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ABSTRACT

Memristors are key elements for building synapses and neurons in advanced neuromorphic computation. Memristors are made with a wide
range of material technologies, but they share some basic functionalities to reproduce biological functions such as synapse plasticity for
dynamic information processing. Here, we explain the basic neuromorphic functions of memristors, and we show that the main memristor
functionalities can be obtained with a combination of ordinary two-contact circuit elements: inductors, capacitors, resistors, and rectifiers.
The measured IV characteristics of the circuit yield clockwise and counterclockwise loops, which are like those obtained from memristors.
The inductor is responsible for the set of resistive switching, while the capacitor produces a reset cycle. By combining inductive and capaci-
tive properties with gating variables represented by diodes, we can construct the full potentiation and depression responses of a synapse
against applied trains of voltage pulses of different polarities. These results facilitate identifying the central dynamical characteristic required
in the investigation of synaptic memristors.
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I. INTRODUCTION Memristors were discovered theoretically and experimen-
tally in 19717 and 2008,° respectively, and they were defined as
the fourth fundamental circuit element at that time because
they enable unique functionalities. More specifically, and in
contrast with common elements of electrical circuitry, the
internal resistance of a memristor can change drastically when
an external stimulus is applied to the device. This property is

With the rapid advancement of artificial intelligence (Al), arti-
ficial neural networks (ANNs) have sparked a growing interest in
novel computational models. Complementary metal-oxide semi-
conductor (CMOS)-based data processing technologies previously
used in ANN systems have been replaced by other next-generation
memory-processing technologies with a view to overcome the huge

energy consumption caused by the von Neumann bottleneck.’ critical for the development of neural circuits because it pro-
Among various processing technologies for ANNs, neuromorphic ~ Vides the possibility of potentiating or depressing the signal
memristors have emerged as a promising approach to design and transmission associated with individual units COmPOSing the
mimic the biological brain circuit systems because of their striking ~ circuit, or in other words, it confers synaptic weight related to
similarities with the human brain regarding information processing  the conductance change.”'’ At the same time, it allows estab-
and low energy consumption.” ® These advancements aim to create lishing memory variables with plasticity that are crucial for
systems capable of real-time, efficient, and adaptive information dynamic learning, memorizing/forgetting/storing processes,
processing akin to the human brain. pattern recognition, etc.'' ™"
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So far, many memristive systems based on different physical
mechanisms and material structures have been studied.”® These
technologies share in common that an internal property of the
memristor modulates the device conductance and it can be manip-
ulated by electrical pulses.'*™"” They show IV curves consisting of
hysteresis loops that cross at the origin and they have shown a
more or less appropriate response to applied stimulus.

Since the range of memristors that have been investigated
spans a remarkably wide class of materials (e.g., chalcogenide mate-
rials,”’ HfO,,”' metal oxides’>”’ and other ion carriers,'"***" elec-
trochemical metallization cells,”® phase change materials,”’ and
halide perovskites**~*), the focus of their interpretation is often on
specific mechanisms responsible for resistive switching, and the
neuromorphic operation is demonstrated by certain measurement
protocols. The neuromorphic applications have been reviewed in
many works,””” and advanced models to describe the neuromor-
phic properties have been developed.”*”***

The aim of this paper is to obtain fundamental insight into
the neuromorphic behavior based on the known temporal
response of capacitive-inductive circuits and to show the essen-
tial backbones of memristive dynamics. In the first part of the
paper, we provide a brief introduction to the typical memristor
characteristics that enable synaptic functions. In the second part
of the paper, we build elementary operational circuits that
reproduce the essential dynamic characteristics of synaptic func-
tions. We do not aim to review or produce general models of
the complicated mechanistic properties. Instead, this analysis
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will provide insight into a common denominator of dynamical
properties of memristors that can be applied in neural network
circuits.

Currently, available memristors are indeed constructed from
conventional electronic components, as shown in the example of
Fig. 1. It can be observed that the circuit uses multiple transistors
to generate the memristor characteristics. In fact, creating nonlinear
circuits using classical electrical elements has been a fundamental
practice in electrical engineering for over a century, dating back to
the inception of the field. Circuits that emulate neurons have been
constructed by combining a negative resistance element and
matched RC elements, leading to relaxation oscillations.**™*¢
Inductive components have been remarked in memristors and
neurons.”” ™ Recently, the connections of inductors and hysteresis
have been generally described.”

However, in this paper, we do not address oscillatory systems.
Here, we would like to raise the question of whether it is possible
to substitute or emulate the main functions of the behavior of syn-
aptic memristors with a simple electrical circuit. For example, as
the memristor is a two-contact element, using three-contact transis-
tor components seems an increase in complexity. Therefore, we
have described the electrical response of elementary components
separately such as an inductor and a capacitor, and based on the
obtained results a circuit that includes additional elements such as
rectifiers has been proposed and analyzed experimentally. We show
a combined circuit that produces the main functionalities of a syn-
apsis element. The study paves the way for identifying the central
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FIG. 1. Proposed memristor emulator circuit. Reproduced from P. K. Ghosh, S. Z. Riam, M. S. Ahmed, P. Sundaravadivel, Electronics 12, 1654 (2023). Copyright 2023

Author(s), licensed under a Creative Commons Attribution (CC BY) license.
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dynamical characteristic required in the investigation of synaptic
memristors.

Il. NEUROMORPHIC CIRCUITS

Neuromorphic circuits and synapses are inspired by the
brain’s ability to process and store information through highly
complex, dynamic interactions. One of the most significant chal-
lenges in emulating biological brain computation is replicating the
functions of biological synapses. These synapses rely on ions and
neurotransmitters to mediate response delays, playing a central role
in processes such as learning, memory, and inference.””"”” Key
characteristics of biological synapses include:

(1) Synaptic plasticity is the ability of synapses to strengthen or
weaken over time in response to changes in their activity. It
encompasses two main types: long-term potentiation (LTP), a
sustained increase in synaptic strength resulting from repeated
co-activation of neurons, often regarded as the cellular basis of
learning and memory, and long-term depression (LTD), a pro-
longed decrease in synaptic strength caused by low-frequency
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stimulation, which helps refine neural networks by weakening
less functional connections.

(2) Spike-Timing Dependent Plasticity (STDP). The brain’s ability
to learn and memorize through the precise timing of neural
spikes is known as STDP. It relies on neuroplasticity mecha-
nisms like LTP and LTD, where synaptic strengths are adjusted
over time based on specific activity patterns.

(3) Dynamic Information Processing: Synapses aid in real-time
information transmission and adaptation. Their reliance on
biochemical processes such as neurotransmitter release makes
them highly sensitive to activity-induced changes, enabling
rapid adjustments.

In most artificial neuromorphic analog circuits, the neurons
and synapses operate electrically. The neurons are the nodes that
emit the impulse signals as spikes according to the received signals.
The synapse conductivity can be modulated to provide the compu-
tational weights in a neural network link between neurons, as indi-
cated in Fig. 2(a). In accordance with the biological operation, the
synapse weight must be adapted by the incoming impulses, as
shown in two successive potentiation steps in Fig. 2(b). We remark
that the increase in current with a certain characteristic time 7 is
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FIG. 2. (a) A synapse weights the signal transmission between two neurons in the neural network. (b) The voltage impulses increase the conductivity of the synapse
element in the potentiation process. (c) By changing the internal state of the synapse, the conductance is increased (decreased) stepwise in potentiation (depression)
cycles. (d) A memristor is a two-contact element in which the conductance can be modulated between a high resistance state (pink line) and a high conductance state
(green line). A voltage increase produces potentiation, and a negative excursion produces depression.
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the standard transient response of an inductor element (with a
resistor), as we explain in more detail later.

The synapse must be formed by an element with an internal
variable that modulates and maintains a variable conductance, as
shown in Fig. 2(c). Therefore, the role of synapses is often taken by
memristor devices where the conductivity can be changed between
two contacts by external stimuli.'-»**~*"°**" The properties of the
memristor enable an increase in conductance, at positive voltage (a
set process), and a decrease in conductance, by a negative voltage
excursion (reset process), as shown in Fig. 2(d). These properties
rely on hysteresis features that correspond to an internally delayed
dynamics in the current-voltage response.”” The hysteresis can be
traced to certain internal capacitive-like and inductive-like proper-
ties that underlie memristor dynamics in general.” Therefore, in
this paper, we use raw capacitors and inductors to illustrate the
memristor dynamics that produces the desired synapse plasticity.
But before turning to the construction of simple element
circuitry, we will revise the realistic properties of memristors in
Secs. 11T and IV.

lll. EXPERIMENTAL RESPONSE OF NEUROMORPHIC
MEMRISTORS

Figures 3 and 4 show the characteristic experimental responses
of different memristive systems. Figure 3 corresponds to a self-
organized nanowires network.’”**** In Fig. 3(a), the current-
voltage curve, measured at a certain cycling velocity, shows two
hysteresis loops at positive and negative voltages, respectively. The
curve self-crosses at the origin and consequently the loops have
opposite circling directions: the one at positive voltages is counter-
clockwise, and the one at negative voltages is clockwise. We call
these types of loops inductive and capacitive,” respectively. When
a positive voltage impulse is applied, an increase in the slope of the
IV curve [Fig. 3(a)] occurs that finally determines two conductance
states, defined by two different slopes, occurring at different stages
of the cycle. In Fig. 3(a), the curve sections next to arrows 1 and 4
correspond to a system state with a lower conductance than those
next to arrows 2 and 3 and it is crucial that the system allows
switching between both states. As shown in Figs. 3(b) and 3(d), the
inductive feature produces a rise of the conductance, also called a
resistive switching phenomenon, and a potentiation effect in the
context of synapse behavior. In fact, the inductive rise of the
current is associated with the set process, and the capacitive part
with the reset process of the memristor. Additionally, in a different
experiment, it was found that a sequence of positive pulses pro-
duces a progressive rise in conductance [Fig. 3(c)]. In summary,
these phenomena confirm the properties outlined in Fig. 2 that
permit the operation of the memristor as a synapse, in which the
conductance can be modulated by the incoming voltage stimuli.”

Figure 4 shows the behavior of a very different system that
consists of a membrane with conical nanopores that conduct ions
in a fluid medium [Fig. 4(2)].°"*"® The IV curves, shown in
Figs. 4(b), 4(c), and 4(e), yield the same self-crossing loops as those
of Fig. 3(a), but here the experiments, performed at different
cycling frequencies [Fig. 4(b)], allow observing additional features.
While the curve at the lowest frequency (f=0.01 Hz), which corre-
sponds to stationary conditions, does not show hysteresis, the other

TUTORIAL pubs.aip.org/aip/jap

cycles show loops with decreasing slope as the frequency increases.
In fact, the system remains almost at the lowest conductance state
when the cycle is performed at the highest frequency because in
this case the cycling time is shorter than the characteristic relaxa-
tion time of the state variable (the conductance).’® This is another
intrinsic feature of an inductive system. Figure 4(d) shows the
increase in conductivity produced by applying a train of positive
voltage pulses, similarly to the experiment in the previous system
[Fig. 3(c)]. These results show the sensitivity of the memristor to
the frequency of the stimuli.

Furthermore, in Fig. 4 it is studied the behavior of the system
when such pulses are applied in the capacitive region, i.e., with neg-
ative potential. In this case, the conductance progressively
decreases, which enables to set the synapse weight at lower values
when desired. Finally, another important feature of a memristor
that appears in this system, because of the pore asymmetry, is a rec-
tifying behavior. In addition, the inductive and capacitive sides
and, therefore, the potentiation/depression loops can be exchanged
with each other by modifying the pH of the solution®" [Figs. 4(e)
and 4(f)].

IV. NEUROMORPHIC MEMRISTOR BEHAVIOR

From the previous examples, we can extract the general prop-
erties required for a system to work as a neuromorphic element. A
memristor is usually characterized as a system that obeys the fol-
lowing dynamical equations:***

Itot = F(V3 X), (1)

d
rk(V)d—’: — WV, x). ) ;

In Eq. (1), F is a conductivity function that describes the con-
duction current (I,,;) with respect to both the voltage V and a state
or memory variable, x, which is necessary to determine the future
behavior of the system when the present state and the inputs are
known.”” Equation (2) expresses that changes in the state variable x
are controlled by an adaptation function h(V, x) with the charac-
teristic time 7x. In equilibrium, we have an equilibration function
Xeq(V) defined by the condition dx/dt = 0,

h(V, Xeg) = 0. (3)

As a concrete example, we now describe summarily a model
validated experimentally in several types of memristors’>*"*" and
widely used in neuronal dynamics.”””" In this model, the memory
variable x = ¢ modulates the conductance state of the system in a
range of values between two extremal conductance states, a
minimum (gz, o = 0) and a maximum (gy, 0 = 1),°9¢7

du

dt’ @)

Liot(u) = (g1 + (gu — gr)olu+ Cy

@ %~ o) o (%)
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FIG. 3. Memristive response of a self-organized nanowires network. (a) Resistive switching behavior measured in a two-terminal configuration as schematized in the inset.
(b) Gradual increase in conductance (synaptic facilitation) observed by applying a 10's voltage pulse and subsequent conductance relaxation due to a volatile resistive
switching behavior, read with a voltage of 50 mV. (c) Experimental demonstration of paired-pulse facilitation (PPF) with a gradual increase in conductance by stimulating
the network with a train of 500 us voltage pulses separated by 500 us interpulse intervals. Reprinted with permission from G. Milano, G. Pedretti, M. Fretto, L. Boarino,
F. Benfenati, D. lelmini, I. Valov, and C. Ricciardi, Adv. Intell. Syst. 2, 2000096 (2020). Copyright 2020 Author(s), licensed under a Creative Commons Atftribution (CC BY)
license. (d) Experimental and simulated potentiation and subsequent spontaneous relaxation of the effective conductance upon voltage pulse stimulation (2V, 100s) in a
two-terminal configuration. Reprinted with permission from G. Milano, G. Pedretti, K. Montano et al., Nat. Mater. 21, 195-202 (2022). Copyright 2022 SNCSC.

The stationary properties of the model, ie., the current-
voltage, equilibrium function Cegs and relaxation time 7y,

are shown

in Figs. 5(a) and 5(b). This is

termed a

conductance-activated quasilinear memristor (CALM) model.”” In

Fig. 5(c), we observe standard hysteresis loops with both inductive
and capacitive parts (the orange line is at a larger frequency than
the blue line). These loops are associated with the cycling of the
memory variable shown in Fig. 5(d). In Figs. 5(e) and 5(f), we
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The model functions oeq = 1/(1 + e~ U=VadVn) 71 = 731 4 7371 (exp(

u—Vy
naVim

70:1ms,rM:1.5ms,VBX:O.5V,VA:1V,nA:2,VD:OV, I‘lD:2.

) + exp(— ',{,;VV;’) ) Model parameters g, =0.1mS, gy =1mS, V, =0.1V,

J. Appl. Phys. 137, 111101 (2025); doi: 10.1063/5.0257462

© Author(s) 2025

137, 111101-7


https://pubs.aip.org/aip/jap

Journal of

Applied Physics

observe that the model produces the potentiation at positive voltage
and depression at negative voltage pulses.”’

Based on the example of Fig. 5, we can obtain more
general insights about memristor behavior. Consider an initial
state o(V =0) =0, with a current Iy, = F(V,0). This is the
branch of low conductance g in Fig. 5(a), which will be mea-
sured under a fast scan, as indicated in Fig. 5(c). But at slow scan
velocity, the current becomes Iy = F(Vapps Oeq(Vapp)) > Ifast-
Since the current makes a transition from Ip,y to a larger I ., as
shown in the blue curve of Fig. 5(c), we can say that the system
shows resistive switching from a low to a high conductance
state.”””"* This is a defining property of memristors when they
are used for neuromorphic applications, as the synapses are
required to obtain an increase in conductance under voltage
pulses that represent the action potentials of adjacent neurons, as
shown in Figs. 5(e) and 5(f). 11122533 The example of Fig. 5 rep-
resents a relatively fast relaxing memristor, where the gained con-
ductance will be lost in a short time if the voltage stimulus is
removed. This property enables a gradual potentiation of the
synapse. On the other hand, the same approach can describe an
abrupt and nonvolatile memristor, by changing the properties of
the relaxation time.®’

It is important to note that a memristor-like structure can
provide other functionalities different from the ones shown so
far.*>** For example, Fig. 6 shows hysteresis curves that are sym-
metric, showing capacitive loops at both sides. These structures
are termed “complementary memristors.” >’ They can be
formed by two elementary neuromorphic memristors connected
in antiseries, as then the high resistance side of each one prevails
at both polarities,”” hence the capacitive response. The comple-
mentary resistive switching is a useful solution to reduce the
sneak current in a cross-bar memory without using any external
component.” %"

Seen from another perspective, as the system of Eqs. (4) and
(5) produces an increase in current, we can view it as an inductor
element, as already discussed in connection to Fig. 3. This conclu-
sion can also be obtained more generally from Egs. (1) and (2) by
studies of impedance spectroscopy of many systems that do not
contain an electromagnetic inductor; hence, Egs. (1) and (2) were
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W
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—_— |
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FIG. 6. (a) Complementary memiristive device structure constructed by connect-
ing two Ti/ZnO/Pt devices anti-serially. (b) Typical |-V characteristics of such a
complementary structure. The inset shows the curves on a linear scale.
Reproduced with permission from J. Wang, R. Pan, H. Cao, Y. Wang, L. Liang,
H. Zhang, J. Gao, and F. Zhuge, Appl. Phys. Lett. 109, 143505 (2016).
Copyright 2016 AIP Publishing LLC.

termed a chemical inductor.”® We have shown experimentally the
inductive components in small signal ac impedance spectroscopy
and their implications for neuromorphic responses in different spe-
cific systems.”*>**"!

(b)

FIG. 7. (a) Scheme of an inductive circuit and (b) photo of the circuit.
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Based on this understanding, in Sec. V, we show that the 100 -

memristors contain an inductive mechanism that is the heart of (a) L,

resistive switching. To prove this, we will develop circuits based on
elementary two-contact components, to progressively build the
standard memristor responses in IV curves and potentiation/
depression features.

| (MA)

V. THE INDUCTIVE CIRCUIT

We have found that the rise of the conductance with time
under an applied voltage is a defining characteristic of neuromor-
phic memristors. We aim to build such a process with elementary
circuit elements. We first propose a two-branch circuit, Fig. 7(a), in
which the current starts at a high resistance Ry. A low-resistance
branch R; is activated over time by the inductor L,.

Using Kirchoff rules, we obtain the equations

v
Ttor = — + i, 6) 100
Ry

di, v 50

T — = — — 7. 7 =

L dt R, L (7) <
e 0

Here, the inductor characteristic time is ‘_'/
3 -50

T, = = . (8)
Ry,
-100 -

Equations (6) and (7) clearly realize the general conditions (1) =
and (2). The memory variable x = i, is the current in the inductor -2 Qf}
branch. The equilibration function is ir.; = V/Ry. The fast current 8
and stationary dc current are 2

g
1% ©
I = —, 9 &>
fast RH ( )
11 0
Li=|—+—]V. 10 o
dc ( Ry + RL) ( ) g (C)

The simulated responses of the inductive circuit of Fig. 7(a) f\ll -10
are shown in Figs. 8(a)-8(c). In order to achieve hysteresis effects,
the voltage is swept at a constant angular frequency -20
(fo = Q,/2r) as follows: 0 10 20 30 40 50

'
V = Uy sin(Qst). (11) Z ('Q)

Figure 8(a) shows the stabilization of a counterclockwise IV FIG. 8. Simulated response of the inductor circuit of Fig. 5(a) with parameters:
Lissajous type loop, at a frequency of 50 Hz, from the starting point Ri=20Q Ry =50Q, L =0.1H, 7, =5ms, under sinusoidal stimulation
(V=0V and 1=0mA) when the perturbation is connected. At the (V= Vofl?(gjf)syo\[/)o : 1.5V) atl' dlfferegt Ir?‘quinglils (fo = Sl?s/zﬁl)l- (ta)t' v
initial stage, the system is in the low conductance state and the IV Slemen = 2 it e ] i i = 517 o sz M) [l

h lue 1i foll h h le li the two conductance states of the circuit. The arrows indicate the direction of
curve (dashed blue line) follows the da§ ed purple line conse- the cycles, and the straight dashed lines correspond to ks (purple) and Iy
quently. However, after the dynamic cycling has been established (green). (b) IV curve at f, = 50 Hz from the first stages (dashed blue line) and
(continuous blue line), the curves do not follow either the low after the dynamic cycling has been established (continuous blue line). The
(purple) or the high conduction (green) line. Figure 6(b) shows IV straight dashed lines corresponding to the two conductance states have been
curves at two extreme frequency regimes: 500 and 5Hz (orange plotted. (c) Circuit impedance (Z) at varying frequency from Eq. (12) in the
and green continuous lines, respectively). These occur according to complex plane. The arrow indicates the direction of increasing frequency. The

& » IESP ) . 8 . magenta point corresponds to Z(0) and the green point to Z(co).

a low conductance state (dashed purple line) where the current is
J. Appl. Phys. 137, 111101 (2025); doi: 10.1063/5.0257462 137, 111101-9
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FIG. 9. Measured response of the inductor circuit of Fig. 5(a), with parameters: R, = 100 Q, Ry = 5600 Q, L, = 0.1 H (internal resistance 18.5 Q), 7, = 0.84 ms.
(a) IV curves at different scan rates s (V = st) with amplitude Uy = +1.2 V and initial condition V5 = 0. (b) Impedance response scanned in the frequency range from
0.01 to 10° Hz (the arrow indicates the direction of increasing frequency). (c) Potentiation characteristic response measured by applying pulse trains of Vpyse = +0.1V
(green curve) and Vpyse = —0.1 V (orange curve) with a pulse width and separation of 10 us and Vreag = +0.01 V.

It [Eq. (7)] for the high cycling rates (short measurement times) Therefore, only synaptic potentiation can be achieved with the
and according to a high conductance state (dashed green line) inductive circuit of Fig. 7(a).

where current is Iz [Eq. (8)] for the low cycling frequency (long

measurement times).

The ac impedance response of Eqgs. (6) and (7) at angular fre- VI. THE CAPACITIVE CIRCUIT

quency o is given by the function =
The circuit of Fig. 7(a) presents a typical synaptic set process. Qf,r
. However, the electrical response is fully symmetrical with respect to
7 (L 4 11 ) ' (12) voltage V, i.e., it produces the same conductance change with both &
Ry Rel+inw polarities. Thus, the only way to switch from low to high conduc- &
tance states or vice versa is to apply different stimulation times. &
As shown in Fig. 8(c), Eq. (12) produces a semicircle in the But, this is not acceptable with regard to the practical functioning
fourth quadrant of the complex plane, typical of an inductive of a neuromorphic device. We have seen that the IV cycles of the
behavior (also termed a negative capacitance feature). neuromorphic memristors of Figs. 2-4 include not only counter-
Measurements on the inductive circuit of Fig. 7(a) were clockwise but also clockwise loops that produce a decrease in con-
carried out under the same scheme as that used for simulations but ductance. Therefore, a more effective reset mechanism is required.
with different circuit parameters (see the caption of Fig. 9). The Clockwise loops can be produced with capacitive elements. For this
obtained IV curves, realized at different scan rates or frequencies, reason, we have studied the behavior of a circuit like that of Fig. 10.
confirmed the counterclockwise Lissajous loops [Fig. 9(a)] with a Using Kirchoff rules, in the same way as in the inductive
narrow loop at the lowest studied frequency corresponding to a  circuit, we obtain the equations
high conductance state (black line) and other loops whose width
and slope increase and decrease, respectively, with increasing fre- I — R +i _u (13)
quency. However, a clear low conductance state with a narrow loop fot Ry R; R’
and a small slope was not achieved because of experimental limita-
tions of the measuring apparatus. The impedance response
[Fig. 9(b)] also showed a negative arc, which is consistent with the R
equations of the model [Eq. (10)] for the inductive circuit. In addi- ‘N\/\ &
tion, and most importantly, the synaptic potentiation/depression
characteristics were investigated by applying trains of +0.1 V pulses o0— R C —@
of 10us of duration and separation, well below the circuit relaxa- V C ST V=0
tion time followed by a similar train but with —0.1 V of height [see \/W u 1
green and orange curves, respectively, in Fig. 9(c)]. It is important
to stress that a ri.se of current is observed, at both Posit.ive and neg- FIG. 10. Scheme of a capacitive cirouit,
ative voltage trains, as expected because of the circuit symmetry.
J. Appl. Phys. 137, 111101 (2025); doi: 10.1063/5.0257462 137, 111101-10
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rcE:V—u. (14)

Here, the capacitor characteristic time is
Tc = Rccu. (15)

However, unlike the inductive circuit, here the equivalent state
variable of Egs. (1) and (2) is the voltage, x = u, across the resis-
tance Rc, the equilibration function is Uy =V, and the fast and dc
currents are

1 1
=5+ V, (16)
Ry ' Rc
|4
Iy =—. 17
dc RH ( )

In contrast with the inductive circuit, here the cycling starts at
the high conductance branch [Fig. 11(a)], producing clockwise
loops and high/low conductance states are achieved at high/low fre-
quencies, respectively [Fig. 11(b)]. In addition, the ac impedance
can be calculated from the function

-1
1 1 1

Z=|_— 18
RH+ (18)

Ripp L
i Tcw

In this case, it yields an arc in the first quadrant [Fig. 11(c)].

The capacitive circuit of Fig. 10 was studied experimentally in
a similar way as the inductive circuit, Fig. 12, with circuit parame-
ters detailed in the figure caption. The IV curves confirmed the
appearance of clockwise loops with increasing width as the scan
rate increases [Fig. 12(a)], and the impedance response showed a
positive arc. The capacitive circuit produces the features of the reset
process and synaptic depression, i.e., a conductance decrease with
applying positive or negative voltage pulses [Fig. 12(c)], which are
obtained at negative voltages in Figs. 3 and 4.

In summary, capacitive and inductive circuits differ in what
concerns phase relationships, impedance, and time-domain current
TESponses. The properties of both circuits are summarized in
Fig. 13.%

VIIl. THE RECTIFIER CIRCUITS

As we have seen in Secs. V and VI, our preliminary inductive
and capacitive circuits in Figs. 7 and 10 provide voltage symmetric
response, hence by applying voltage pulses they provoke exclusively
potentiation or depression (conductance increase or decrease,
respectively), no matter the polarity of the pulses. Clock- and coun-
terclockwise loops cannot be obtained in the same circuit in IV
scan measurements as they occur in real neuromorphic systems
(Figs. 3 and 4). This is because they lack an onset gating variable as
the o shown in Fig. 5, which occurs in most physical memristors,
causing rectification (the current increase is much larger in one of
the polarities).”*>”"
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FIG. 11. Simulated response of the capacitive circuit of Fig. 8 with parameters:
R.=20Q, Ry =50, C; = 0.1 mF, ¢ = 2 m, under sinusoidal stimulation
[u = Uy sin(€2st) where Uy = 1.5 V] at different frequencies (fo = Q4/27). (a)
IV curves at fo = 500 Hz (orange line) and at fo, = 5 Hz (green line) illustrat-
ing the two conductance states of the circuit. The arrows indicate the direction
of the cycles, and the straight dashed lines correspond to kst (green) and /g
(purple). (b) IV curve at fo = 50 Hz from the first stages with initial condition
Up =0V (dashed blue line) and after the dynamic cycling has been established
(continuous blue line). The straight dashed lines corresponding to the two con-
ductance states have been plotted. (c) Circuit impedance (Z) at varying fre-
quency from Eg. (18) in the complex plane. The arrow indicates the direction of
increasing frequency. The magenta point corresponds to Z(0) and the green
point to Z(co).
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FIG. 12. Measured response of the capacitive circuit of Fig. 8, with parameters: R, = 120 Q, Ry = 5600 Q, C; = 10 uF, ¢ = 1.20 ms. (a) IV curves at different scan
rates s (V = st) from 10 V/s (black, slow) to 1000 V/s (green, fast) at amplitude Uy = 41.2 V. Initial condition Vp = 0. (b) Impedance response scanned in the fre-
quency range from 0.01 to 10° Hz. (c) Depression characteristic response measured by applying pulses trains of Vyyse = —0.1V (green curve) and Vpyse = + 0.1V
(orange curve) with a pulse width and separation of 10 us and Vieag = +0.01 V.
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R, diL . ir
=L,— min| 14— . 2
(a) M V= Ly o R Vil 14 (20)
Da RL La The resistance in the lower branch is
V u W — Rpr = Ry + Rp, (21)
where the resistance of the diode is
R, Vin

Rp = . 22
(b) W P+ (22
O— D C. —=° To investigate the rectifying characteristics in the real circuit
a Rc h systems with diode element, the inductor-diode circuit system
V P u VVY W ”'_ (Fig. 15) and capacitor-diode circuit system (Fig. 16) were executed

with the same configuration as Fig. 14.
Figure 15 shows the IV curves with different scan rates and
FIG. 14. The inductive (a) and capacitive (b) circuits of Figs. 7 and 10 including potentiation/depression responses in one of the rectifying circuits
each respective rectifier diode. [Fig. 14(a)]. By adding a diode to the inductor circuit covered in
Figs. 7-9, the existing inductive current-flow direction is main-
tained as the counterclockwise loop [Fig. 8(a)] in the scanned posi-
To approximate the gating variable, we introduce a diode in tive region, and the rectifying characteristics are represented in the
Fig. 14(a) that provides the current-voltage relation negative region, confirming that the diode element leads to the rec-
tifier circuit. The faster the scan rate is swept, the lower the conduc-

. v tance line, such as the IV hysteresis characteristics of inductive
L=l (e " 1) ’ (19) circuit [Fig. 8(b)]. Subsequently, the observed neuromorphic
devices’ main characteristics, potentiation, and depression were
where iy, V,, are constants. For the lower branch, we obtain the scanned with positive and negative pulses, and it can be confirmed -
equation that only potentiation occurs in the positive pulses and there is no =
i
5
6 d T b T . T = T . T v 5 :
a
(a) - (b) :
4t . 4t
—~~ /
<é: 2+ 1 < 37 | | 2V
~ 0 g 10 us
- I~ 7] —— 2 §
= & | | Y
S5-21 —10V/s 5 1 )
@) —— 100 V/s O
4+ —200V/s 1 0F
——400V/s |
— 1000 V/s
_6 N 1 . ! n 1 N [ ! " _1 i 1 i 1 i I L
-15 -10 -05 00 05 10 15 0 5 10 15 20
Voltage (V) Time (ms)
FIG. 15. Experimental inductive circuit including a rectifier diode element: (a) /V curves of the rectifying circuit with different scan rates from 10 V/s (black, slow) to
1000 V/s (green, fast) at amplitude Uy = +1.2 V. Initial condition Vo = 0. (b) Potentiation characteristic response measured at Viuse = +2.0 V (green) and Vpyse
= — 2.0 V (orange) with a pulse width of 10 us at Vieag = +0.20 V. For this experimental inductor circuit, circuit parameters of R, = 100 Q, Ry = 5600 Q, L, = 0.1 H
(internal resistance 18.5 Q) and diode (1N4148) were used.
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FIG. 16. Experimental capacitive circuit including a rectifier diode element: (a) /V curves of the capacitive circuit with different scan rates from 10 V/s (black, slow) to
1000 V/s (green, fast) at amplitude Uy = +1.2 V. Initial condition Vo = 0. (b) Depression characteristic response measured at Vyuse = —2.0 V (green) and Vpyse
= +2.0 V (orange) with a pulse width of 10 us at Vieas = +0.20 V. For this experimental capacitor circuit, the circuit parameters of Rz = 120 Q, Ry = 5600 Q, C,

= 10 uF and diode(1N4148)were used.

conductance change in the negative pulses. This approach based on
diodes can reproduce only volatile memristor characteristics. The
diode element determines the onset voltage, and the other elements
establish the hysteresis properties.

To express the rectifying properties occurring at the opposite
side, this time, the rectifier diode element was added to the capaci-
tive circuit (Fig. 10) in Fig. 14(b) and the IV characteristics are
shown in Fig. 16. IV curves were scanned from 10 V/s (black, slow)
to 1000 V/s (green, fast) at amplitude Uy = +1.2V, where the
circuit with a diode element leads to the rectifying characteristics
with the clockwise current flowing loops [Fig. 11(a)]. The faster
scanned IV loop appears with a high conductance range, which is
the same aspect described in Fig. 11(b). Similar to Fig. 15, the con-
ductance change of the circuit composed of the capacitor and the
rectifier diode was found only at the opposite voltage polarity in
the potentiation/depression characteristics in Fig. 16(b), showing
neuromorphic characteristics with conductivity changes only at the
pulse of —2.0 V and no conductivity changes at the positive pulse
given +2.0 V.

Having seen the behavior of inductive and capacitive circuits
the question now is if it is possible to build, by a combination of
both, an electrical circuit that behaves as the neuromorphic devices
of Figs. 2—4. We have found that this can be realized by using recti-
fying elements placed appropriately. The circuit of Fig. 17 is an
example that includes two antiparallel rectifying diodes where
inductive and capacitive loops occur in different branches.

Figure 18(a) shows the measured IV characteristics of the
circuit of Fig. 17 with parameters indicated in the figure caption.
At the positive polarity, the IV curves follow counterclockwise

loops while at the negative polarity, they follow clockwise loops.
Different  scan  rates  following the  voltage  cycle:
0V->+12V—-0V—>-12V -0V, were studied, from 10 to
1000 V/s, and they produced a conductance change that increased
with the scan speed. In addition, the potentiation-depression char-

acteristics were successfully obtained [Fig. 18(b)], by applying a

train of positive voltage pulses [Vpuse = +2.0 V (green part)] of
10 us of width and separation, followed by a similar train but with
Vpuse = —2.0 V (orange part), leading to an increase and decrease
in conductance, respectively.

In summary, it has been demonstrated that a memristive
behavior can be achieved from electrical circuits composed of
inductors, capacitors, rectifier diodes, and resistors. This confirms
the view that a memristor can be constructed from more elemen-
tary parts.”” We do not claim, however, that any material

R,
W
D, R,
D2 RC Ca
—m—/\’\’\—||——

FIG. 17. Capacitive-inductive circuit including two rectifier diode elements.

L,
LI
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FIG. 18. Measurements performed on the electrical circuit of Fig. 17, with parameters: Ry = 5600 Q, R, =100 Q, L, = 0.1 H (internal resistance 18.5Q),
Re =120 Q, C, = 10 uF, and diode(1N4148). (a) IV curves at different scan rates from 10 V/s (black, slow) to 1000 V/s (green, fast) with voltage amplitudes: Uy
= +1.2V and the positive and negative polarization regions, respectively. Initial condition Vo = 0. (b) Potentiation—depression characteristic response measured with
applying pulses trains of Vouse = +-2.0 V (green) and Vpyse = —2.0 V (orange) with pulse width and separation of 10 4s and Vieag = +0.20 V.

memristor can be reproduced from such elements, as physical
memristors contain a wide variety of physical mechanisms (such as
the conductance activation mechanism in Fig. 5) that cannot be

reduced to the combined response of basic elements.”*

VIll. CONCLUSION

The IV characteristics with clockwise and counterclockwise
loops, as well as the potentiation/depression response of typical
memristors based on a single memory variable, have been repro-
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