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ABSTRACT: Metallic conductance in charged ferroelectric domain walls
was predicted more than 40 years ago as the first example of an
electronically active homointerface in a nonconductive material. Despite
decades of research on oxide interfaces and ferroic systems, the metal—
insulator transition induced solely by polarization charges without any
additional chemical modification has consistently eluded the experimental ¢
realm. Here we show that a localized insulator—metal transition can be

repeatedly induced within an insulating ferroelectric lead-zirconate titanate,
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merely by switching its polarization at the nanoscale. This surprising effect

is traced to tilted boundaries of ferroelectric nanodomains, that act as localized homointerfaces within the perovskite lattice, with
inherently tunable carrier density. Metallic conductance is unique to nanodomains, while the conductivity of extended domain
walls and domain surfaces is thermally activated. Foreseeing future applications, we demonstrate that a continuum of nonvolatile
metallic states across decades of conductance can be encoded in the size of ferroelectric nanodomains using electric field.
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xide interfaces have developed into a new nanoscale

medium for emergent electronic properties.' Recent
examples include two-dimensional electron gas” and magnet-
ism® formed at an epitaxial boundary between band insulators,
tunable electronic correlations at an interface between a Mott
and band insulators,” surface conductivity™® and super-
conductivity” of an insulator, and coupling of order parameters
across the interface.®’ Though rich in behaviors, oxide
heterointerfaces are defined by an abrupt change of chemical
composition, significantly restricting the ability to move and
pattern the interface or modify its structure. Such modifications
not only lead to new applications but are also critical for the
fundamental understanding of emergent properties.

On the other hand, a distinct oxide interface can be defined
by the chan%e of lattice symmetry, rather than its chemical
composition, ° in which case it can be continuously patterned
with applied fields. Such homointerfaces are ubiqitous in
terroelectric and multiferroic materials, occurring as topological
defects of the ferroelectric order parameter in the form of
domain walls,"! junctions,12 and vortices.">'* The emergence of
unique electronic and magnetic properties of ferroic homo-
interfaces can thus make them a viable alternative to chemically
defined heterointerfaces."

The archetypal proposal for an electronically active ferroic
homointerface is a charged domain wall in a ferroelectric
crystal. Accumulation of compensating carriers that screen the
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bound charge of such a domain wall should in principle enable
a localized insulator—metal transition. Although this basic
proposal has been put forth theoretically a number of times
since the early 1970s,°~" the experimental demonstration of
terroelectrically controlled metal—insulator transition has been
lacking. Several recent experiments, most notably in BiFeO,'®
and more recently PbZr,,Tig 30, revealed that ferroelectric
domain walls can be conducting. However, electron transport
has so far been to thermally activated hopping mecha-
nisms.'®72° Furthermore, as it is notoriously difficult to
separate the bulk and interfacial components of electronic
conduction,”"** identifying the domain wall as a conduction
pathway throughout the material (as opposed to modification
of the interface) is ambiguous in the case of thermally activated
mechanisms.

Here, we have utilized nanoscale ferroelectric switching to
activate metallic conduction through an otherwise insulating
lead-zirconate titanate, PbZr,,Tiy3O; (PZT) film. In contrast
to previous works,"®'***** which avoided the regime of
ferroelectric switching in the search for electronic properties,
we have invoked scanning probe microscopy to monitor the
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conductivity of ferroelectric nanodomains, as they are locally
created under the tip and subsequently evolve in the electric
field. It is in these inherently nanoscale entities that we have
found the long-sought metallic conductivity. Other entities on
the surface, such as domain walls and domains themselves have
only exhibited the expected thermally activated conduction.
This dramatic contrast in the electronic properties unambig-
uously identifies a new and highly localized conduction channel
through the insulating ferroelectric oxide, created by nano-
domains. Our theoretical analysis concludes that the tilt angle
of the domain wall, which naturally emerges in the nano-
domain, is the key enabling step to metallic conductivity due to
a combination of charge and flexoelectric effects. Furthermore,
both experimental measurements and theoretical analysis
revealed that the metallic conductivity is tunable by electric
field, through the changes of size of the nandomain and,
correspondingly, the tilt of its domain wall. This phenomenon
is a new manifestation of the notorious ferroelectric field
effect,” involving a homointerface rather than a heterointerface
of a ferroelectric material. We expect that the observed effects
will be universal to ferroelectric semiconductors, opening a new
family of electronic properties that will break new grounds in
fundamentals and applications alike.

Systematic studies of I—V curves and spatially resolved
conductance on the surfaces of 30 and 50 nm epitaxial PZT
films using conductive atomic force microscopy in ultrahigh
vacuum have revealed three kinds of electronic behavior,
summarized in Figure 1: (1) strongly hysteretic I-V curves
associated with an upward-polarized nanoscale domain, hence-
forth referred to as a nanodomain (Figure 1A); (2) negligibly
hysteretic I-V curve on the surface of the upward-polarized
domain with the linear dimension exceeding 100 nm,
henceforth referred to as macrodomain (Figure 1A); and (3)
finite conductivity of ferroelectric domain walls separating
mesoscopic regions of downward and upward polarization
(Figure 1C,D and Supporting Information Figure S1) with
direct analogy to conductive domain walls in multiferroic
BiFeO,'® and consistent with the recent measurements on the
PZT film of similar composition."” In line with our previous
study on a similar PZT material,”® the hysteresis of the I-V
curves from the nanodomains is associated with the process of
their creation, that is, with the localized polarization switching
from the downward to upward orientation of spontaneous
electrostatic polarization. This is further confirmed by
simultaneously monitored surface displacement, where dis-
continuities in the characteristic “butterfly”-shaped loops
(Figure 1B, top) identify polarization switching events and
coincide within the measurement bandwidth with the
discontinuity in the I-V curve at the positive sample bias (~
4V in Figure 1B bottom).”® A complete lack of any conductive
features at the opposite (negative) switching voltage bias
(Figure 1B), where the nanodomain disappears, rules out
interpretation of resistive switching as due to displacement
current or extrinsic capacitive effects accompanying polarization
reversal. Notably, polarization-controlled conductance at the
negative switching voltage with a comparable outcome to the
positive switching voltage could also be observed, (Supporting
Information Figure S3), after creating specific ferroelectric
domain geometries as detailed in the Supporting Information.

As seen in Figure 1, the nanodomain is the most conducting
entity on the PZT surface and its nucleation coincides with up
to 4 orders of magnitude increase of local conductance (Figure
1A). Most surprisingly, however, is that although both domain
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Figure 1. (A) Representative hysteretic I-V curves from upward
polarized ferroelectric nanodomains on the 50 nm PbZr,,Tiy3O; film
(blue, forward; red, reverse), and nonhysteretic I-V curves from
macrodomains on the same surface (green, forward; brown, reverse).
Only sample bias range >0 V is shown for clarity. (B) Top: hysteresis
in surface displacement (top) associated with appearance of the
nanodomain in the transport junction. Polarization switching is
registered by discontinuities in the displacement loop. The arrows
follow the direction of the forward (blue) and backward (red) voltage
ramps. Bottom: hysteresis in current acquired simultaneously with the
hysteresis in surface displacement. PS and NS mark the positive and
negative switching voltages, as judged from the displacement loop.
Insert shows a piezoresponse amplitude image of a representative
nanodomain, imaged shortly after its formation under the tip. (C,D)
Simultaneously acquired images of piezoresponse (A sin(¢), where A
is amplitude and ¢ is phase of piezoresponse), (C), and current, (D),
at 2.5 V sample bias, revealing finite conductivity of domain walls in
PbZr,,Tig305. (E) Top: local resistance of the PZT film at sample
bias of 2.6 V acquired using a pulse-probe waveform (see Supporting
Information for details). Cartoon schematics show nanodomains of
upward polarization orientation (orange) believed to be formed at
various instances of the resistance curve (green points). Bottom: phase
of local piezoresponse accompanying the resistance curve. Phase flip
by 180° registers polarization switching events. The arrows follow the
direction of the voltage waveform.

walls and macrodomains are governed by thermally activated
conduction (Figure 2A) with a barrier from 100 to 250 meV
(extracted from an Arrhenius fit), the nanodomain conductance
is negligibly temperature-dependent, irrespectively of the
probing bias (at least up to 9 V), forward or reverse branch
of the I-V curve or even the measurement protocol used to
acquire the I-V curve (Figure 2). This unexpected departure
from the anticipated hopping conduction mechanism for
PZT*"*® signals a fundamentally distinct electron transport
regime in the nanodomains and new nanoscale electronic
effects at the instance of polarization switching,

Of the likely candidates, only two transport mechanisms
exhibit nonactivated temperature dependence, similar to our
case: electron tunneling and metallic conductivity (by analogy
with the temperature-dependent conductance of “bad metals”
and doped SrTiO; in particular” '), As discussed in the
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Figure 2. (A) Temperature-dependence of local current obtained from
averages of ~100 hysteretic I-V curves on nanodomains (blue,
measured at 4.5 V), ~S0 resistive curves on nanodomains (red,
measured at 3.5 V), ~100 nonhysteretic [V curves on macrodomains
(green, measured at 7 V) and one current image (similar to Figure
1D) from the domain walls (measured at 2.6 V) at each temperature.
Error bars are standard deviation for each data set. (B) Temperature-
dependence of the tunable conductivity of nanodomains as a function
of their size: black, smallest (at creation); red, intermediate; and blue,
average equilibrium size at sample bias of 8 V. Each point on the plot is
an average of ~50 measurements. (C)A typical resistance curve at T =
329 K, showing the values (red), dependent on domain sizes, that were
sampled in Figure 2B.

following, we believe that both mechanisms are operating in
series in the nanodomains.

The -V curves from the nanodomains (Figure 1) clearly
favor tunneling, closely resembling the Fowler—Nordheim
tunneling mechanism across a thin, approximately triangular
tunneling barrier.?® However, given that the studied films are
30—50 nm thick, tunneling cannot occur across the whole film
thickness, and the I-V curves must in general be also
influenced by the bulk region of the nanodomain.”** In fact,
two independent measurements imply that the bulk con-
ductance is comparable to that of contact tunneling in our case.
A similarly grown 30 nm PZT film (Supporting Information
Figure S2) shows significantly higher conductance than the 50
nm film (because of the shorter effective bulk region and its
resistance). At the same time, the conductance of the
nanodomains is tunable. This is evidenced by monitoring
local resistance of the PZT film along the ferroelectric switching
cycle in Figure 1E, where the net resistance is smallest right
after polarization switching (at ~4 V) and gradually increases
with increasing sample bias, which in turn increases the size of
the nanodomain (see Supporting Information for further
discussion of Figure 1E). The size-dependence of nanodomain
conductance is also manifested in Figure 1A, where a unique
reverse (red) I-V curve is produced for a given nanodomain by
increasing the peak magnitude of applied positive bias.

Crucially, the tunable conductance of nanodomains must
involve both bulk and surface components of conductivity,
implying that they are comparable in magnitude. Indeed, if we
attributed tunable conductance solely to the properties of the
tip—surface tunneling contact, nanodomains would exhibit
similar temperature-dependence to that of macrodomains (as is
the case of the domain wall in Figure 2A), because the tip—
surface contact would be evidently more conducting in
nanodomains (based on comparison of I-V curves for
nanodomain and macrodomains in Figure 1A) and thus less
transport limiting. Finally, comparable magnitude of the
interfacial and bulk conductance together with the temper-
ature-independence of the net conductance in Figure 2A imply
that both surface and bulk mechanisms exhibit negligible
temperature-dependence. Thus the key signature of the
ferroelectric nanodomains is that it creates a metallic
conduction path that connects the surface and the bottom
interface of the PZT film. The pathway may be located within
the nanodomain and/or immediately adjacent to its domain
walls.

Nanodomains represent a single nucleus of opposite
polarization, and will in general be decorated by curved domain
walls.>*** The shape anisotropy is determined by the
competition between domain wall pinning strength, anisotropic
depolarization field and domain wall motion in the strongly
inhomogeneous electric field of the biased metal tip.
Irrespective of the detailed hypothesis regarding the transport
mechanism, curved and tilted domain boundaries of the
nanodomain will produce bound polarization charges along
the walls (as schematically shown in Figure 3A). We believe
that the primary reason for the metallic conductivity is a local
modification of the carrier density due to accumulation of
compensating charge that screens this large bound polarization
charge at a tilted domain wall. Accumulation of compensating
charge on tilted and curved domain walls has, in fact, been
considered theoreticall}f in several papers, dating as far back as
the early 1970s.">7'73

We have modeled tilted 180° domain walls (by angle 6 with
respect to the surface normal) in an n-type ferroelectric-
semiconductor PZT with intrinsic oxygen vacancies (donors)
and free electrons, using coupled Landau—Ginzburg—Devon-
shire and Poisson equations (see Supporting Information for
details). Domain wall tilt was found to increase the local density
of free (compensating) carriers by up to 3 orders of magnitude
(Figure 3AB). If we assume that conductivity is directly
proportional to carrier density, accumulation of compensating
carriers will translate into up to 3 orders of magnitude increase
of local conductivity (6(£)) compared to the parent matrix.
Furthermore, tilted domain walls can control not only the
density but also the type of accumulated carriers with electron
accumulation for upward polarized nanodomains in the
downward polarized matrix, and hole accumulation for the
opposite relative polarization orientations.

Additional accumulation results from flexoelectric coupling in
PZT, existing even for a nominally uncharged cylindrical wall
(see Supporting Information for details). Here, the polarization
component perpendicular to the wall surface (P,) occurs due to
strain gradients with a maximal value of P (¢ = w) =
fi2€08l (Qui + Qu2)PS]/[(s11 + s1)w] (fiy s the flexoelectric
coupling coefficient, s; is the elastic compliances, Ps is the
spontaneous polarization, w = 2rc\/ 2 ~ 1 nm is the half-width
of uncharged wall, Q; is the electrostriction coefficients, &, and
&, are the respective permittivities of vacuum and nonferro-
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Figure 3. (A) Dependence of the carrier concentration (n(&))
averaged across the wall thickness on the wall tilt, sin 6. Calculations
were performed for the head-to-head 180° walls and with different
flexoelectric coupling coefficient f;, = (-1, —0.5, —=0.15, 0, 0.5, 1) X
107" m*/C (as labeled). Inserts show the definition of angle 6 and a
schematic of a nanodomain exhibiting both straight (uncharged, yellow
outline) c+/c— and curved (slightly charged, purple outline; strongly
charged, green outline) domain walls, the associated directions of
spontaneous polarization (blue and red arrows) and a defect (black).
(B) Dependence of electron density for 180° domain wall with
different slope angles 6 = 90, 45, 15, 3, and 0° as a function of distance
(&/r.) perpendicular to the domain wall (correlation length r. = 0.5
nm).

electric background). Flexoelectric coupling produces local
built-in depolarization field 6E,, ~ fi,[(Qi; + Qi2)PE]/[w(sy;
+ sp,)], that in turn leads to the carrier accumulation along the
wall with up to 10-fold increase of domain wall conductivity
(Figure 3A).

Tunability of metallic conductance in nanodomains, implied
by the theoretical model, was indeed observed experimentally
by measuring the temperature-dependence of nanodomain
conductance as a function of its size, at several points of the
resistance change curve (Figure 1E, 2C). The whole range of
nanodomain dimensions probed in our experiment, spanning
approximately 1.5 orders of magnitude of conductance (Figure
2B), revealed negligible temperature dependence. At present
we cannot strictly rule out alternative explanations of metallic
conductivity, for example, formation of an impurity band at the
domain wall through the local increase of the dielectric constant
€ and/or accumulation of donor (acceptor) impurities (similar
to the hypothesis for SrTiO; at low doping’'), or an altogether
different nontrivial interaction of the domain wall with
extended defects.””> However, the fact that domain walls of a
macroscopic domain (with presumably equilibrated straight
shape across the film thickness) exhibit temperature-dependent
conduction (Figure 1C, 2A) attests to the notion that the
domain wall curvature and the ensuing electrostatic effects are
central to metallic conductivity.

212

Aside from the prospects in novel fundamental properties of
ferroelectrics and related multiferroic materials that may
originate from tunable and metallic conductivity in nano-
domains, the present findings also significantly expand the
original concept of switchable tunneling conductance across
ultrathin ferroelectrics.*® The latter was motivated by the need
of nondestructive read-out of FeRAM nonvolatile memory
elements and their efficient downsizing to the nanoscale
regime. On one hand, metallic conductivity provides a
controlled route to achieve large absolute currents in the 1—
100 nA range (Figure 1A) in relatively thick films (up to S0 nm
thick in our case). Thick films are both more readily applicable
than ultra narrow tunnel junctions and can also be sculpted in
the form of superlattices in search of new properties. On the
other hand, the wide dynamic range of the nanodomain
dimensions between a small nucleus and a macrodomain
translates into the respectively tunable conductance property of
a bistable ferroelectric (i.e., with polarization either up or
down). Figure 4A demonstrates that multiple distinct
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Figure 4. (A) Five nonvolatile resistive states of a single nanodomain
(top) created by a series of voltage pulses shown at the bottom. Local
current during both read (red) and write (blue) steps are shown.
Dashed lines are a guide to the eye, approximately showing the average
current for each of the resistive states. (B) Resistance curves showing
nondestructive and repeated manipulation of the size and shape of the
nanodomain, reflected in the corresponding change of local current.
After the first step of creating the nanodomain (step 0, purple),
subsequent cycling of the sample bias in a chosen limited range (steps
1—4) results in a continuous change of local current, testifying that the
nanodomain does not disappear, but local current can nonetheless be
repeatedly varied between high and low conductance states.

conductance states can be created at a single surface location
by an appropriate selection of the set-pulse. Furthermore, once
the appropriate nanodomain has been created (cycle 0 in
Figure 4B), tunable conductance states can be repeatedly
manipulated without erasing the nanodomain, merely by
changing its size as shown by cycles 1—4 in Figure 4B.
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In summary, from a comprehensive analysis of local
electronic conductance of the ferroelectric surface of an
epitaxial PbZr,,Tiy3sO; film we have established that ferro-
electric nanodomains, created at the instance of localized
polarization switching, produce a metallic conduction pathway
through an otherwise insulating film. We hypothesize that
metallic conductivity is mediated by tilted and curved domain-
walls of the nanodomain, which cause localized carrier
accumulation by virtue of their unique electrostatic and
flexoelectric properties. Both theory and experiment have
revealed that the carrier density and the metallic conductivity
can be tuned by many orders of magnitude using only the
average tilt of the domain wall with respect to the crystallo-
graphic axis. As a result, we have demonstrated the feasibility of
recording multiple nonvolatile conductance states in a single
metal-ferroelectirc contact, by varying only the size of the
conducting nanodomains. These findings highlight the richness
of polarization-coupled transport phenomena even in conven-
tional ferroelectric materials. We anticipate that their extension
onto thin films and atomically precise oxide superlattices of
mutliferroics, mixed-phase, and antiferroelectrics will reveal a
whole family of previously unknown electronic properties,
paving way to new fundamental and applied prospects of oxide
nanoelectronics.
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Experimental methods, supporting data on the conductivity of
thicker films and domain walls in PZT, and a detailed
theoretical analysis of local conductivity in ferroelectric
semiconductors with tilted domain walls. This material is
available free of charge via the Internet at http://pubs.acs.org.
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