination of redistribution of mobile charges affecting the
tip-surface junction properties, and stabilization of the complex
twist structure. The work by Stolichnov et al.>® showed persistent
conductivity after domain walls had moved from initial positions,
and other related time dynamics of wall conductivity>> have been
reported previously. Our report here is consistent with those
observations, namely, the mechanism suggested in that study was
the change in barrier height due to the unscreened polarization in
the freshly switched area. However, in our case we do not need to
invoke defects to explain the apparent domain wall conductance.
Further, the key differences in our study are that we posit that the
domain wall becomes conducting through essentially field-
induced excitation of the polarization order parameter, and
therefore its conductivity is a transient effect. This is in contrast
to models with strong carrier accumulation and metallicity that
imply the domain walls to remain conducting at zero field.

We also note that when the domain wall is reconstructed
through the formation of the twist structures, one is no longer
actually measuring the DC conductance of the virgin domain wall
but rather that of the field-induced topological defect. In fact, the
polarization nucleus structure would be formed in both the
domains and the domain walls, but when the tip is placed near
the domain wall, the twisting of the domain wall at low potential
allows much more substantial polarization re-orientation to
occur, greatly modifying the field and resulting in non-linear
enhancement of the field at the tip apex across the range of
potentials studied in experiment. We may conclude that the
observed current enhancement at domain walls need not be an
intrinsic property of the domain wall itself, but can be from the
topological structure that arises when large fields are applied via
the AFM tip. This argument would certainly suggest that the
conduction mechanism of wall conduction is the same as that of
the surrounding domains, which is mostlg observed in the case of
the nominally uncharged domain walls?> 41,

This mechanism to explain domain wall conductivity relies on
no electronic property changes at domain walls, and does not
invoke oxygen vacancies. Naturally, the concentration of oxygen
vacancies and cation vacancies®’ can play a substantial role in the
material conductivity, and can be preferentially accumulated at
domain walls (e.g., due to either electrostatic or strain-gradient
effects®), but generally for uncharged walls the mechanism of
domain conduction remains the same as for the domain
walls?>> 41, and the enhancement is not in general very large. A
similar charged domain twist structure was invoked previously,
for the conductivity observed at ferroelectric vortex cores”!. Here
we build on the concept, and suggest it can be generalized to
explain the observed conductivity of both domain walls and
domain junctions. The question also arises of whether such wall
twists can be observed experimentally. We note much experi-
mental evidence exists to show that such wall complex structures
are indeed possible in both rhombohedral?> > 53 and tetra-
gonal®*~>¢ systems at high fields, some of which have also been
modeled by phase-field simulations®® 7> %8, Bowing of the
domain wall has also been directly imaged®”, and modeled ana-
Iytically®®. In addition, there is a wealth of evidence in the last
decade, primarily by scanning transmission electron microscopy,
for polarization topologies with non-zero curl® 3% 36 61 Based
on this data, we suggest that extrapolation of the phase-field
simulations to lower fields is justified.

We finally note that given that the conduction is interface
limited, this limits our understanding of the bulk conduction

18:1318

mechanism®. It can be said that there should be effects on the
emitted electrons due to interaction with trap states, and that bulk
mobility is also a parameter in the modified form of the Schottky
equation (valid for cases where the mean free path of the electron
is smaller than the thickness of the dielectric). Recent work has
suggested that the intrinsic AC conductance of domain walls is
indeed different®® %4, as explored through scanning microwave
impedance microscopy, where it was posited that due to domain
wall roughness induced by disorder, local perturbations of the
wall can accumulate charge even in nominally uncharged walls®3.

In summary, we propose a mechanism for apparent con-
ductance of ferroelectric domain walls, relying solely on the field-
induced changes to ferroelectric topology. Based on extensive
phase-field simulations of polarization changes induced by the
AFM tip, we infer local electric field enhancement at the tip apex
from a complicated polarization-twist structure with non-zero
curl that facilitates interfacial electronic conduction. The
mechanism presented here can reconcile some discrepancies in
the existing literature, and strongly suggests that the field-induced
perturbations to the domain structure should be taken into
account in conductive AFM measurements. This mechanism can
be generalized to explain observed conduction at domain vertices
and other topological defects in ferroelectrics.

Method

Film growth and characterization. The ~10 nm BiFeOj; thin films were deposited
on etched (110) DyScOj; substrates via pulsed laser deposition with a KrF excimer
laser (248 nm) striking a stoichiometric target at 700 °C in an oxygen pressure of
100 mTorr and cooled in 1 atm of oxygen. The BiFeO; thin films have high crystal
quality (rocking curve FWHM ~120 arcsec, DyScO; FWHM ~12 arcsec) and are
coherently strained to the substrate (Supplementary Note 1). The Band-Excitation
PFM measurements were performed in ambient environment in an Asylum
Research AFM, with National Instruments PXi-based hardware and in-house
scripts written in Matlab and Labview.

AFM measurements. UHV PFM and c-AFM measurements were performed at
room temperature in an Omicron VT AFM/STM system. In all cases, the AFM
cantilever used were Budget Sensors ElectriMulti75-G Cr/Pt coated tips with a
nominal force constant of 3 N/m. For UHV experiments, the tip was grounded and
the sample was biased for all biasing measurements.

Data analysis. All numerical analysis was carried out in Python v 2.7 (Anaconda
package). Before fitting of the I-V data, the data was de-noised using principal
component analysis, which was successful in eliminating most of the oscillatory
noise present in the signal (Supplementary Note 2). Note that points where the fit
was poor, as determined by setting a threshold on the residuals, were excluded
from the maps and subsequent histogram.

Data availability. All data used in this manuscript is available from the authors on
request.

Received: 13 January 2017 Accepted: 8 September 2017
Published online: 06 November 2017

References

1. Fith, M. et al. Spatially inhomogeneous metal-insulator transition in doped
manganites. Science 285, 1540-1542 (1999).

2. Ohtomo, A. & Hwang, H. Y. A high-mobility electron gas at the LaAlO3/
SrTiO3 heterointerface. Nature 427, 423-426 (2004).

3. Bert, J. A. et al. Direct imaging of the coexistence of ferromagnetism and
superconductivity at the LaAlO3/SrTiO3 interface. Nat. Phys. 7, 767-771
(2011).

4. Seidel, J. et al. Electronic properties of isosymmetric phase boundaries in highly
strained Ca-doped BiFeO;. Adv. Mater. 26, 4376-4380 (2014).

5. Vasudevan, R. K. et al. Domain wall conduction and polarization-mediated
transport in ferroelectrics. Adv. Funct. Mater. 23, 2592-2616 (2013).

6. Wu, W,, Horibe, Y., Lee, N., Cheong, S.-W. & Guest, J. Conduction of
topologically protected charged ferroelectric domain walls. Phys. Rev. Lett. 108,
077203 (2012).

| DOI: 10.1038/541467-017-01334-5 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

1

(=1

1

—

12.

13.

14

15.

16.

17.

18

1

o

20.

2

—

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Meier, D. et al. Anisotropic conductance at improper ferroelectric domain
walls. Nat. Mater. 11, 284-288 (2012).

Seidel, J. et al. Conduction at domain walls in oxide multiferroics. Nat. Mater. 8,
229-234 (2009).

Scott, J. F. in Topological Structures in Ferroic Materials: Domain Walls,
Vortices and Skyrmions (ed Seidel J.) (Springer International Publishing,
2016).

. Seidel, J. et al. Efficient photovoltaic current generation at ferroelectric domain

walls. Phys. Rev. Lett. 107, 126805 (2011).

. Bhatnagar A., Chaudhuri A. R, Kim Y. H., Hesse D., & Alexe M. Role of

domain walls in the abnormal photovoltaic effect in BiFeOj;. Nat. Commun. 4,
2835 (2013).

Chu, K. et al. Enhancement of the anisotropic photocurrent in ferroelectric
oxides by strain gradients. Nat. Nanotechnol. 10, 972-979 (2015).

Kim, K.-E. et al. Electric control of straight stripe conductive mixed-phase
nanostructures in La-doped BiFeO;. NPG Asia Mater. 6, e81 (2014).

. Crassous, A., Sluka, T., Tagantsev, A. K. & Setter, N. Polarization charge as a

reconfigurable quasi-dopant in ferroelectric thin films. Nat. Nanotechnol. 10,
614-618 (2015).

Schréder, M. et al. Conducting domain walls in lithium niobate single crystals.
Adv. Funct. Mater. 22, 3936-3944 (2012).

Cho, Y. Electrical conduction in nanodomains in congruent lithium tantalate
single crystal. Appl. Phys. Lett. 104, 042905 (2014).

Sluka, T., Tagantsev, A. K., Bednyakov, P. & Setter, N. Free-electron gas at
charged domain walls in insulating BaTiOs. Nat. Commun. 4, 1808 (2013).

. Maksymovych, P. et al. Tunable metallic conductance in ferroelectric

nanodomains. Nano Lett. 12, 209-213 (2011).

. Guyonnet, J., Gaponenko, I., Gariglio, S. & Paruch, P. Conduction at domain

walls in insulating Pb(Zr0.2Ti0.8)O5 thin films. Adv. Mater. 23, 5377-5382
(2011).

Sluka, T., Tagantsev, A. K., Damjanovic, D., Gureev, M. & Setter, N. Enhanced
electromechanical response of ferroelectrics due to charged domain walls. Nat.
Commun. 3, 748 (2012).

. Eliseev, E. A., Morozovska, A. N., Svechnikov, G. S., Maksymovych, P. &

Kalinin, S. V. Domain wall conduction in multiaxial ferroelectrics. Phys. Rev. B
85, 045312 (2012).

Farokhipoor, S. & Noheda, B. Conduction through 71 degrees domain walls in
BiFeO3 thin films. Phys. Rev. Lett. 107, 127601 (2011).

Chiu, Y. P. et al. Atomic-scale evolution of local electronic structure across
multiferroic domain walls. Adv. Mater. 23, 1530-1534 (2011).

Seidel, J. et al. Domain wall conductivity in La-doped BiFeOj;. Phys. Rev. Lett.
105, 197603 (2010).

Maksymovych, P. et al. Dynamic conductivity of ferroelectric domain walls in
BiFeO3. Nano Lett. 11, 1906-1912 (2011).

Stolichnov, I. et al. Persistent conductive footprints of 109 domain walls in
bismuth ferrite films. Appl. Phys. Lett. 104, 132902 (2014).

Pelaiz-Barranco, A., Guerra, J., Lopez-Noda, R. & Araujo, E. Ionized oxygen
vacancy-related electrical conductivity in (Pb;_,La,)(Zr9oTio.10)1-+/403
ceramics. J. Phys. D. Appl. Phys. 41, 215503 (2008).

Gaponenko, I, Tiickmantel, P., Karthik, J., Martin, L. & Paruch, P. Towards
reversible control of domain wall conduction in Pb(Zr0.2Ti0.8)O; thin films.
Appl. Phys. Lett. 106, 162902 (2015).

Rojac, T. et al. Domain-wall conduction in ferroelectric BiFeO; controlled by
accumulation of charged defects. Nat. Mater. 16, 322-327 (2017).

Jia, C.-L., Urban, K. W., Alexe, M., Hesse, D. & Vrejoiu, I. Direct observation of
continuous electric dipole rotation in flux-closure domains in ferroelectric Pb
(Zr, Ti) O3. Science 331, 1420-1423 (2011).

Ivry, Y., Chu, D,, Scott, J. & Durkan, C. Flux closure vortexlike domain
structures in ferroelectric thin films. Phys. Rev. Lett. 104, 207602 (2010).
McQuaid, R., McGilly, L., Sharma, P., Gruverman, A. & Gregg, ]. Mesoscale
flux-closure domain formation in single-crystal BaTiOs. Nat. Commun. 2, 404
(2011).

McGilly, L., Schilling, A. & Gregg, J. Domain bundle boundaries in single
crystal BaTiO3 lamellae: searching for naturally forming dipole flux-closure/
quadrupole chains. Nano Lett. 10, 4200-4205 (2010).

Tang, Y. et al. Observation of a periodic array of flux-closure quadrants in
strained ferroelectric PbTiO; films. Science 348, 547-551 (2015).

Nelson, C. T. et al. Spontaneous vortex nanodomain arrays at ferroelectric
heterointerfaces. Nano. Lett. 11, 828-834 (2011).

Yadav, A. et al. Observation of polar vortices in oxide superlattices. Nature 530,
198-201 (2016).

Mermin, N. D. Topological theory of defects in ordered media. Rev. Mod. Phys.
51, 591-648 (1979).

Balke, N. et al. Deterministic control of ferroelastic switching in multiferroic
materials. Nat. Nanotechnol. 4, 868-875 (2009).

Chu, Y. H. et al. Nanoscale domain control in multiferroic BiFeOj5 thin films.
Adv. Mater. 18, 2307-2311 (2006).

Laanait, N. et al. Full-field X-ray reflection microscopy of epitaxial thin-films.
J. Synchrotron Radiat. 21, 1252-1261 (2014).

41. Farokhipoor, S. & Noheda, B. Local conductivity and the role of vacancies
around twin walls of (001)— BiFeO3 thin films. J. Appl. Phys. 112, 052003
(2012).

42. Takovlev, S., Solterbeck, C. H., Kuhnke, M. & Es-Souni, M. Multiferroic BiFeO3
thin films processed via chemical solution deposition: structural and electrical
characterization. J. Appl. Phys. 97, 094901 (2005).

43. Schwarz, G. Estimating the dimension of a model. Ann. Stat. 6, 461-464 (1978).

44. Clark, S. J. & Robertson, J. Band gap and Schottky barrier heights of
multiferroic BiFeO3. Appl. Phys. Lett. 90, 132903 (2007).

45. Pintilie, L., Vrejoiu, I, Hesse, D., LeRhun, G. & Alexe, M. Ferroelectric
polarization-leakage current relation in high quality epitaxial Pb(Zr,Ti)O3 films.
Phys. Rev. B 75, 104103 (2007).

46. Dawber, M. & Scott, ]. Negative differential resistivity and positive temperature
coefficient of resistivity effect in the diffusion-limited current of ferroelectric
thin-film capacitors. J. Phys. Condens. Matter 16, L515 (2004).

47. Kalinin S. V., Morozovska A. N., Chen L. Q., Rodriguez B. J. Local polarization
dynamics in ferroelectric materials. Rep. Prog. Phys. 73, 056502 (2010).

48. Chen, L. Q. Phase-field method of phase transitions/domain structures in
ferroelectric thin films: a review. J. Am. Ceram. Soc. 91, 1835-1844 (2008).
49. Vasudevan, R. K. et al. Exploring topological defects in epitaxial BiFeO3 thin

films. ACS Nano 5, 879-887 (2011).

50. Cao, Y. et al. Intrinsic space charge layers and field enhancement in
ferroelectric nanojunctions. Appl. Phys. Lett. 107, 022903 (2015).

51. Balke, N. et al. Enhanced electric conductivity at ferroelectric vortex cores in
BiFeO3. Nat. Phys. 8, 81-88 (2012).

52. Ziegler, B., Bibes, M. & Paruch, P. Nanoscale polarization switching
mechanisms in multiferroic BiFeO3 thin films. J. Phys. Condens. Matter 23,
142201 (2011).

53. Chen, Y.-C. et al. Non-volatile domain nucleation and growth in multiferroic
BiFeO3 films. Nanotechnology 22, 254030 (2011).

54. Ivry, Y., Scott, J. F,, Salje, E. K. & Durkan, C. Nucleation, growth, and control of
ferroelectric-ferroelastic domains in thin polycrystalline films. Phys. Rev. B 86,
205428 (2012).

55. Ivry, Y., Chu, D. & Durkan, C. Bundles of polytwins as meta-elastic domains in
the thin polycrystalline simple multi-ferroic system PZT. Nanotechnology 21,
065702 (2010).

56. Anbusathaiah, V. et al. Labile ferroelastic nanodomains in bilayered
ferroelectric thin films. Adv. Mater. 21, 3497-3502 (2009).

57. Chen, Y. C. et al. Electrical control of multiferroic orderings in mixed-phase
BiFeO3 films. Adv. Mater. 24, 3070-3075 (2012).

58. Vasudevan, R. K. et al. Nanoscale origins of nonlinear behavior in ferroic thin
films. Adv. Funct. Mater. 23, 81-90 (2013).

59. Yang, T., Gopalan, V., Swart, P. & Mohideen, U. Direct observation of pinning
and bowing of a single ferroelectric domain wall. Phys. Rev. Lett. 82, 4106
(1999).

60. Aravind, V. R. et al. Correlated polarization switching in the proximity of a 180
domain wall. Phys. Rev. B 82, 024111 (2010).

61. Nelson, C. T. et al. Spontaneous vortex nanodomain arrays at ferroelectric
heterointerfaces. Nano Lett. 11, 828-834 (2011).

62. Pintilie, L., Vrejoiu, 1., Hesse, D. & Alexe, M. The influence of the top-contact
metal on the ferroelectric properties of epitaxial ferroelectric Pb (Zr0. 2Ti0. 8)
03 thin films. J. Appl. Phys. 104, 114101 (2008).

63. Tselev, A. et al. Microwave ac conductivity of domain walls in ferroelectric thin
films. Nat. Commun. 7, 11630 (2016).

64. Ma, E. Y. et al. Charge-order domain walls with enhanced conductivity in a
layered manganite. Nat. Commun. 6, 8595 (2015).

Acknowledgements

This research was sponsored by the Division of Materials Sciences and Engineering, BES,
US DOE (RK.V., S.V.K,, P.M,, Y.C.). Research was conducted at the Center for Nano-
phase Materials Sciences, which also provided support (A.I) and which is a US DOE
Office of Science User Facility. N.L. acknowledges support from the Eugene P. Wigner
Fellowship program at Oak Ridge National Lab. X-ray data was collected at the
Advanced Photon Source which is a DOE Office of Science User Facility. The work in
National Chiao Tung university is supported by the Ministry of Science and Technology
(MOST 103-2119-M-009-003-MY3 and MOST 104-2628-E-009-005-MY2), Taiwan and
Academia Sinica Research Program on Nanoscience and Nanotechnology of Taiwan. The
effort at Penn State is supported by the U.S. DOE, Office of Basic Energy Sciences,
Division of Materials Sciences and Engineering under Award No. DE-FG02-
07ER46417 (LQC).

Author contributions

RXK.V.and Y.C. contributed equally to this manuscript. RK.V. conducted the UHV PFM
and c-AFM measurements, analyzed the data and wrote the paper. Y.C. performed the
phase-field simulations and co-wrote the paper. A1 assisted with numerical modeling. L.
L. conducted the ambient PFM measurements. J.-C.Y. grew the films with pulsed laser
deposition. Y.-H.C., L.-Q.C. and S.V.K. supervised the project, analyzed data and co-

18:1318 | DOI: 10.1038/541467-017-01334-5 | www.nature.com/naturecommunications 9


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

wrote the paper. P.M. conceived the idea, led the project, analyzed data and co-wrote the
paper. All authors contributed to the manuscript.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-01334-5.
Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

18:1318

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

| DOI: 10.1038/541467-017-01334-5 | www.nature.com/naturecommunications


http://dx.doi.org/10.1038/s41467-017-01334-5
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Field enhancement of electronic conductance at ferroelectric domain walls
	Results
	Domain imaging of ultra-thin BiFeO3
	Phase-field modeling of the polarization nucleus

	Discussion
	Method
	Film growth and characterization
	AFM measurements
	Data analysis
	Data availability

	References
	Acknowledgements
	Author contributions
	ACKNOWLEDGEMENTS
	Competing interests
	ACKNOWLEDGEMENTS




