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information is stored in the polariza-
tion orientation. A recent resurgence of 
interest in electronic properties of ferro-
electrics, such as polarization controlled 
tunneling and conductivity of domain 
walls, potentially enables a new gen-
eration of applications utilizing resistive 
probes of polarization state, such as syn-
aptic junctions,[1–5] domain-wall resistors, 
and domain-wall logic.[6–9] At the same 
time, ferroelectric control over resistive 
switching may enable neuromorphic 
devices without structural phase change 
and filamentary breakdown, potentially 
leading to much higher energy efficiency.

One of the key properties enabling 
the coupling of ferroelectric and resistive 
switching is the electronic conductivity of 
domain walls,[10] which was experimentally 
demonstrated in numerous materials,[11–14] 
beginning with the work of Seidel et al.[15] 
The intrinsic coupling of domain walls 
to applied electric field, their nanoscale 
dimensions, and the flexibility afforded 
by deterministic control of ferroelectric, 
ferroelastic, and ferromagnetic structures  

containing conducting domain walls[16–20] provide great promise 
for new memory and electronics-engineering concepts, such as 
racetrack memories[21] or magnetoelectric spin–orbit devices.[22] 
A notable challenge on the path of ferroresistive switching is  
that metallic conductivity and ferroelectricity are fundamentally 

Ferroelectric materials exhibit spontaneous polarization that can be switched 
by electric field. Beyond traditional applications as nonvolatile capacitive 
elements, the interplay between polarization and electronic transport in 
ferroelectric thin films has enabled a path to neuromorphic device applications 
involving resistive switching. A fundamental challenge, however, is that 
finite electronic conductivity may introduce considerable power dissipation 
and perhaps destabilize ferroelectricity itself. Here, tunable microwave 
frequency electronic response of domain walls injected into ferroelectric 
lead zirconate titanate (PbZr0.2Ti0.8O3) on the level of a single nanodomain 
is revealed. Tunable microwave response is detected through first-order 
reversal curve spectroscopy combined with scanning microwave impedance 
microscopy measurements taken near 3 GHz. Contributions of film interfaces 
to the measured AC conduction through subtractive milling, where the film 
exhibited improved conduction properties after removal of surface layers, 
are investigated. Using statistical analysis and finite element modeling, we 
inferred that the mechanism of tunable microwave conductance is the variable 
area of the domain wall in the switching volume. These observations open the 
possibilities for ferroelectric memristors or volatile resistive switches, localized 
to several tens of nanometers and operating according to well-defined 
dynamics under an applied field.
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1. Introduction

Ferroelectric materials have long been pursued for use in non-
volatile memory and logic applications. Polarization switching 
has been employed in capacitive ferroelectric memories, where 
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opposed.[23,24] In turn, it is highly nontrivial to establish good 
electrical contact to the domain wall.[25] In fact, charged domain 
walls may reconstruct in the contact region preventing good 
metallic contact from being established on an intrinsic level.[26] 
The other fundamental issue is that domain-wall conductivity 
increases with increasing charge of the domain wall, but so 
does the domain-wall energy,[27] which ultimately requires 
unique approaches to creating strongly conductive domain 
walls. Meanwhile, increasing carrier density in the bulk by 
doping/alloying is also complicated and may eventually sup-
press ferroelectric ordering.[28]

An alternative regime to measure electronic properties of fer-
roelectric domain walls relies on high-frequency AC regimes.[29] 
High-frequency AC conductance effectively shorts the Schottky 
barrier, making highly resistive contacts required for ferroelectric 
switching compatible with an electronic read-out of the ferroelec-
tric state.[30,31] This mechanism is complementary to a recently 
demonstrated photovoltaic read-out of the ferroelectric state, 
which likewise circumvents the need for Ohmic contacts.[32]

Here, we report the observation of tunable electronic proper-
ties of ferroelectric switching at microwave frequencies and on 
the level of a single ferroelectric nanodomain. Utilizing a scan-
ning probe as a top electrode, we locally switched the domain 
structure of a thin PbZr0.2Ti0.8O3 (PZT) film.[33,34] Through a 
combination of first-order reversal curve (FORC) spectroscopy, 
which creates nanodomains in sub-100 nm regions of the ferro-
electric film and probes their evolution, and simultaneous pie-
zoresponse force (PFM) and scanning microwave impedance 
microscopy (sMIM) measurements, we captured the evolution 
and dynamics of the ferroelectric state. The results reveal tun-
able microwave conductance states encoded by the wall’s size 

and effective density under the probe tip. These results point 
to memristive behavior from a single ferroelectric nanodomain 
and are supported by finite-element simulations based upon 
Landau–Ginzburg–Devonshire theory. Furthermore, subtrac-
tive lithography[35] was applied to probe the sensitivity of tun-
able microwave conductance in relation to film thickness of the 
ferroelectric, finding enhancement of microwave conductance 
in the desired ultrathin limit. Tunable microwave conduct-
ance defined by effective domain-wall density may facilitate 
the realization of ferroelectric memristive devices at microwave 
frequencies that remain primarily insulating in the DC regime. 
Power dissipation in such devices would ideally be minimized 
to capacitive and dielectric effects—potentially shifting the 
switching power of such devices into the femto- or even atto-
joule regime.[36] At the same time, the microwave probe pro-
vides new nanoscale insights into the ferroelectric-switching 
process, extending previous observations of microwave domain-
wall conductance[29,30,37] to ferroelectric dynamics in an electric 
field.

2. Results and Discussion

Simultaneous sMIM and PFM spectroscopies were carried out 
while locally switching domains using an applied electric field. 
Figure 1a shows a generic scenario for domain-wall nucleation 
and local switching under the nanoscale probe. The conductive 
AFM probe acts as the top electrode in a capacitor geometry. 
Above a critical electric field, the polarization begins to switch 
directly under the probe. The colors show the evolution of the 
polarization nanodomain as a function of time, showing its 

Figure 1. Schematic of the measurement of tunable microwave conductance of ferroelectric domain walls. a) Nucleation and growth of a single 
nanodomain in localized electric field of a nanoscale capacitor. Colors identify the shape of the nanodomain cross-section calculated as a function 
of time following nucleation. The domain wall of the nanodomain immediately following nucleation assumes the shape of a prolate half-spheroid. 
As the domain grows, the spheroid continues to elongate, eventually traversing the film thickness to become cylindrical. b) Schematic of a scanning 
microwave measurement set-up used to characterize nanodomains. A voltage-biased shielded probe terminating a half-wave resonator is used to 
apply a local electric field to a thin PZT ferroelectric film and to probe ferroelectric properties through the amplitude and phase of the microwaves 
reflected from the probe. The latter are translated into variations of capacitance (sMIM-C) and conductance (sMIM-G) of the probe-sample system 
by accompanying system calibration. c) The probe voltage bias waveform implements a first order reversal curve (FORC) measurement, wherein the 
system state is probed as a function of increasing turning voltage (Vturn – marked by a dot) in a sequence of linear voltage sweeps. The range of Vturn 
is chosen to precede, coincide, and exceed the switching voltage for the ferroelectric polarization in the film, thereby probing single (or few) nanodo-
mains nucleating and growing under the probe.
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progressive growth through the depth of the film (perpendic-
ular growth), and eventually, the expanding domain sidewalls 
(lateral growth) toward formation of a cylindrical domain.

The system under study is presented schematically in 
Figure 1b. The PbZr0.2Ti0.8O3/SrRuO3/SrTiO3 (001) (PZT/SRO/
STO) heterostructure (the Experimental Section) is character-
ized by a shielded sMIM probe in contact with the top surface. 
The sMIM probe acts as a lumped element terminating a half-
wave resonator. sMIM data are collected from two decoupled 
signal channels, namely sMIM-G (conductance) and sMIM-C 
(susceptance or capacitance). Preliminary testing to separate 
the contribution of applied biases—AC low-frequency (driving 
PFM, on the order of kHz), AC high-frequency (driving sMIM, 
on the order of GHz), and DC (driving the local domain 
switching)—indicated that the corresponding spectra did not 
suffer from cross-coupling with other probing potentials. 

Further details on the sMIM apparatus and similar experi-
mental configurations can be found elsewhere.[30,38,39]

FORC switching spectroscopy was applied to probe the 
switching scenario and track the growing nanodomains’ prop-
erties in the microwave regime. The distinctive trait of the 
FORC waveform is the iteratively changing negative bias limit 
with each cycle, which we refer to as the turning bias, Vturn, 
highlighted by the dot marker on the waveform in Figure  1c. 
This waveform probes nanodomains in the three regimes of 
the switching process: prior to, during, and following the coer-
cive field being reached by applied DC bias.

PFM and sMIM FORC spectroscopy results (collected simul-
taneously) are presented in Figure 2. Minor hysteresis loops 
along the FORC are observed in both sMIM (Figure 2a,b) and 
PFM channels (Figure 2c). The ferroelectric switching is initi-
ated in the approximate window from −2.5 to −3.5 V depending 

Figure 2. Observation of tunable microwave conductance of ferroelectric nanodomains. First-order reversal measurements for a) microwave capaci-
tance (sMIM-C), b) microwave conductance (sMIM-G), and c) piezoresponse. The arrows point to the direction of voltage cycles. All three signals reg-
ister onset of ferroelectric switching at a bias of ≈−3.5 V. The sMIM-C signal is dominated by the tunability of the dielectric constant, whereas sMIM-G 
reveals tunable microwave conductance. The value of the microwave conductance rapidly increases immediately following switching (at −3.5 V) and 
then begins to revert to a lower value with increasing size of the ferroelectric domain. Intriguingly, the conductance again proceeds through the max-
imum along the reverse-switching direction. By controlling the degree of partial switching with the turning voltage (Vturn) the microwave conductance 
at 0 V can be nearly continuously tuned. The colors in (a), (b), and (c) correspond to the turning voltages (Vturn), as shown in the colorbar next to (b). 
d) Statistics accumulated from the switching process for more than ten sequential FORC measurements. The data points (green dots) correspond to 
sMIM-G signal at 0 V as a function of increasing magnitude of Vturn. The probability distribution shown as a contour plot was estimated as a mixture 
distribution of Gaussian kernels fit to the data-points. The standard deviation of each Gaussian was determined to be ≈0.24, under the constraint that 
it includes on average ten measured points. The distribution shows approximate confidence limits of the microwave conductance tunability and very 
good reproducibility of the tunability between randomly sampled locations on the surface of the PZT film. The colorbar is the probability density (PD). 
Panel d shows data collected from voltage cycles 1 to 11 (marked next to data), whereas, for clarity, panels (a), (b), and (c) only present cycles 3 to 11, 
as the first 3 cycles are near identical.
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on specific location on the surface. The switching processes 
are detected by rapid variation of all the measured signals in 
Figure  2. However, each signal reveals its own characteristic 
trend. Both capacitance and conductance achieves peak value 
at the forward and the reverse switching events (Figure  2a,b). 
However, they are different with respect to the bias change 
around the switching events. The capacitance shows little rem-
nance around 0 V,  regardless  of the specific value of Vturn. In 
other words, it does not have a strong memory of the degree of 
switching. By contrast, conductance reveals a series of plateaus 
between the switching events (Figure 2b), whose value strongly 
depends on Vturn (Figure 2b,d). This observation suggests that 
with even finer bias increments a potentially quasi-continuous 
multilevel conductance states can be read-out from a single 
switching event. Figure  2c clearly points to the ferroelectric 
origin of the metastable states responsible for tunable conduct-
ance, since they emerge during partial ferroelectric switching. 
We have not yet explored the temporal stability of these states. 
Given the timescale of the experiment, the states have a life-
time of at least a few seconds. Larger domains nucleated under 
the tip shown below are stable on much longer timescales in 
this film. Finally, Figure 2d confirms the repeatability of these 
results—each point at a given Vturn value corresponds to a set 
of data collected in a different region of the PZT film. The con-
tour plot superimposed on these data points was calculated by 
a kernel mixture distribution fit, describing the confidence of 
the conductance signal at a given Vturn bias. Given the relatively 
limited sampling, the finer structure of the distribution (e.g., 
the “blob” feature between −2 and −3  V) is of no significance 
yet. However, the overall strong dependence of microwave con-
ductance (measured at zero DC bias) on Vturn is statistically 
reproducible.

To gain deeper insight into the origins of tunable microwave 
conductance and to probe its dependence on the structure of 
the film, we employed an inverse lithography approach out-
lined by Ievlev  et  al.[35] Specifically, we carried out bombard-
ment of the film with O2

− ions to cause progressive removal 
of the top layers. The sputtering process is performed simul-
taneously with time-of-flight secondary ion mass spectroscopy 
chemical characterization to monitor the stoichiometry of the 
top surface layer. In addition to the reduction in thickness, this 
process removes (or significantly reduces the influence of) an 
amorphous top layer which negatively impacts the piezoelectric 
properties of the film.[35]

Figure 3a displays an sMIM-G image of the PZT film milled 
down to 75 nm thickness (from an original 100 nm; see images 
for other films in Figure S1, Supporting Information). An 
arrangement of domain walls was created by applying a bias 
sweep at 4 × 4 points in a predetermined grid. The “doughnut” 
shape apparent from the sMIM-G images indicates that, at 
3  GHz, the conductance of the domain walls is higher than 
that of the surrounding domains. sMIM-C images on the other 
hand do not reveal contrast from domain walls (Figure S2, 
Supporting Information), which points to electronic origin of 
microwave conductance.[30] The average of the spectra collected 
during this applied bias (from −10 to 10 V in a triangular wave-
form) are shown in Figure 3b. The spectra feature conductance 
peaks, similar to the FORC measurements in Figure 2b. Com-
bined with imaging, these data show that sMIM-G conductance 

peaks at the polarization switching events are mainly contrib-
uted to by domain walls. By extension, tunable microwave con-
ductance is also underpinned by the properties of ferroelectric 
nanodomains mediating the switching process, rather than for 
example motion of adsorbates. Meanwhile, the sensitivity of 
the effect to detailed surface conditions is not large. In fact, the 
average sMIM-G spectra are less noisy upon decreased thick-
ness and exhibit larger signal (Figure  3c). It is likely that the 
signal improves by removing top layer, defects, or adsorbates 
accumulated over time in the as-grown film.[40]

Figure  3c summarizes the conductance signals by com-
paring their corresponding distributions obtained from sMIM 
images and spectra. To ascertain systematic comparison of dif-
ferent regions of the sample, the conductance signals observed 
for domain walls (in sMIM-G images and sMIM-G spectra) 
were normalized by subtracting the values outside the domain 
walls in images and away from switching events in spectra 
(this was done on each individual measurement prior to aver-
aging). The contributions to the sMIM-G signal are denoted by 
s.#, w.#, and d.#, where s, w, and d represent spectra (extracted 
from data similar to that shown in Figure  3b), walls (signal 
extracted from domain wall regions in sMIM images similar 
to in Figure  3a), and domains (the background signal from 
sMIM images), respectively. The thickness of the sample in 
the region is denoted by #. The violin diagrams in Figure  3c 
depict the experimental distribution of the measured values, 
which is quite broad owing to an expected stochastic distribu-
tion of defects in the film. Notably, microwave conductance of 
domain walls measured by imaging (Figure 3a) and peak values 
from spectroscopy (Figure  3b) are comparable, with values in 
spectroscopy at most a factor of two larger. This observation 
reaffirms the conclusion that injected domain walls are the 
principal contributor of tunable conductance in switching spec-
troscopy, as compared to impurities, surfaces, and other fac-
tors (though their influence cannot be completely ruled out). A 
second observation is that there is a general trend of an increase 
of sMIM-G signal with decreasing thickness (Figure 3d). If we 
treat the domain wall as a conductor, a basic interpretation of 
this result could be the domain wall acting as a conducting fila-
ment—the conductance decreases with increasing domain wall 
length between electrodes and is therefore notably smaller in 
thicker regions of the film.

Distinctly observable tunable sMIM-G conductance can 
emerge from several complementary phenomena. An impor-
tant feature of Figure  3b is that the peak conductance of the 
nanodomain junction is observed between the point at which 
polarization first switches at ≈−3.5  V, and the point before it 
back-switches at ≈+3 V,  which is uniquely revealed by the 
FORC measurement, and echoes an earlier similar meas-
urement using conductive AFM at DC.[41] This property not 
only enhances the prospects of tuning the junction by either 
bias polarity, but also fundamentally implies that the junction 
exhibits reversible ferroelectric switching properties. In par-
ticular, the configuration of the injected domain wall that maxi-
mizes conductance at negative bias polarity is first impeded 
by increasing negative bias but can be restored by appropriate 
positive polarity. The simplest picture would correspond to a 
polar nanodomain that first increases in dimensions and then 
decreases, retracting roughly to the same overall shape.

Adv. Electron. Mater. 2022, 8, 2100952
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Meanwhile, the twofold change in observed conductance 
can be qualitatively explained by a simple geometrical model, 
which considers the length of the domain wall intersecting the 
microwave probe’s contact area. Polarization reversal is initi-
ated somewhere in the contact region between the probe and 
the surface. For simplicity, we can compare two representative 
scenarios: nucleation in the center of the contact region and 
nucleation at its periphery. A schematic of the model is shown 
in Figure 3e,f. In both cases, the growth of a reversed polariza-
tion domain above the switching voltage will initially increase 
the length of the domain wall that intersects the contact area, 
and subsequently decrease it once the domain expands beyond 
the contact. In the nucleation at the center of the contact area, 
the maximum length of the domain wall in the microwave con-
tact is 2πRc, where Rc is the contact radius. The corresponding 
value for the nucleation at the periphery is ≈2.24Rc. Our refer-
ence point in Figure 3e is the conductance of the straight seg-
ment of the domain wall (of macroscopically large domains 
in Figure  3a) scanned by the tip. The corresponding length 
of the domain wall segment in that case is 2Rc. Therefore, we 

expect a ratio of ≈2–3 between maximum conductance observed 
during switching and scanning, provided the conductance 
of the domain wall is the same in both cases. This is indeed 
quite close to the experimentally observed range in Figure 3b, 
and much smaller than the one-to-three orders of magnitude 
change of local conductance predicted by thermodynamic mod-
eling as a function of domain-wall tilt.[42] One possible reason 
is that tilted domain walls are intrinsically unstable, and even 
the presence of charge compensating mechanism will quickly 
diminish their angle to attain lower energy configuration. It 
is also possible that the wall conductance observed by sMIM 
requires the wall to make contact to the bottom electrode. In 
this case, likewise, we expect to observe only a moderate tilting 
angle of several degrees relative to the polar axis and a corre-
spondingly weakly charged domain wall.[30]

To extend this basic model, we utilized finite-element mod-
eling of domain nucleation and growth, under a realistic-tip 
model with 100 nm contact radius. Although this contact area 
may be larger than those typically discussed for AFM tip–
sample geometries, in the experiments we deliberately apply 

Figure 3. Microwave conductance of domain walls in PZT film with varying thicknesses. The original PZT film (native, 100 nm) was selectively sput-
tered by oxygen plasma (as discussed by Ievlev et al.[35]), creating regions with 75 and 50 nm nominal thickness. a) sMIM-G images of an array of 
nanodomains created by applying a DC pulses on a 4 × 4 point grid arrangement on the surface area of a plasma-etched 75 nm thick film. Owing to 
locally higher microwave conductance, the domain walls are clearly seen as “doughnut” shapes. b) Averaged sMIM-G and sMIM-C spectra collected 
from the triangular bias sweep (linear voltage ramps between −10 V and +10 V), of the 50 nm thick region. The spectra show ferroelectric switching, 
registered as peaks in conductivity (sMIM-G) as well as dielectric constant (sMIM-C). c) Statistics of thickness dependent microwave conductance of 
nanodomains. The “violin” diagram shows statistical distributions of the sMIM-G signals obtained by analysis of data presented in (a) and (b) from 
three etched areas with different thickness. The diagram compares contributions to the sMIM-G signal from domain walls measured by spectroscopy 
s:# (as presented in (b)), microscopy w:# (as presented in (a)), and the background signal away from the walls measured by microscopy d:#, where 
# refers to film thickness. d) Average values and standard deviations of the respective signals in (c) as a function of thickness. e) Schematic of the 
simplified geometric model of a nanodomain nucleating and growing in the contact area between the microwave probe and the ferroelectric film. The 
dark blue circle with the radius Rc is the tip–sample contact area; brown circle with the radius Rd and the light brown circle are a growing switched 
domain nucleated at the contact area boundary. The switched domain is represented by a circular cylinder for simplicity. f) The same as (e) for domain 
nucleated at the center of the contact area.
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force to the tip in order to create a larger contact area. As seen 
in Figure 4a, in this case the domain nucleation does indeed 
initiate at the periphery of the contact, where the electric field 
is largest. Upon growth, the domain does not immediately 
obtain a cylindrical shape. Instead, it proceeds through stages 
in which it has the form of half-toroid, then dumbbell-like, and 
eventually cylindrical (see Figure S3 of the Supporting Infor-
mation for additional details). As illustrated in Figure  4b, this 
shape progression involves an increase of the domain-wall 
area in the forward direction of the FORC waveform. However, 
the domain-wall area does not monotonously decrease in the 
reverse-switching direction. Instead it proceeds through initial 
increase of the total area (at ≈−5 V) followed by a rapid decrease 
due to annihilation of the wall and reset to a domain-wall-free 
volume. This reverse transition is remarkably similar to the 
microwave conductance observed experimentally (Figures  2b 
and  3b). Therefore, finite-element modeling provides one 
possible scenario for geometric variability of the domain-wall 
conductance, tied to evolution of domain-wall shape upon 
nucleation and subsequent growth.

A stronger connection of phase-field modeling to the exper-
iment can be obtained by calculating the capacitance of the 
AFM junction. To this end, we estimated the capacitance of 
the volume incorporating the nanodomain via the 2nd deriva-
tive of the electrostatic energy (detailed in the Supporting 
Information). The dependence of small-signal capacitance 
on applied voltage calculated in this way (Figure 4c) is quali-
tatively reminiscent of the tunable capacitance–voltage char-
acteristics measured experimentally (Figure  3b). According 
to the model, the capacitance is maximized around +/− 5 V  
(Figure  4c). These values correspond to the onset of for-
ward switching (yellow nucleus in Figure  4d) and the onset 
of reverse switching (purple nucleus in Figure  4d). This is 

expected since the most polarizable ferroelectric state is the 
one where the applied field reduces the codirected polarization 
to its minimal value right before the initiation of the polariza-
tion switching. As a result, we claim that the capacitance peaks 
measured experimentally correspond to the threshold voltage 
of the initial stage of polarization switching, i.e., nucleation of 
a new nanodomain of opposite polarization. We can then also 
explain the peculiar synchronization between the sMIM-G and 
sMIM-C signals, observed on all the studied regions of the 
film. In particular, the peak of the sMIM-C signal precedes the 
peak of the sMIM-G signal in all switching spectra, as exem-
plified by Figure 3b (where the peak voltages in the sMIM-C 
are systematically smaller than in sMIM-G, see red dashed 
lines). The domain wall of the fresh nucleus does not traverse 
the film thickness (Figure 4a,d). As the nucleation progresses, 
the area of the domain wall increases, the capacitance of the 
junction drops, but the conductance starts to increase par-
ticularly when the domain wall traverses the volume of the 
film and makes contact to the bottom electrode (orange to 
red colors in Figure  4a). Therefore, within this interpreta-
tion, the peaks in the sMIM-C and sMIM-G signals essentially 
mark the onset of nucleation and the peak surface area of the 
domain wall. Finally, the increase of the peak sMIM-G signal 
with decreasing thickness also provides support for the basic 
picture of the domain wall as acting as a conductive filament 
connecting the top and bottom electrodes. In this case, the 
conductance of the filament will increase with decreasing film 
thickness, as is observed in Figure 3b. The role of the domain-
wall curvature may also be present. However, AFM does not  
provide a direct estimate of domain wall curvature. This is an 
important avenue for future research to better understand the 
possible role of wall morphology and disorder in modulation 
of conductance.[43]

Figure 4. Finite element simulation of partial polarization switching driven by FORC bias waveform applied to the AFM tip. a) Evolution of domain 
shape evolution with linearly increasing bias. b) Total area of the domain walls as a function of FORC cycle defined by increasing value of positive 
turning voltage (cycle numbers are shown in the figure; arrows point to the direction of the voltage cycle). c) Second derivative of the domain wall 
energy d2W/dV2 for polarization configurations in (b) (the first cycle has been skipped for clarity). d) Domain configuration corresponding to peak 
values d2W/dV2 in cycle 8 of (c).
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3. Conclusions

To summarize, we have observed tunable microwave conduct-
ance associated with ferroelectric switching in a nanoscale con-
tact geometry. The physical mechanism of tunable conductance 
is traced to the motion of the domain wall through the contact 
area, and the concomitant increase of the domain wall length 
in the contact. Nucleation and growth of nanodomains remains 
qualitatively similar from 25  to 100  nm film thickness. Such  
tunable junctions may provide an effective embodiment for  
neuromorphic circuitry that maintains highly resistive proper-
ties desired for ferroelectric switching, while allowing for tunable 
electronic read-out of the ferroelectric state. More generally, there 
will be additional contributions to tunable conductance arising 
from finite domain tilt or domain wall roughness. Such effects 
can feasibly be observed in thicker regions of the film where half-
prolate domain nuclei with distinct domain wall curvature will 
be long-lived. Meanwhile, simultaneous piezoelectric and micro-
wave conductance of growing nanodomains sheds new light on 
the nucleation and growth mechanisms, ultimately enabling 
new insight into motion of domain walls and the interaction of 
domain walls with the defects and interfaces.

4. Experimental Section
Thin Film Fabrication: Single-layer PbZr0.2Ti0.8O3 thin films were 

synthesized using pulsed-laser deposition. The laser was a KrF excimer 
laser (248  nm, LPX 305, Coherent), in an on-axis geometry with a 
60  mm target-to-substrate distance. Films were grown on 001-oriented 
SrTiO3 single crystals attached to a resistive heater using Ag paint. 
SrRuO3 bottom electrodes were grown from sintered ceramic targets 
at 100 mTorr of continuous O2. at 630 °C, at a fluence of 1.8 J cm−2, 
and a frequency of 14  Hz. PbZr0.2Ti0.8O3 was grown from a sintered 
Pb1.1Zr0.2Ti0.8O3 target at 200 mTorr of continuous O2. at 645 °C, at a 
fluence of 1.5 J cm−2, and a frequency of 2  Hz. Following growth all 
films were cooled to room temperature in a static oxygen 760 mTorr 
environment at 5 °C min−1.

sMIM/PFM Imaging and Spectroscopy: sMIM measurements were 
carried out through use of a ScanWave module (Prime Nano, Inc.) for 
Asylum MFP-3D atomic force microscope. The sMIM signal is comprised 
of the two parts of the complex admittance, Y  = G  + jB. Susceptance, 
B, is given by the capacitance times the applied AC frequency. The 
ScanWave module decouples the signal into sMIM-G (conductance) 
and sMIM-C (capacitance) signals. To calibrate the probe, the procedure 
of Huber  et  al. was followed,[38] with measurements taken on a SiO2 
standard sample. Simultaneous sMIM and PFM were enabled through 
a bias-tee integrated in the ScanWave module. Images and spectra were 
collected through the Asylum AFM software. Further details on the 
sMIM experiment have been discussed by Tselev et al.[30]

Finite Element Modeling: The details of finite element modeling using 
COMSOL are described in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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