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ABSTRACT: Topological walls separating domains of continuous polarization, |Domain walls in BiFeO3 <~ 100
magnetization, and strain in ferroic materials hold promise of novel electronic proper- oy
ties, that are intrinsically localized on the nanoscale and that can be patterned on
demand without change of material volume or elemental composition. We have
revealed that ferroelectric domain walls in multiferroic BiFeOj are inherently dynamic
electronic conductors, closely mimicking memristive behavior and contrary to the usual | 60nm
assumption of rigid conductivity. Applied electric field can cause a localized transition
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between insulating and conducting domain walls, tune domain wall conductance by over an order of magnitude, and create a
quasicontinuous spectrum of metastable conductance states. Our measurements identified that subtle and microscopically reversible
distortion of the polarization structure at the domain wall is at the origin of the dynamic conductivity. The latter is therefore likely to
be a universal property of topological defects in ferroelectric semiconductors.
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B COMMUNICATION

Ferroic materials spontaneously develop macroscopic polar-
ization, magnetization, and strain.* Topological defects in the
continuous structure of the corresponding order })arameters, e.g.
domain walls, domain junctions, and vortices, > are associated
with a change of symmetry, strong field, and strain gradients and
can be localized on 1—10 nm length scales in one of the three
dimensions."* Those topological defects that exhibit nontrivial
electronic or m%gnetic behavior can act as building blocks for
nanostructures>® defined within the continuous physical volume
of the material by spatially varying lattice symmetry rather than
physical shape or chemical composition. Such topological na-
nostructuring is mass conserving, allowing nanostructures to be
created, erased, and reconfigured within the same physical
volume almost indefinitely.

Over the past few years, significant progress has been made in
the understanding of the atomic, magnetic,7’8 and electronic
structure” of domain walls in ferroelectric and multiferroic mate-
rials and pathways to control domain morphology via material
design'® and electric fields.® Intriguingly, topological defects in
several material systems were found to possess distinct electronic
properties. These include superconducting twin walls in Na-
doped WO, conducting domain walls in BiFeO;,'* and
insulating antiphase boundaries in YMnOs."> Understanding
the origin of these phenomena is challenging because of a variety
of competing or even coexisting scenarios. For example, the
origin of electronic conductivity in domain walls in BiFeOs,
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currently under debate, has been attributed to either vacancy
aggregation due to an intrinsic electric dipole at the wall'* or local
band gap lowering due to a significant distortion of the rhombo-
hedral symmetry of the BiFeOj unit cell at the domain wall.”'>**

Here we have revealed for the first time that domain walls in
BiFeOj are not rigid electronic conductors, as considered before,
but are in fact intrinsically dynamic conductors. By combining
conductive and piezoresponse force microscopies'® to character-
ize, respectively, the nanoscale electron transport and polarization
dynamics, we have inferred that the applied electric field induces
local, microscopically reversible distortions of the domain wall’s
polarization profile during transport measurements. These distor-
tions dramatically enhance electronic conductance of the domain
walls compared to their undistorted, as-grown state, and even
more intriguingly make the conductance reproducibly tunable via
electric field. The resulting memristive-like behavior is likely to be
general to ferroelectric domain walls in semiconducting ferro-
electric and multiferroic materials, and it may potentially find uses
in multilevel memory functionality, universal logic,'” adaptive
learning,lg’19 and pattern recognition.20 Furthermore, significant
contribution from the intrinsic polarization dynamics necessitates
a more in-depth treatment of the electronic conductance in
ferroelectric materials, beyond equilibrium structures at zero field.
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Figure 1. (A) A series of hysteretic I—V curves obtained sequentially on
the surface of BiFeOj; film (postannealed at oxygen pressure of 10~ *
bar) by increasing peak negative bias after each consecutive I—V curve.
The arrows show the direction of the forward (toward increasing
negative) and reverse tip bias sweeps. The inset shows microscopic
images of piezoresponse phase (bottom half) and current (top half)
acquired simultaneously on the surface of a film postannealed at 1 bar of
oxygen, with dashed lines marking the center of the 109° domain walls as
judged from the phase image. (B) Tip bias waveform used to probe the
occurrence, stability, and tunability of quasicontinuous conducting
states at the domain walls. (C) The resulting transport blue/red I—V/
curves represents the “write”/“read” values of tip current acquired at

blue/red points in (B).

100 nm thick La-doped (10%) BFO thin films were grown by
pulsed laser deposition on DyScO;/SrTiO;(001) substrates."
Periodic arrays of ferroelectric 109° domain walls, where the
change occurs in both in- and out-of-plane components of
spontaneous polarization, were created through a systematic
control of the growth conditions.'® Scanning probe microscopy
experiments were carried out in a customized ultrahigh-vacuum
atomic force microscope (VT STM/AFM, Omicron) using Pt-
coated (Mikromasch, CSC37, and Budget sensors, Multi-75). All
the measurements were performed at a background pressure of
3 x 10~ "% Torr after transferring the sample from ambient without
any subsequent treatment. The I—V curves were acquired in the
conductive AFM regime, with the tip in contact with the surface

(loading force ~1 nN), using a variable-bandwidth current
preamplifier (FEMTO DLPCA-200) with a noise floor of
~100 fA and applying a linear bias ramp with a rate of 1—5 V/s.
Simultaneous piezoresponse force microscopy was carried out
by superimposing an AC bias on top of the DC bias for con-
ductive measurements. The AC bias parameters ranged from
100 to 200 mV in magnitude and from 200 kHz to 350 kHz in
frequency, chosen for each cantiliever to be near its first
contact resonance. The total piezoresponse signal corre-
sponds to Ag-sin(¢p), where Ay is the amplitude, and ¢ is
the phase of the cantilever oscillation relative to the exciting
AC signal.

In agreement with a previous work,'” the domain walls were
reproducibly conducting, Figure 1A and inset. Significant con-
ductivity was observed only at negative tip bias, while little or no
current could be measured at the positive tip bias up to ferro-
electric switching voltages (which strongly alter and erase
domain walls). This asymmetry of conduction with respect to
bias polarity is most likely related to the asymmetry of the top
(Pt tip—surface) and bottom (SrRuO3/BiFeO;) conducting inter-
faces (e.g., due to the difference in the Schottky barrier height).
Upon detailed characterization, we have found that independent
of the position along the domain wall or its conductance, local
I—V curves exhibited significant hysteresis (Figures 1A and S1,
Supporting Information), with current in the reverse direction
always significantly exceeding that in the forward direction of the
voltage scan. Remarkably, the magnitude of current hysteresis
depended on the history of the applied bias, similar to the distinct
behavior of memristive systems.21 This is seen in Figure 1A,
where the area of the hysteretic window depends strongly on the
range of tip bias used to acquire the I—V curve. In particular, the
I—V curves were similar in the forward voltage scan direction, but
they were pinched off at the maximum bias/current value
yielding a unique reverse I—V curve for every value of the
maximum bias. Therefore, the domain wall is not a rigid con-
ductor, as previously considered. Instead it supports a quasicon-
tinuous progression of distinct conducting states induced by an
applied electric field.

The properties of such states were probed using a special bias
waveform, Figure 1B, that separates the field-induced change of the
system state (judged from conductance) from the field dependence
of electronic conductivity. An example of such a measurement is
shown in Figure 1C, where cycling the tip bias between 0 and —3.2
V revealed a hysteresis of conductance (measured at —2.2 V), with
constant low and high conductance states and quasicontinuous
transitions in between. Notably, the conductance state created at
—3.2 V was stable down to —1.7 V and began to gradually relax
between —1.7 and 0 V. The tunability and relative stability of the
conductance states enables a prototypical multilevel storage func-
tionality at each single location along the domain wall. Figure 2A
demonstrates four distinct conductance states created by progres-
sively increasing the “write” bias from —3.2 to —4 V and by
applying —2.2 V to “read-out” the conductance state. The distinct
conductance states were found to be stable on the time scales up to
several minutes (Figure 2B), with relaxation being more pro-
nounced for more conducting states. The relaxation threshold
was ~ —1.2 'V for all the recording bias values (Figure 1C). While
this prevents nonvolatile memory function at present, the built-in
electric field and the respective relaxation rate can prospectively be
tuned throuéh the choice of the electrostatic boundary
conditions,”** and the relaxation behavior will furthermore de-

pend on the type of the topological defect.
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Figure 2. (A) A sequence of current hystereses acquired at a single location on the domain wall by repeating the measurement in Figure 1B and C as a
function of increasing peak write bias. The gray arrows mark the direction of the bias ramp. (B) Three levels of conductance created consecutively by bias
pulses of —2.6, —2.8, and —3.0 V and monitored at —2.2 V for 4 min each.
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Figure 3. (A and B) Simultaneous measurements of local piezoresponse and conductance as a function of tip bias. Each graph shows current (top) and
total piezoresponse signal (bottom) acquired on two locations (red and black) along the domain wall (A) and on the domain face (B). (C) Map of
hysteresis, h, (calculated as the area under the hysteretic I—V curve) across the domain wall, obtained by repeated acquisition of the I—V curves as the tip
was systematically displaced toward and across the domain wall. The white dashed line is the approximate location of the domain wall center. Bottom
panel shows several slices of the map along the x-direction. (D) Time dependence of current at a single location on the domain wall as a function of

tip bias.

An applied electric field can drive a variety of processes at the
domain wall, both intrinsic, such as a locally distorted polar-
ization structure, and extrinsic, such as charge injection and
motion of oxygen vacancies. We have employed simultaneous
measurement of local conductivity and converse piezoresponse®
to probe the local polarization structure, utilizing the fact that the
sign and the magnitude of piezoresponse is proportional to the
sign and the magnitude of spontaneous polarization.** As seen, in
Figure 3A, significant and characteristic piezoresponse hysteresis
coexisted with the hysteresis in the I—V curve. The overall shape
of the two hystereses is markedly similar, both in the absolute size

1908

of the hysteresis window and the bias values where both values
increased abruptly (dashed lines in Figure 3A). The latter events
identify abrupt changes in the polarization configuration, akin to
Barkhausen jumps™ in domain wall motion. At the same time,
neither conductance nor piezoresponse were significantly hys-
teretic away from the domain walls (Figure 3B), within the same
range of tip bias and polarity. These measurements strongly
argue that the origin of the observed hysteresis is a localized
polarization distortion at the domain wall that is both micro-
scopically reversible and stable within a certain range of tip bias, as
inferred from Figure 1C. The stability of the distorted state in a

dx.doi.org/10.1021/nl104363x |[Nano Lett. 2011, 11, 1906-1912
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Figure 4. Evolution of the domain wall profile along the surface when it is subject to conductive measurements. (A) PFM image (amplitude and phase)
of the 109° domain wall before I—V curve acquisition. (B) PFM image acquired after measuring 10 I—V curves (shown in C) along the domain wall with
a maximum tip bias of —2.9 V. (D) PFM image after subjecting the wall to several pulses of —3.2 V. White dashed line is an approximate profile of the

undistorted wall from (A) and (B).

relatively broad range of electric fields (Figure 1) arises from the
pinning of the distorted polarization configuration, for example,
by wall—defect’® or wall—lattice (Peierls potential)*’ interac-
tions. At the same time, the complete relaxation (within the limits
of our measurements) of the distorted state after the electric field
is turned off can be witnessed from the conductance hysteresis in
Figure 1C and the piezoresponse hysteresis in Figures 3A and
4A—C, where PFM images of the domain wall before (Figure 4A)
and after (Figure 4B) acquisition of the I—V curves (Figure 4C)
are shown. Clearly, the domain walls in Figure 4A and B are
indistinguishable within the resolution of our PFM measurement
(~ 8 nm) after as many as 10 hysteretic [—V curves. If the tip bias
exceeded ~ —3.2'V, then the domain wall however would begin to
visibly displace, as shown in Figure 4D, as expected. The I-V
curves in this case remained hysteretic, and the conductance was
still tunable (as seen in Figure 2A), provided the displacement
was not much larger than the area of the tip—surface junction.
Parenthetically, both reversible and irreversible distortions have
recently been detected on a local scale in LiNbO;** lead
zirconate,” and bismuth ferrite,> adding evidence that this behavior
is general for ferroelectrics.

In principle, the conductance hysteresis at the domain wall can
arise if the domain wall were a nonhysteretic conductor, but the wall
location within the tip—surface contact region would be changed by
the electric field. As in any ferroelectric, a negatively biased tip will
displace the wall in a direction that increases the area of the upward
polarized domain, which we confirmed directly (Figure S2, Support-
ing Information). Therefore, in this simple scenario, domain wall
displacement would increase the conductance of the reverse I—V
curve on one side of the wall and decrease it on the other. In contrast,
the measured conductance is always higher on the reverse branch of
the I—V curve, on either side of the domain wall (Figure 3C).
Another possible source of hysteresis accompanying ferroelectric
dynamics is the displacement current due to rearrangement of bound
polarization charges. This scenario can be ruled out by observing weak
time dependence of the domain wall current, Figure 3D, where the
domain wall conductance was negligibly time dependent for a
duration of 1 min. Negligible time dependence of current also argues
strongly against ionic motion, e.g, field-induced migration of oxygen
vacancies, as a primary source of the observed hysteresis and is in stark
contrast to the strongly time-dependent conductivity of Ca-doped
BiFeOQ; films, where ionic conductivity was implicated.*’
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Figure 5. (A) Bias dependence of current-normalized differential con-
ductance obtained from reverse I—V curves in Figure 4A. (B) Exponent
B (dlog(I)/dV o< vr ) was obtained from a least-squares fit (green line)
to the reverse curve with maximum conductance. (C) Domain wall
current at U= —2 V as a function of peak bias in the I—V curve extracted
from Figure 4A, normalized to the maximum value at the peak bias of —3.2
V. The red line is a fit for the change of the barrier height in the FN
tunneling mechanism, assuming a 1D electrostatic potential of a disk with
radius S nm and dielectric anisotropy of 0.9 and a linear decrease of the
barrier height with increasing peak bias (see text).

The nontrivial effect of polarization distortion of the domain
wall on the electronic structure of BiFeO; may have several
origins. In BiFeOj3, polarization vectors are aligned with the (111)
crystallographic directions, allowing eight possible orientations
in the (100) oriented film and three trajectories of polarization
switching by 71°, 109°, and 180° degrees.e”31 When occurring on
the local scale, the distortion of the equilibrium configuration of
the 109° domain wall will give rise to significant changes of local
electrostatics due to either depolarizing fields or formation of
charged head-to-head (tail-to-tail) domain junctions. The occur-
rence of such junctions is anticipated based on symmetry
arguments and was predicted by first-principles analysis of
domain-wall motion in PbTiO;>* and analytical theory of 180°
domain walls®® as well as phase-field modeling of local ferro-
electric switching on the BiFeOj; surface.® Perturbation in local
electrostatics associated with charged junctions will translate into
electronic conductance, e.g, through a change in the shape or
height of the potential barrier at the tip—surface junction, local
accumulation of local compensating charges, or interaction with
charged defects (such as oxygen vacancies)** or a combination of
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Figure 6. (A—C) A sequence of three current images of the domain walls
obtained: (A) before voltage stressing, (B) after acquiring a series of -V
curves (E) at location (1), and (C) after acquiring a similar series of -V
curves (Supporting Information) at location (2). The white dashed lines
mark the initial region of the left domain wall, below which the conduction
was activated as a result of voltage stressing. (D) Piezoresponse amplitude
image of the domain walls in A—C, obtained after (C).

the above. There also exists a possibility that the dynamic polariza-
tion distortion further reduces the band gap BiFeO; compared to
the as-grown configuration. For the latter, reduction of the gap due
to local symmetry change was theoretically predicted.”

We have shown earlier that local -V curves from wide band
gap semiconductors can be efficiently analyzed by evaluating the
bias dependence of current-normalized differential conductance
dlog(1)/ dV.>> When applied to reverse I—V curves (Figure SA),
this analysis reveals that dlog(I)/dV o V ***% (Figure SB).
Under the assumption of the 1D transport geometry, this
relatively high exponent in V implies Fowler—Nordheim (FN)
tunneling36 as the dominant transport mechanism, for which

dlogl 2 . 87/2mee ¢y’
dE E 3he E?

where E is the electric field across the triangular-shaped tunneling
barrier, mgis the effective mass of a tunneling electron, and ¢y is
the interfacial barrier height. As seen in Figure 4C, the domain
wall current (at a tip bias of —2 V in Figure SA) grows
approximately exponentially with the maximum value of the
probed tip bias (Vi cf. Figure 1b), increasing by about a factor
of 15 when V. is increased from —2.2 and —3.2 V peak bias.
We assumed that the major difference between the I—V curves
stems from the change of the barrier height (¢g), rather than
the variation in the built-in field or the effective area of the
transport junction, and that barrier height varies linearly with
the “write” bias ¢(Viyrite) = Po(1 — AVypie). Then the relative
change of the tunneling current can be estimated from the FN
equation as

87/ 2eme Py°

= (1 — OV )exp (— (1 —oVyy) — 1))

We chose I(V,,.,) to be the highest conducting state (Vi =
—3.2 V) and assumed a simple disk model to relate applied
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potential to the electric field of the tip.'® Despite the large
number of unknown material and tip parameters (most impor-
tantly the barrier height and electric field strength), we have
found that the experimental values can be satisfactorily fit with
o ~ 0.8. For ¢y = 0.2 eV and disk radius ~5 nm (fit shown in
Figure SC), the total barrier change across a series of [—V curves
in Figure SA would therefore be A¢ = 0.15 eV between the most
and the least conducting states. The highly nonlinear tunneling
mechanism amplifies such relatively small barrier changes into
the observed order-of-magnitude tunability of conductance in
the narrow range of “write” voltage.

The ultimate manifestation of polarization tunable domain
wall conductance is a bias-induced transition between noncon-
ducting and conductive domain wall states. We have frequently
observed that as-grown domain walls do not appear conductive,
as for example in Figure 6A, where the conductive trace along the
wall terminates abruptly. However, applying bias over a certain
threshold can activate the conductivity. A sequence of I—V
curves in Figure 6E was acquired at position (1) in Figure SA,
incrementing the tip bias by —0.2 V after each curve. Upon
reaching —2.6 V, an abrupt event caused the conductance to
increase by almost 2 orders of magnitude (Figure SE, green). The
abruptness of this event is closely reminiscent of polarization-
induced resistive switchinég on the surface of ferroelectric
lead—zirconate titanate.'® A rescan of the same area
(Figure 6B) reveals that ~80 nm along the wall of the
previously nonconducting wall became conducting similarly
to adjacent segments, with the rest of the area still remaining
insulating. Repeating the activation experiment in the adjacent
domain wall region yielded a comparable result (Figure 6C),
with a similarly abrupt onset (Figure S3, Supporting In-
formation). The activation has therefore a pronounced non-
local character and can be rationalized as an electric-field-
induced depinningz‘ﬁ'7 of the domain wall from a strongly
pinned, as-grown, and poorly conducting configuration into a
weakly pinned conducting configuration.

In summary, the domain walls in BiFeO3; were found to be
inherently dynamic conductors due to a product of three factors:
(1) electric-field-induced distortion of the polarization structure
at the domain wall; (2) the dependence of conductivity on the
degree of distortion; (3) weak pinning of the distorted wall,
manifested as the stability of the distorted configuration in a
relatively broad voltage window. The domain wall is thus not a
rigid electronic conductor, instead offering a quasicontinuous
spectrum of voltage tunable electronic states. This is different
from the interior of ferroelectric domains, where switching is
anticipated to give rise to discrete and often only two conduc-
tance levels.*® The intrinsic dynamics of domain walls and other
topological defects in the applied electric field should influence
future theoretical and experimental interpretations of the elec-
tronic phenomena associated with topological defects in ferroic
materials. On the other hand, electron transport appears to be a
highly sensitive probe of these dynamics and may be used to
probe unique multiferroic properties of ferroelectric domain
walls, e.g, magnetization within the antiferromagnetic
matrix’> due to order parameter coupling and localized
secondary order parameters.” Of obvious future interest is
what sets the limits to such transport behavior: Can one
“engineer” the topological structure of the domain wall to
controllably induce electronic phase transitions within the
wall arising from correlated electron nature of BiFeO;*° and
charge-ordered multiferroics?*'

Il ASSOCIATED CONTENT

© Ssupporting Information. Supporting Information con-
tains additional I—V spectra and domain wall images (PFM and
cAFM) that reveal: the effect of post-annealing on conductivity
of BiFeO; films, long-term domain wall creep driven by a biased
tip, conductive hot-spots along the domain wall and the onset of
polarization distortion as estimated from the slopes of the I-V
curves. This material is available free of charge via the Internet at
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