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ABSTRACT 

The electrical conductivity of lithium niobate thin film capacitor structures depends on the density of 

conducting 180° domain walls, that traverse the interelectrode gap, and on their inclination angle with 

respect to the polarization axis. Both microstructural characteristics can be altered by applying electric 

fields, but changes are time-dependent and relax, upon field removal, into a diverse range of remanent 

states. As a result, the measured conductance is a complex history-dependent function of electric field 

and time. Here, we show that complexity in the kinetics of microstructural change, in this ferroelectric 

system, can generate transport behavior that is strongly reminiscent of that seen in key neurological 

building blocks, such as synapses. Successive voltage pulses, of positive and negative polarity, 

progressively enhance or suppress domain wall related conductance (analogous to synaptic potentiation 

and depression), in a way that depends on both the pulse voltage magnitude and frequency. Synaptic 

spike-rate-dependent plasticity (SRDP) and even Ebbinghaus forgetting behavior, characteristic of 

learning and memory in the brain, can be emulated as a result. Conductance can also be changed 

according to the time difference between designed identical voltage pulse waveforms, applied to top and 

bottom contact electrodes, in a way that can mimic both Hebbian and anti-Hebbian spike-timing-

dependent plasticity (STDP) in synapses. While such features have been seen in, and developed for, 

other kinds of memristors, few have previously been realized through the manipulation of conducting 

ferroelectric domain walls. 
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By definition, ferroelectrics possess a spontaneous electrical polarization, the orientation of which can be 

reversed (or switched) by the application of an external electric field.1 Switching is usually initiated by the 

nucleation of energetically favorable domains (regions within the ferroelectric in which polarization is 

uniform and reasonably coaligned with the applied field). These domains grow, while energetically 

unfavorable ones shrink and eventually disappear, to allow full polar reorientation to occur.2-6 The entire 

switching process is necessarily accompanied by the injection, movement, and eventual annihilation of 

domain walls (interfaces between differently oriented domains). The domain wall density changes 

dramatically and dynamically throughout the switching process; it is at a minimum in the fully poled state 

and is maximized when “half-poled” states are induced (when the volumes of field-aligned and field-anti-

aligned domains are the same). Thus, the influence of domain walls on the properties of a ferroelectric 

are most obvious in microstructures induced after the application of voltages which correspond to the 

coercive fields for the specific ferroelectric concerned. 

In contrast to the insulating bulk, domain walls in ferroelectrics can be very good electrical 

conductors7-18 (even superconductors19). In many cases, conductivity depends on the local divergence 

of the polarization (or magnitude of the polar discontinuity perpendicular to the wall).10, 20 In 180° head-

to-head walls in LiNbO3 (LNO) this is certainly the case and conductivity can vary by many orders of 

magnitude, depending on the angle the wall makes with respect to the polarization vector.16 

When switching LNO-based thin film capacitors (such as the one represented schematically in figure 

1(a)), there are hence two features of the microstructure that strongly affect the instantaneous device 

conductance: firstly, the density of the domain walls that straddle the interelectrode gap and secondly, 

the inclination angle of the domain walls away from the polarization axis. Both can be controlled by 

applied electric fields16, 21-23; both involve microstructural changes, that develop over time, and, in both 

cases, field-induced changes will relax to some extent, after the applied field has been removed. The 

field-time kinetics associated with these aspects of microstructural development and relaxation in thin 

film LNO have yet to be properly quantified, but it is clear that their combined impact on the overall 

electrical conduction response will be complex. 

Fig. 1(c) illustrates the point: the dc conductance of a parallel-plate capacitor incorporating a 500nm 

thick ion-sliced single crystal layer of LNO (with polarization axis perpendicular to the electrode-

ferroelectric interface) is measured under an applied potential difference of +5V, after other individual 

voltage pulses, 50ms in duration, have been used to induce different partially switched microstructures 

(with different densities of conducting domain walls). Two characteristic peaks are observed, as seen in 

previous work21. These peaks develop around the coercive voltages in the ferroelectric switching cycle 

of the LNO film, explicitly evidenced by the superposed Switching Piezoresponse Force Microscopy 

(SSPFM) phase hysteresis loop (figure 1(c)) and the domain microstructures imaged around and away 

from the coercive voltage (figure 1(b)). Importantly, the magnitudes of the conductances induced by 
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applying positive and negative coercive voltages differ. This is because a notionally positive voltage, in 

our experimental configuration, simultaneously induces switching and increases the inclination angle of 

the 180° head-to-head domain walls23; a notionally negative voltage, on the other hand, causes switching 

in the opposite sense but simultaneously decreases the domain wall inclination angle23.  Thus, negative 

coercive voltages are associated with lower conductivities as, although the domain wall densities are 

expected to be identical to those developed by positive coercive voltages, the domain wall inclination 

angles are reduced. 

Similar complexity occurs when varying the dc voltage used to “read” the conductance state of the 

ferroelectric microstructure, after larger switching voltages have already been applied. Fig. 1(d) shows 

the current-voltage characteristic associated with microstructures developed at the coercive voltages. As 

can be seen, the measured current is extremely strongly asymmetric with respect to the polarity of the 

applied “read” voltage. Previous work23,24 has shown this effect and established that this is associated 

with a small section of the domain wall below the top electrode (~50-100nm in length) acting as an 

electrical switch: aligning with the polarization axis for small negative voltages (and therefore breaking 

the conduction pathway) and then progressively increasing the inclination angle, as increasing positive 

voltages are applied (to re-establish percolative current pathways). Over time, without any positive field 

applied, we have observed that this short subsurface section of domain wall relaxes back to become 

parallel to the polarization once more such that, after several days, conduction needs to be “woken-up” 

by applying a modest positive “read” voltage. This rich variation in the domain wall density and inclination 

angle, as a function of applied voltage and time, clearly leads to strongly history-dependent conductance. 

For conventional memory devices, this can be a problem. However, for neuromorphic applications it can 

be advantageous, as the processes that underpin biological synaptic and neuronal behavior are not 

strictly deterministic.25 

Fig. 2(a) plots the conductance (using a “read” bias of +5V) as a function of the cumulative number 

of successively applied 50ms voltage pulses (1000 in a positive sense followed by 1000 in a negative 

sense). Clearly, the conductance levels progressively and asymptotically increase, showing plasticity, as 

the number of positive voltage pulses increases, and then asymptotically decrease with the cumulative 

number of negative pulses. Real synaptic potentiation and depression are similar in form to that seen in 

Fig. 2(a), but they are characteristically symmetric and linear26: the increase in conductance at each 

successive positive pulse should mirror the decrease at each successive negative pulse. Using bias 

levels that are significantly below the coercive voltage leads to a strongly asymmetric response, with an 

abrupt initial conductance reduction. However, this becomes more gradual, and the overall behavior 

becomes more symmetric, when near-coercive voltages are used. Indeed, if voltage pulses are also 

“stepped”, such that they become progressively larger in magnitude as potentiation and depression 

proceed27, then conductance changes can be forced to become more linear in form (figure 2(b)). 
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Fig. 2(c) illustrates the progressive reduction in conductance over time, after an initial state has been 

set. Although the conductance decreases significantly in the first few seconds, different conductance 

levels persist over extended times; different degrees of “long-term” synaptic potentiation28 can hence be 

realized by applying increasing levels of sub-coercive and super-coercive voltages (the domain wall 

density increases from +8 to +12V, is maximized at about +19V and then decreases as the ferroelectric 

switching of the LNO tends to completion). Interestingly, the rate at which conductance states relax does 

not solely depend on the initial conductance (compare 12V and 20V in Fig. 2(c)). Using PFM imaging, 

we have monitored the changes in the positions of the surface traces of domain walls during this period 

of conductance state relaxation. As has been seen previously23, changes in domain wall locations at the 

top surface can be used to infer changes in the inclination angles of the walls in the 50-100nm subsurface 

region just below the electrode. Assuming inclination changes at 50nm below the surface, we have 

converted observed domain wall shifts into expected changes in the wall inclination angle with respect to 

the polar axis. The sine of this angle is proportional to the magnitude of the polar discontinuity at the wall 

and hence to the wall conductivity16. Such a relationship is firmly seen in figure 2(d), where both the 

inferred wall angle and the measured conducting Atomic Force Microscopy (cAFM) current at the wall 

are plotted as a function of time. Both show non-linear relaxation dynamics commensurate with those 

seen in figure 2(c).   

Given the strong reduction in conductance over short times, the rate at which potentiation develops 

(conductance of the parallel-plate device increases), as a function of the cumulative number of positive 

voltage pulses applied, should clearly be expected to depend on the pulse frequency and the associated 

time between pulses during which the conductance state will decay. This is indeed the case, as is 

illustrated in Fig. 3(a). Here it can be seen that the conductance of the LNO film roughly doubles from its 

initial state after exposure to a train of sixty 50ms, +10V pulses delivered at a frequency of 0.1Hz (with 

9.95s delay between pulses); at a higher frequency of 10Hz (with only 50ms delay between pulses) the 

corresponding increase is more than a factor of five. Spike-rate-dependent plasticity (SRDP) is the term 

used for this kind of response in biological synapses.28  

Fig. 3(c) illustrates another feature related to the plasticity and relaxation of the conduction behavior 

that can be seen in neurological systems. It shows the conduction level, as a function of time, after a 

burst of pulses is periodically and repeatedly applied to the capacitor structure. The conductance decays 

between pulse trains, but to a progressively higher level each time and with a decay function that changes 

in form, illustrated in Fig. 3(b), by the progressive increase of the characteristic decay time (𝜏𝜏), obtained 

by fitting the conductance 𝐺𝐺(𝑡𝑡) to a stretched exponential 𝐺𝐺(𝑡𝑡) = 𝑘𝑘𝑒𝑒−�𝑡𝑡 𝜏𝜏� �
𝛽𝛽
 (where 𝑡𝑡 is time, and 𝑘𝑘 and 𝛽𝛽 

are fitting constants).29 The reduction in conductance, after a state has initially been set, can be likened 

to a “forgetting” of the state, while resetting it can be thought of as a “revision” of the initial information. 

Clearly, the domain wall system “forgets” its initial state progressively more slowly after each “revision”, 
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as the time constant progressively increases. This strongly mirrors the Ebbinghaus forgetting behavior 

characteristic of learning in the human brain.30 

Another conductance response, that is linked to the domain wall density in the LNO, is illustrated in 

Fig. 4 and is strongly reflective of a kind of synaptic behavior called spike-timing-dependent plasticity 

(STDP).31 Here, designed composite voltage spikes (after Boyn et al.32) with a positive top-hat section 

(amplitude +𝑉𝑉spike) conjoined to a negative linear ramp (maximum amplitude −𝑉𝑉spike)  are supplied to both 

the top and bottom electrodes in the thin film capacitor structure (Fig. 4(a)). The potential difference 

dropped across the ferroelectric layer then depends on the timing difference (Δ𝑡𝑡) between top and bottom 

electrode stimulation. When applied at the same time (Δ𝑡𝑡 = 0), the voltage function experienced by the 

electrodes is identical and no potential difference develops. However, with slight positive values of Δ𝑡𝑡, a 

time-varying potential difference does result with a maximum amplitude of −2𝑉𝑉spike. This maximum bias 

exposure decreases in magnitude, as Δ𝑡𝑡 increases, until the pulses are completely separated in time. 

The converse is also true: slight negative values of Δ𝑡𝑡 will generate peak amplitudes of +2𝑉𝑉spike that will 

reduce as Δ𝑡𝑡 becomes progressively more negative. 

Concentrating the discussion on small positive values of Δ𝑡𝑡, the impact of the associated net negative 

spike potential, in causing an overall conductance change, depends on the way in which the domain 

states are initially configured. To create a Hebbian response31 (Fig. 4(c)), the capacitor structure is first 

fully poled into a positive polar state (by applying +50V for 1s) and then partially poled in a negative sense 

(at -19V for 1s). Using 𝑉𝑉spike values of between 10.5V and 13V causes the capacitor structure to then 

experience peak potential differences of between -21V and -26V. This increases the domain wall density, 

as switching levels closer to those associated with the negative coercive voltage (-33V) develop and 

thereby increase the conductance levels generated in the LNO (Fig. 4(b)). Conversely, for small negative 

values of Δ𝑡𝑡, changing the  𝑉𝑉spike values between 10.5V and 13V causes peak bias levels of between 

+21V and +26V to occur. Such positive voltages simply re-establish the positive polar monodomain state 

in the capacitor, reducing the domain wall density and thus also reducing the device conductance. 

To create anti-Hebbian behavior31 (Fig. 4(d)), the capacitor structure is first fully poled into a negative 

polar state (-50V for 1s) and then partially poled in a positive sense (at +11V for 1s). This creates a 

domain structure in which the domain wall density can be further increased by a larger positive bias (the 

case for small negative Δ𝑡𝑡) or decreased by a negative bias (with small positive Δ𝑡𝑡). Commensurate 

conductance changes are observed using 𝑉𝑉spike magnitudes of between 5.5V and 8V, which result in 

pulse bias magnitudes of between 11V and 16V experienced by the thin film capacitor, which either push 

the microstructure to increase or decrease domain wall densities (Fig. 4(b)). The capability of a single 

device to replicate both Hebbian and anti-Hebbian responses in synapses31 is, we believe, particularly 

noteworthy. 
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In any form of device, repeatability and endurance in functional response are important. We have 

performed a number of experiments, in which the synaptic-like responses associated with the domain 

walls in the thin film LiNbO3 capacitor structures described above have been probed after microstructural 

states have been set and reset up to 1000 times. In most aspects of response, no noticeable fatigue was 

observed and properties were strongly repeatable (maximum variations in conductance of the order of 

+/- 10% were observed). 

In summary, in a study of single crystal LNO thin film capacitor structures, we have demonstrated 

that the complex manner in which the density and orientation of conducting domain walls changes with 

applied voltage and time can be harnessed to emulate a number of behavioral features seen 

predominantly in biological synapses. Asymptotic development of overall conductance, as a function of 

the cumulative number of applied voltage pulses, allows for behavior analogous to synaptic potentiation 

and depression; equally, the kinetics of conductance relaxation, after applied fields have been removed, 

has been shown to enable responses analogous to spike-rate-dependent plasticity and Ebbinghaus 

forgetting behavior. Perhaps most notably, we have also seen that by changing the initial state of partially 

switched ferroelectric microstructures in the LNO films, timing differences between voltage functions 

applied to both top and bottom electrodes can lead to conductance responses analogous to both Hebbian 

and anti-Hebbian spike-timing-dependent plasticity. Of course, other memristive devices have been 

developed to generate similar behaviors, but this is the most comprehensive demonstration to date using 

conducting ferroelectric domain walls; it suggests that domain wall nanoelectronics might be potentially 

useful not just in conventional logic devices, but also in neuromorphic ones. 
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Figure 1. Complexity in the dc conductance response in lithium niobate thin film capacitors | A schematic 
cross section of the parallel plate capacitor structure (a) in which a mixed domain microstructure and charged 

domain walls are evident. Switching voltage-induced changes in the number density of conducting head-to-head 

domain walls that connect top and bottom electrodes and the wall inclination angles lead to an asymmetric 

double-peak response in device conductance (c). Peak conductances develop around coercive voltages (c), 

evidenced by both Switching Spectroscopy Piezoelectric Force Microscopy (SSPFM) phase hysteresis loops (c) 

and piezoelectric force microscopy (PFM) images (b), showing almost equal number of up and down polarized 

domains around the coercive voltage. In addition, the domain wall inclination angle in ~50-100nm regions of the 

domain walls adjacent to the top electrode can be altered dramatically, even using modest applied “reading” 

voltages. This generates a diode-like current-voltage response, obtained after partial switching of the capacitor 

using coercive voltages (either +19V or -33V) (d). For the conductance data shown in (c), after fully poling into 

either the positive or negative monodomain state, 50ms voltage pulses increasing in magnitude in 1V steps were 

applied and associated conductance states were measured at +5V (for 50ms). For the diode-like current-voltage 

response (d), after setting conductance peaks (+19 and -33V), current was recorded while sweeping the 

measurement voltage from -5 to 5V in 0.1V steps (using 50ms pulses). After switching pulses of -33V and +19V 

had been applied, the dc currents measured at a reading voltage of +5V varied slightly, depending on whether 

a single +5V read pulse (Fig. 1(c)), or a series of reading pulses sweeping from -5V to +5V (Fig. 1(d)), were 

used.  
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Figure 2. Plasticity and zero field decay of device conductance with time | Potentiation and depression 

behavior in the conductance of the lithium niobate capacitors, as a function of the number of successive 50ms 

voltage pulses applied (a) at magnitudes indicated in the figure; the form of the behavior changes slightly, as 

the pulse voltage magnitude increases, to progressively better resemble the symmetric behavior of biological 

synapses (1000 positive pulses were followed by 1000 negative pulses and conductance was measured at 5V 

after each 50ms pulse application). If the pulse magnitude is increased in small steps up to the final voltages 

shown (b), response becomes more linear. The conductance of the capacitors changes through time after a 

train of 100 “set” 50ms voltage pulses have been applied and stopped (c) (initial conductance levels are shown 

at t = 0s and conductance was recorded at 5V in 2s intervals over 50ms). The sine of the change in subsurface 

domain wall angle is proportional to the wall conductivity (d). This is confirmed by the correlation between time 

dependencies of the expected wall angle (determined from the wall position at the top surface of the LNO) and 

the integrated wall current (obtained from conductive atomic force microscopy (cAFM) scans). 
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Figure 3. Emulating both synapse and brain characteristics | The rate of increase of the conductance 

of the thin film capacitors, as a function of the number of (10V, 50ms) pulses applied, depends on the 

frequency of their application (a). This emulates spike-rate-dependent plasticity seen in real synapses. 

After partial switching (by applying 100 (10V, 50ms) pulses), the conductance (measured using +5V, 50ms 

pulses) of the capacitor decays over time (c). However, when additional subsequent pulses are applied, 

the time constant characteristic of the conductance decay changes (b). This form of response emulates 

Ebbinghaus forgetting behavior, characteristic of human memory (memory in the brain). Conductance 

levels were normalized to the initial conductance level (Ginit) obtained immediately after each learning or 

“revision” event. Data points were fitted to stretched exponential curves (𝐺𝐺(𝑡𝑡) = 𝑘𝑘𝑒𝑒−�𝑡𝑡 𝜏𝜏� �
𝛽𝛽
), with the same 

values for 𝑘𝑘  and 𝛽𝛽 (1 and 0.15) in all cases.  
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Figure 4. Emulating Hebbian and anti-Hebbian Spike-Timing-Dependent Plasticity (STDP) | A 

schematic showing the experimental setup used for STDP measurements (a), including a schematic of 

the form of the voltage pulses used. A train of 5 pre- and post-spike voltage waveforms were applied to 

top and bottom electrodes with a time difference of ∆t between them and the resultant conductance was 

measured. Both Hebbian (c) and anti-Hebbian (d) STDP responses could be seen, depending on the 

initial microstructural state set: either that associated with the -19V state, or that associated with the 

+11V state, as illustrated in (b). The effects of time-separated voltage spikes on the conductances 

associated with these states at ∆t = 1 and -1s are indicated with blue-purple and yellow arrows.  

 


