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ABSTRACT: Halide perovskites have demonstrated both short-term and long-term synaptic plasticity behaviors through various physical
mechanisms, making them suitable for neuromorphic electronics. However, most studies rely on distinct materials or device architectures
optimized for a single mechanism, limiting the realization of both forms of synaptic plasticity within a unified material system. Here,
we report ionic-ferroelectric halide perovskite (IFHP) artificial synapses that integrate two fundamentally different resistance-switching
processes within a single material. This functionality is enabled by the ferroelectric Dion-Jacobson perovskite (4-AMP)Pbl, (4-AMP =
4-(aminomethyl)piperidinium), which exhibits ion-migration-dominated behavior below the coercive voltage (Vc ~ 3.5 V) and ferroelec-
tric polarization switching above. Accordingly, the device exhibits volatile paired-pulse facilitation without stable non-volatile memory
retention under sub-coercive stimulation, while exhibiting stable non-volatile memory above Vc. The ferroelectric-polarization-driven
long-term plasticity is further supported by extended retention over 2 x 10*s, cycling operation, and device-to-device reproducibility. In
addition, the IFHP artificial synapse emulates bio-inspired associative learning and nociceptive sensory functions, highlighting its poten-
tial as neuromorphic hardware. These results establish a single-material pathway for voltage-programmable mixed plasticity, addressing
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a key challenge in halide perovskite neuromorphic hardware.

1. INTRODUCTION

euromorphic electronics implement artificial neural net-

works through distributed, event-driven, and locally adap-
tive dynamics, offering a pathway toward energy-efficient,
scalable, and parallel information processing beyond conven-
tional computing architectures [1-3]. Artificial synaptic de-
vices serve as core elements of neuromorphic hardware by
physically modulating ionic or electronic conductance states to
emulate short-term and long-term plasticity, thereby enabling
in situ memory-processing integration, temporal signal accu-
mulation, adaptive weight updating, and energy-efficient, bio-
logically inspired computation beyond the von Neumann archi-
tecture [4—6].

Halide perovskites have recently emerged as compelling
active materials for artificial synaptic devices owing to their
defect-tolerant band structure, intrinsically coupled ionic-
electronic transport, and wide compositional and dimensional
tunability [7,8]. This unique material-level functionality col-
lectively enables low-voltage, analog and history-dependent
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conductance modulation through controlled ion migration and
interfacial polarization dynamics, thereby establishing halide
perovskites as a versatile materials platform for energy-efficient
synaptic devices and neuromorphic systems [7,8]. Despite
these advantages, the applicability of halide perovskites
to neuromorphic systems requires intrinsic coexistence of
volatile short-term plasticity (STP) and non-volatile long-term
plasticity (LTP), which together provide a physical basis for
cooperative learning dynamics across multiple timescales.

To achieve this, diverse switching mechanisms, including
metal or halide ion migration [9-12], vacancy-induced in-
terfacial doping [13], and ferroelectric polarization switch-
ing [14, 15], have independently enabled either STP or LTP.
However, most demonstrations to achieve STP and LTP still de-
pend on separate materials or device architectures specifically
engineered for a single mechanism, limiting the implementa-
tion of both STP and LTP modes of synaptic plasticity within a
unified and compact platform.

Here, we demonstrate ionic-ferroelectric halide perovskite
(IFHP) artificial synapses integrating volatile ion migra-
tion and non-volatile ferroelectric switching mechanisms
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FIGURE 1. Concept of dual plasticity in the IFHP synaptic device. (a) Schematics of IFHP material and device. (b) A cross-sectional SEM image
displays the ITO/PEDOT:PSS/(4-AMP)Pbls/Au device. (c) Schematic illustration of bias-dependent mechanisms, where ion migration dominates
under sub-coercive bias to produce STP, while ferroelectric polarization switching above the coercive voltage induces LTP.

in a single device. This dual-mode synaptic plasticity was
enabled by employing the ferroelectric Dion-Jacobson 4-
(aminomethyl)piperidine lead iodide [(4-AMP)Pbl, (4-AMP
= 4-(aminomethyl)piperidinium)] halide perovskite, in which
volatile halide ion and vacancy migration dominate below the
coercive voltage (Ve ~3.5V) whereas ferroelectric polariza-
tion switching is activated above this voltage threshold (Fig. 1).
The coexistence of these two voltage-dependent mechanisms
enables short-term plasticity without non-volatile retention
under sub-coercive voltage conditions and a voltage-dependent
increase in residual memory under supra-coercive stimulation.

2. RESULTS AND DISCUSSION

With this ionic-ferroelectric halide perovskite (IFHP), a two-
terminal artificial synapse was fabricated using a vertically
stacked structure consisting of an indium tin oxide (ITO) bot-
tom electrode, a PEDOT:PSS buffer layer, a 2D ferroelectric
halide perovskite active layer, and a gold (Au) top electrode
(Figs. 1(a) and 1(b)). In this architecture, the Au top electrode
functions as the presynaptic terminal, receiving voltage spikes
associated with external stimuli, while the ITO/PEDOT:PSS
bottom electrode serves as the postsynaptic node where the ex-
citatory postsynaptic current (EPSC) is monitored.

For characterization, the IFHP films fabricated on glass sub-
strates were prepared by spin-coating a [(4-AMP)Pbl,] solution
in N,N-dimethylacetamide (DMA) on the desired substrate fol-
lowed by thermal annealing to promote solvent removal and
crystallization. Details of [(4-AMP)Pbl4] synthesis and coat-
ing procedures are described in Methods.

We first characterized [(4-AMP)Pbl,] film morphology us-
ing scanning electron microscopy (SEM) and atomic force mi-
croscopy (AFM). SEM imaging reveals formation of a dense
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film composed of closely packed grains (Fig. 2(a)). AFM anal-
ysis with a line scan profile corroborates the presence of distinct
grains and a smooth surface topography with an RMS surface
roughness value of 9.34 nm (Fig. 2(b)).

To examine the ferroelectric phase of (4-AMP)Pbl,;, we
first analyzed the X-ray diffraction (XRD) pattern of the as-
synthesized (4-AMP)Pbl, powder (Fig. 2(c)). The experimen-
tal diffraction peaks show agreement with the simulated pat-
tern of monoclinic (4-AMP)Pbly, indicating that the synthe-
sized compound is consistent with the well-established polar
crystal structure associated with ferroelectric behavior [16].

We then investigated the structural characteristics of the spin-
coated films using XRD (Fig. 2(d)). The diffraction pattern of
the film exhibits a distinct low-angle (100) reflection, which is a
characteristic of layered Dion-Jacobson 2D perovskites and in-
dicates preferential out-of-plane stacking of the inorganic lay-
ers [16]. The presence of this reflection suggests that the lay-
ered perovskite framework is preserved after solution process-
ing and that the films maintain the structural anisotropy re-
quired for out-of-plane polarization, while XRD provides struc-
tural evidence consistent with the ferroelectric phase.

To further confirm the formation of the perovskite thin film,
UV-Vis absorption spectroscopy was performed (Figs. 2(e)
and 2(f)). The film exhibits an absorption onset in the visi-
ble region at 530 nm. The optical band gap was estimated from
the absorption edge using the Tauc relation for a direct transi-
tion, yielding a value of 2.34 eV. This value is consistent with
previously reported values for ferroelectric (4-AMP)Pbl, [16],
confirming the optical properties of the fabricated film.

To investigate the onset of ion migration in the IFHP film, we
measured the voltage-dependent capacitance characteristics in
the range of 1-10° Hz (Fig. 2(g)). In the 1-10 Hz range, where
ionic contribution is most pronounced, the capacitance values
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FIGURE 2. Structural, optical, and ionic characterization of (4-AMP)Pbly thin films. (a) Scanning electron microscopic image and (b) atomic force
microscopy (AFM) topography image of the (4-AMP)Pbl, thin film. Scale bars: (a) 200 nm and (b) 500 nm. (c¢) XRD patterns of as-synthesized
single crystal powder (top) and the simulated result of the ferroelectric (4-AMP)Pbls phase (bottom). (d) XRD pattern of the spin-coated thin film.
(e) UV-Vis absorbance spectrum of a (4-AMP)Pbl4 thin film. (f) Tauc plot derived from the absorbance data, yielding an optical band gap of 2.34eV
assuming a direct allowed transition. (g) Capacitance-frequency (C-F) measurements at different voltages.

at 1 Hz for 0.01V, 0.2V, and 0.5V remain nearly identical at
approximately 6 nF, indicating that the ionic species are not suf-
ficiently activated under these low-bias conditions. However,
once the applied bias reaches 0.8 V, the capacitance increases
to ~9nF, representing the initial deviation from the baseline
and suggesting the onset of field-activated ionic displacement
within the dielectric or active layer. At 1.1V, the capacitance
sharply rises to ~19 nF, suggesting significant ionic redistri-
bution and interfacial polarization within the IFHP film. This
voltage-dependent transition identifies ~0.8 V as the onset volt-
age at which ion migration begins to contribute to the overall
capacitance response. The strong increase at higher bias fur-
ther supports the bias-driven ionic mobility characteristic of a
mixed ionic-electronic system.

To quantify the ferroelectric behavior of (4-AMP)Pbl, films,
we first employed the Positive-Up-Negative-Down (PUND)
method to extract the intrinsic polarization response (Figs. 3(a)
and 3(b)). The PUND sequence allows separation of ferroelec-
tric switching charges from non-switching capacitive or leak-
age contributions, thereby enabling the reliable determination
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of positive and negative remnant polarization values, P, and
P, respectively [17, 18]. In this method, the effective polariza-
tion is calculated by comparing the charge density generated by
the switching pulse (P-pulse) with that generated by the subse-
quent non-switching pulse (U-pulse). The difference between
these two quantities directly represents the reversible polariza-
tion associated with dipole reorientation. By integrating the
current response during each pulse, we obtained the charge per
unit area for the P-pulse (Q p) and U-pulse (Q). Subtracting
these values yielded a switchable polarization window defined
by P, — Pf = Qp — Q, = 1.09 pCcm~2, confirming fer-
roelectric switching in the film. Notably, a spontaneous polar-
ization of 9.8 uC cm™~2 has been reported for the single-crystal
form [16], confirming the intrinsically ferroelectric nature of
this material system. More broadly, representative 2D Dion-
Jacobson and Ruddlesden-Popper halide perovskites reported
in the literature exhibit polarization values over a broad range,
within which the present system falls. Although the measured
polarization is reduced in the thin-film form, it remains suffi-
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FIGURE 3. Ferroelectric characterization of (4-AMP)Pbl, thin films. (a) Schematic illustration of the Positive-Up—Negative-Down (PUND) pulse
sequence used to separate switching and non-switching polarization components. (b) Extracted polarization response from PUND measurements,
yielding P — P of 1.09 uCcm™2. (c) Out-of-plane piezoresponse force microscopy (PFM) phase mapping and phase distribution histogram.
Scale bar: 500 nm. (d) Corresponding PFM amplitude mapping. Scale bar: 500 nm. (e) Local PFM switching spectroscopy amplitude loop. (f)
Corresponding phase hysteresis loop showing abrupt 180° switching at the V¢.

cient for the intended synaptic operation, thereby supporting the
validity of the present synaptic device system (Table S1).

To visualize the presence and spatial coherence of ferro-
electric polarization, we conducted out-of-plane piezoresponse
force microscopy (PFM). The amplitude and phase mappings
reveal the electromechanical response induced by the inverse
piezoelectric effect, allowing nanoscale visualization of ferro-
electric domains. The phase image and corresponding phase
distribution histogram (Fig. 3(c)) display a nearly uniform
phase contrast across the scanned area, with a narrow Gaussian-
like distribution centered near —90°, suggesting a predominant
out-of-plane polar orientation. Such unimodal phase distribu-
tion is typical of films possessing vertical ferroelectric polar-
ization; in contrast, centrosymmetric or paraelectric materials
typically show a broad, random distribution across the 0—-180°
range [19,20]. The amplitude mapping (Fig. 3(d)) also shows
a relatively uniform electromechanical response, which is con-
sistent with the presence of a well-aligned polar state.
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Local switching spectroscopy PFM measurements were
then performed to probe nanoscale polarization reversibility
(Figs. 3(e) and 3(f)). The applied tip bias was swept from +7V
to —7V and then back to 47 V while simultaneously recording
amplitude and phase hysteresis loops. The amplitude signal
exhibits a characteristic butterfly-shaped curve associated
with ferroelectric switching, reflecting the electromechanical
response change during polarization reversal near the coercive
biases [19,20]. Correspondingly, the phase loop displays a
square-like hysteresis behavior with abrupt 180° switching at
coercive voltages (V¢) of approximately —4V and +3.5V.
These features confirm domain switching driven by an external
electric field and unambiguously establish the ferroelectric
nature of (4-AMP)Pbl, layers. The combination of well-
defined switching, coercive fields, and reproducible hysteresis
loops demonstrates that the dipole orientation is stable yet
electrically reversible. Consequently, the combined PUND and
PFM results confirm intrinsic and switchable ferroelectric po-
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FIGURE 4. Voltage-programmable dual synaptic plasticity in the IFHP device. (a) EPSC responses under different presynaptic voltages. (b) Quan-
titative EPSC change as a function of presynaptic voltage. (c) EPSC responses to five consecutive presynaptic spikes at 2.0 and 3.0 V, showing
voltage-dependent STP potentiation. (d) Spike index as a function of spike voltage, indicating the emergence of STP potentiation in the 1-3 V
range. (e) Current levels before and after spike stimulation, showing enhanced post-spike current at higher voltages. (f) LTP response induced by
a 5V spike train, exhibiting non-volatile retention after programming. (g) Long-term retention of the potentiated current state monitored at a read

bias of 50 mV.

larization in the (4-AMP)Pbly thin films, where the V¢ marks
the transition from ion-migration-dominated sub-coercive
modulation to ferroelectric-polarization-dominated switching
associated with the non-centrosymmetric monoclinic Pc phase.

The IFHP device exhibits voltage-dependent synaptic plas-
ticity (Fig. 1(c)). At presynaptic spike amplitudes below the
Ve ~ 3.5V, the EPSC increases during spike stimulation but
rapidly decays back to its baseline after the stimulus is removed,
indicating volatile conductance modulation. In contrast, when
the presynaptic bias exceeds Vi, the EPSC remains elevated
after stimulation, demonstrating non-volatile synaptic weight
updates. These distinct behaviors originate from two different
mechanisms operating at separate voltage regimes: reversible
ion migration dominating below V(. and ferroelectric polariza-
tion switching activated above V.

The voltage-dependent EPSC modulation quantitatively re-
veals a clear transition in memory behavior across V¢ (Figs. 4(a)
and 4(b)). At sub-coercive biases of 2.5V and 3.0V, the
EPSC change 30 seconds after voltage spike applications shows
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97.67% and 100.09%, respectively, indicating negligible LTP
and predominantly volatile conductance modulation. At 3.5V,
which corresponds to the coercive voltage identified from PFM
measurements, the EPSC change increases to 109.65%, mark-
ing the onset of a non-volatile contribution. Above this thresh-
old, a significant enhancement in memory retention is observed,
with EPSC change increasing sharply to 148.57% at 4.0 V and
237.16% at 4.5V. This amplification beyond 3.5V demon-
strates that V- serves as a physical threshold separating two dis-
tinct operating regimes; below the threshold, conductance mod-
ulation is governed by reversible ion migration leading to STP,
whereas above the threshold, ferroelectric polarization switch-
ing is activated, resulting in stable LTP with significantly en-
hanced memory retention. These results show that the applied
voltage determines the dominant mechanism, where the V¢
functions as a threshold separating ion-migration-driven tran-
sient modulation from polarization-driven persistent memory,
thereby enabling dual plasticity within a single material plat-
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form suitable for both sensory processing and computing func-
tions [5,21].

The repeated 3 V-5V spike-train measurements further
clarify the coupling between the two plasticity mechanisms
(Fig. S1). Before ferroelectric programming, the 3V spike
train produces a transient potentiation response, consistent
with sub-coercive ion migration and volatile interfacial field
modulation (Fig. S1(a)). In contrast, after the 5V spike train
updates the device into a ferroelectric LTP state, the subsequent
3 V stimulation induces only negligible additional potentiation,
while the retention current generated by the 5V update is
preserved (Fig. S1(a)). This behavior suggests that, under the
present pulse condition, the ferroelectric-polarization-induced
internal field appears to dominate the post-programmed
conductance state, making the effective contribution of ionic
modulation less pronounced than that of the ferroelectric-
polarization-induced field (Fig. S1(b)). Because the 3V
pulses remain below the coercive voltage, they are unlikely
to substantially alter the remnant polarization, which may
explain why the LTP retention is not significantly affected by
subsequent STP-level stimulation (Fig. S1(b)). These results
suggest a coupled ferroelectric-ionic operation rather than
completely independent mechanisms: ion migration primarily
contributes to volatile STP before ferroelectric programming,
whereas ferroelectric polarization mainly governs the non-
volatile LTP state after supra-coercive stimulation and reduces
the observable ionic STP modulation.

Voltage-dependent STP characteristics of the IFHP artifi-
cial synapse were investigated by applying five consecutive
presynaptic spikes with different amplitudes (Figs. 4(c)—(e) and
Fig. S2). At low spike voltages below 1V, the device showed
only weak EPSC modulation with spike indices close to unity,
indicating negligible spike-dependent potentiation and no clear
evidence of synaptic plasticity. In contrast, clear potentia-
tion emerged when the spike voltage reached 1V, where the
spike index increased to 1.04, and further increased gradually
to 1.12 and 2.01 at 2 and 3V, respectively (Fig. 4(d)). Further-
more, the retained current also increases with the input volt-
ages (Fig. 4(e)). This voltage-dependent enhancement indicates
that sufficient sub-coercive bias activates reversible ion migra-
tion and transient interfacial accumulation, enabling short-term
synaptic potentiation. Therefore, the 1 to 3 V regime is suitable
for ion-migration-driven STP operation in artificial synapses,
whereas lower voltages are more appropriate for non-synaptic
readout operation.

To evaluate the cycling behavior of ion-migration-driven
STP, repetitive 2 V spike trains consisting of five spikes were
applied to the IFHP device (Fig. S3). During the first 10 cy-
cles, the EPSC responses were well preserved, showing re-
producible spike-dependent potentiation and relaxation. This
result indicates that sub-coercive stimulation can reliably in-
duce volatile STP through reversible ion redistribution in the
perovskite film under repeated operation. After extended cy-
cling beyond 100 cycles, the overall EPSC level gradually in-
creased. This trend suggests that repeated stimulation may in-
duce a slight cumulative change in the ionic or interfacial state
of the halide perovskite film, such as partial ion accumulation,
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defect-assisted interfacial doping, or a gradual decrease in the
injection barrier. Nevertheless, the stable STP behavior during
the initial cycling regime confirms the feasibility of reversible
ion-migration-based short-term plasticity.

To evaluate ferroelectric-polarization-driven LTP and its
device-to-device reproducibility, 5V spike trains consisting
of 20 pulses were applied to multiple IFHP devices, and the
resulting EPSC responses were monitored at a read bias of
50mV (Fig. 4(f) and Fig. S4). All measured devices exhibited
a pronounced current increase during programming, followed
by a retained current after removal of the spike train, con-
firming the formation of non-volatile potentiated states. The
extracted EPSC change at ¢ = 40s was 1335 &£ 360% across
10 different devices, indicating reproducible ferroelectric-
polarization-driven LTP in solution-processed IFHP thin-film
devices. Although device-to-device variation remains, it is
reasonable for proof-of-concept perovskite thin-film electron-
ics and can be further reduced by optimizing film thickness,
crystallinity, grain structure, defect density, substrate surface
treatment, electrode/transport-layer interfaces, device geom-
etry, and encapsulation. These results support the feasibility
of reproducible non-volatile synaptic weight modulation in
the IFHP artificial synapse, while further process optimiza-
tion is expected to improve device uniformity for practical
neuromorphic hardware applications.

To evaluate the cyclic LTP behavior of the IFHP device, re-
peated voltage spike trains were applied (Fig. S5). Each stimu-
lation cycle consisted of 100 consecutive voltage pulses with an
amplitude of 5V and an inter-pulse interval of approximately
0.18 s, corresponding to a total stimulation duration of approxi-
mately 17 s per cycle. After each spike train, the device was al-
lowed to relax for approximately 12 s, and the post-stimulation
conductance was monitored at a read bias of 50 mV. The device
exhibited a clear cycle-dependent potentiation behavior. Dur-
ing the initial cycles, the EPSC increased progressively with
repeated stimulation, indicating gradual conductance modula-
tion and analog-like synaptic weight updates. As the num-
ber of cycles increased, the conductance modulation became
less pronounced and gradually approached a saturated state af-
ter approximately 200 to 300 cycles. This saturation behavior
suggests that the available ferroelectric polarization or interfa-
cial modulation states were progressively occupied under the
present programming condition.

To further assess the retention characteristics of ferroelectric-
polarization-driven LTP, the IFHP device was programmed us-
ing a 5V spike train consisting of 100 consecutive pulses, and
the memory current was subsequently monitored at a read bias
of 50mV (Fig. 4(g)). After programming, the device exhib-
ited a clear increase in current compared with the initial base-
line, indicating successful formation of a non-volatile potenti-
ated state. The memory current remained higher than the base-
line throughout the measurement. Notably, the elevated cur-
rent state was maintained over 2 x 10*s, demonstrating stable
long-term retention after supra-coercive stimulation. This per-
sistent conductance state confirms that the 5 V spike train effec-
tively induces ferroelectric-polarization-driven LTP switching,
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after injury pulses.

enabling robust non-volatile memory behavior in the IFHP ar-
tificial synapse.

To demonstrate associative learning in the IFHP artificial
synapse, a Pavlov’s dog conditioning experiment was emulated
using two presynaptic inputs with different spike amplitudes
(Fig. 5(2)) [22]. A weak 0.5V spike, representing the bell stim-
ulus, initially produced negligible EPSC at a read voltage of
50mV and did not exceed the response threshold of 400 nA,
corresponding to no response. In contrast, a strong 5V spike,
representing the food stimulus, generated a pronounced EPSC
above the threshold, corresponding to an unconditioned re-
sponse. After repeated paired training with the 0.5 V bell stimu-
lus and the 5 V food stimulus, the synaptic weight was progres-
sively strengthened, and the previously ineffective 0.5V bell
stimulus alone became capable of generating an EPSC above
the threshold. This transition from no response to a condi-
tioned response indicates that the artificial synapse can asso-
ciate a weak neutral stimulus with a strong unconditioned stim-
ulus through spike-dependent conductance modulation. The re-
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sult demonstrates associative learning behavior in the IFHP de-
vice, enabled by the coexistence of volatile ionic modulation
and non-volatile ferroelectric memory under low read-bias op-
eration.

Biological nociceptors are specialized sensory receptors that
detect potentially harmful stimuli, such as excessive pres-
sure, heat, or chemical irritation, and transmit pain signals to
the nervous system only when the stimulus exceeds a critical
threshold [23, 24]. Unlike ordinary sensory receptors, nocicep-
tors provide protective signal-processing functions, including
threshold activation, sensitization after injury, and enhanced
response to repeated harmful stimuli. Memristor-based arti-
ficial nociceptors can emulate these functions through thresh-
old switching and history-dependent conductance modulation,
providing an efficient hardware platform for protective sensory
systems in neuromorphic electronics, electronic skin, and intel-
ligent robotics (Fig. 5(b)) [23, 24].

To evaluate nociceptive behavior in the artificial synapse, the
EPSC response was measured by applying 3.0V and 4.17 Hz
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spikes before and after the application of injury pulses with dif-
ferent amplitudes (Fig. 5(c)). In the normal state (pristine de-
vice), the device showed only a weak EPSC response below
the defined noxious current threshold (150 nA), indicating that
mild stimulation did not generate a pain-like output. After ap-
plying injury pulses of 3.7, 4.0, and 4.3V, the EPSC response
to the same sensory stimulation was markedly enhanced and
exceeded the noxious current threshold. In particular, stronger
injury pulses produced higher EPSC responses and shorter on-
set times, demonstrating hyperalgesia- and allodynia-like be-
havior. The reduced response threshold after injury indicates
allodynia, whereas the increased EPSC amplitude under the
same stimulation condition indicates hyperalgesia. These re-
sults demonstrate that the device emulates key biological no-
ciceptor functions, including threshold-dependent pain percep-
tion, injury-induced sensitization, hyperalgesia, and allodynia.

3. CONCLUSION

In summary, we demonstrate a 2D perovskite material plat-
form that supports both STP and LTP within a single device.
The [(4-AMP)Pbl4] Dion-Jacobson perovskite films were fab-
ricated through controlled synthesis and solution processing,
forming uniform thin films with a preserved ferroelectric phase.
Electrical characterization indicates ion migration from low-
frequency C-F measurements while PUND analysis confirms
intrinsic and switchable ferroelectric polarization with a switch-
able polarization P, — P of 1.09 uCcm~2. PFM measure-
ments further reveal uniform out-of-plane domains and clear
180° phase switching near the coercive voltage (Ve ~ 3.5 V).
These coupled ionic and ferroelectric properties allow voltage-
programmable synaptic plasticity: sub-coercive stimulation in-
duces volatile STP, whereas supra-coercive stimulation pro-
duces stable non-volatile LTP. The ferroelectric-polarization-
driven LTP state is further supported by extended retention
over 2 x 10%s, cycling measurements, and device-to-device
reproducibility. In addition, the IFHP artificial synapse em-
ulates bio-inspired associative learning and nociceptive sen-
sory functions, including conditioned response generation and
injury-induced sensitization. This work provides a single-
material route toward voltage-programmable mixed plasticity
for perovskite-based neuromorphic hardware.
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