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Abstract

In this paper, we analyze the reset transition in bipolar TiN/Ti/HfO2 (10
nm)/Al2O3(2 nm)/W ReRAM devices using a tool that allows studying the tem-
poral behaviour of these devices. This tool, the Dynamic Route Map (DRM),
provides information about the temporal evolution of the state variable that
governs the behaviour of the device, thus allowing an increased insight into
resistive switching processes.

Here, we show that this DRM is a powerful tool, that may help explaining
some non intuitive behaviours of memristors, like the difference in the reset
voltage when the inputs are from different frequency or shape. Using this tool,
this fact can be explained as a different trajectory on a unique surface defining
the device.

As a first step, we have used two different models, one based on a physical
description, and another one based on the mathematical definition of memristor
as a non linear relation between charge and flux. We check that similar DRM
can be obtained from both models.

Additionally, several series of set-reset transitions have been measured using
voltage ramps of different slopes. From the measured transitions, the corre-
sponding resistance has been extracted and, assuming conductive filaments (CF)
as the switching mechanism, the corresponding CF radius has been calculated.
Using these data, we show that explanations from the model are also supported
when using experimental data, thus proving the validity of the approach.

1. Introduction

The apparent symmetry between the relations of the four fundamental elec-
trical magnitudes, namely the current i, the voltage v, the charge q and the
flux ϕ, was something that passed unnoticed for many years in circuit theory.
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It was this idea that led Leon O. Chua, during the early 70s, to present the
axiomatic introduction and the related description of a fourth (missing at that
moment) electrical element, named the Memristor [1]. Its name originated from
the fact that such an element should behave as a resistor endowed with memory,
these two properties (resistance and the feature memory) being unified in one
element. In fact, memristors had been described many years ago [2], though
they had never been in the mainstream of electrical or circuit theory. Besides,
Chua’s work led to the generalization of a class of devices as well as systems
that are inherently nonlinear and governed by a state-dependent, algebraic rela-
tion accompanied by a set of differential equations, which are called memristive
systems or devices [3].

As a result of the inherent memory feature embodied in memristors, these
novel devices are expected to be one of the key enablers of a technological
breakthrough in integrated circuit (IC) performance-growth, beyond and more
than Moore [4]. Among others, they are expected to provide a solution to the
classical problem of the bottleneck in data transmission between memories and
processors. The Internet-of-Things (IoT) and other edge computing applications
are expected to be areas where the introduction of memristors and memristive
devices would be beneficial, or even a radical changer of the related technological
landscape. Thus, an increasing number of memristor-based applications has
already been proposed: new kind of memories (ReRAMs, MRAM, etc.) [5, 6, 7],
innovative new sensor devices [8, 9], or fundamental elements in bio-inspired
systems (artificial neural networks (ANNs) and other) [10], among many others.

On the other hand, memristive devices can be nowadays implemented in a
wide range of technologies, from spintronics [11] to organic materials [12, 13]
and many different oxides [14, 15, 16, 17], or even emulators [18, 19, 20, 21].
However, and up to the best of our knowledge, very few foundries are including
memristors in their design repertoire, as it customarily happens with other
passive elements, like resistors or capacitors. This is due to the inadequate level
of maturity of all the up-to-date proposed memristive technologies, which is a
drawback that is expected to be solved in the near future.

Simulating a new design incorporating memristors is not a straightforward
task; many good models have been proposed, both using the classical approach
that utilizes current and voltage [22, 23, 24, 25, 26], or the more recent charge
and flux approach [27, 28, 29, 30], which historically had been also used in oxide
breakdown. However, most of these models appear to have drawbacks that make
the simulation of large circuits rather difficult or even impractical [31]. Besides,
some of the main problems of current memristor device technologies are: the
variability they exhibit, from cycle to cycle [32, 33]; and the short number of
cycles they can withstand (between 106 and 108 cycles).

A very good test to show the goodness of a model is the so-called Dynamic
Route Map (DRM), that plots the evolution of the governing variable of a system
in front of its rate of change (i.e., its temporal derivative). As will be explained
later, this representation is a powerful tool that may provide significant insight
into the inner workings of the device. In this work, we aim to show experi-
mentally that the DRM tool actually makes sense in memristive ReRAMs, and
can be used as a unifying tool to describe the different behaviour of the devices
under various stimuli. We will show that this behaviour can be described as a
different trajectory on the same surface. Specifically, we will focus on the Low
Resistance to High Resistance State (LRS to HRS, or RESET) transition, since
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it is considered to be more complex than the SET transition and, thus, a more
appropriate example to highlight the merits of the DRM technique.

The paper is structured following this idea: after this introduction, Section 2
introduces the basic principles of formal memristor modelling, where the DRM
naturally appears. Then, Section 3 is devoted to introduce the concept of the
Dynamic Route Map and its applications, as well as two different models show-
ing two different approaches to DRM. The first model directly introduces an
equation for the variable of concern (the radius of a conductive filament), while
the second model derives the effective radius from the calculation of the conduc-
tance. Section 4 presents the results obtained by applying different waveforms
to a single device, showing that we can obtain experimentally its DRM. Finally,
Section 5 ends the paper summarizing the main points and results.

2. Memristor Modelling Framework

A fundamental theoretical framework for studying memristors and circuits
presenting memristive behaviour in the flux–charge (ϕ-q) domain, was developed
by Corinto et al. in [34]. In that paper, the authors explain the advantages of
using the flux–charge (ϕ-q) domain in studying memristor elements, compared
to the current–voltage (i-v) domain.

On the other hand, utilizing the taxonomy proposed in [35], memristors are
classified according to their proximity to the original definition of the memris-
tor. Thus, three main categories of memristor devices emerge, namely the ideal,
the generic, and the extended memristor. In the same work [34], the essential
mathematical framework describing their behaviour was also developed. This
extended categorization emerged as a necessity in order to include theoretically
the description of pinched, hysteretic behaviours demonstrated by various ele-
ments, not only in circuit theory and electronics but also in nature.

Among the different categories presented above, the class of extended mem-
ristors is the most general one and it refers to memristors that have extra state
variables (next to ϕ and q). For the specific case of flux-controlled memristors,
they are described by Eqs. (1) to (3):

i = G(ϕ, v,x) · v (1)

ẋ = gϕ(ϕ, v,x) (2)

ϕ̇ = v (3)

The nonlinear memconductance G in Eq. (1) represents the inverse mem-
ristance M of an extended memristor, while v is the voltage applied to the
memristor, and ϕ is the flux or voltage first momentum. The vector x stands
for a set of extra state variables, which includes physical magnitudes according
to the memristive system; indicatively they could be the internal temperature,
the radius of a conducting filament, or any other non-electrical variable describ-
ing the state of the memristor. In addition, the dynamics of the state variables
x are governed by gϕ and Eq. 2. It is noted that all the real-world memristor
devices that have appeared until now, are indeed extended memristors.
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Taking into account the Lagrangian L and the Jacobian J, these are defined
in Eqs. (4) and (5), respectively.

L(ϕ, v,x) =
∂gϕ(ϕ, v,x)

∂v
(4)

J(ϕ, v,x) =

(
∂gϕ(ϕ, v,x)

∂x1
, ...,

∂gϕ(ϕ, v,x)

∂xn

)
(5)

If no parasitic effects are present, then extended memristors can be simplified
to generic memristors (or, simply, memristors). That is because function gϕ is
only dependent on flux ϕ and the state variables x, thus L = 0. Finally, ideal
memristors (those corresponding to the original definition described by [1]) are
generic memristors that demonstrate no other state variable dependence, thus,
J = 0.

A special case of Eq. (2) is often referred to as the power–off plot (POP)
equation and determines the memory capability of the system under no exci-
tation; in this case for v = 0 or ϕ = constant. It is apparent that if the POP
equation is zero, the system presents a long–term memory since the state vari-
able will not change with time, while if it is different than zero, the system is
capable of exhibiting only short–term memory.

It is noted that the above framework has been already used in successfully
modelling different kinds of memristive systems, further improving the gener-
alized framework for compact modelling in the flux-charge space [36]. Other
relevant works using this approach could also be found, like in the case of [37]
where a charge-dependent mobility model was used to describe a memristor, [28]
or [30] which presented semi-empirical models for ReRAMs as memristors, [38]
that described a Monte Carlo model for ReRAMs, [39] which derives a delay
model for memristor–based memories utilizing a flux-charge description, or [27]
where a model for phase change memories is presented. Finally, two examples of
experimental characterization of a memristive system utilizing the flux-charge
notation, are presented in [40], where a light bulb is determined to be a generic
memristor and in [41, 42], where the influence of waveform frequency and shape
are discussed.

3. The Dynamic Route Map

3.1. The Dynamic Route Map Technique
Phase space, initially introduced by J. Liouville [43], is a space proposed by

Poincaré [44] for studying nonlinear systems. The study of nonlinear systems in
phase (or state) space is an established approach in nonlinear dynamics, since
important attributes of the systems clearly emerge within. The case of a two
dimensional phase space, that of the phase plane, i.e. the space of X vs. dX/dt
(where X is a state variable of the studied system), was introduced and utilized
by the Ehrenfests in the early 1900s [45].

As already mentioned above, memristors are described, in general, by Eqs.
(1) - (3). These equations refer to the case of extended, flux-controlled memris-
tors; while a duality principle holds for the case of charge-controlled ones. Con-
sidering their hysteretic behaviour (fingerprint) and furthermore their switching
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Figure 1: A typical DRM for an arbitrary system, having as a parameter the voltage applied.
It includes three distinct cases; the case in middle provides an example of identifying the
equilibrium points of a system - two unstable (labeled x) and a stable one (unlabelled x), in
this case.

properties, memristors clearly emerge as nonlinear elements [46]. Thus, it is ex-
pected that studying their properties within a phase space, would provide useful
information about the devices and their dynamical properties.

To this direction, the Dynamic Route Map technique, a method mounted
within the phase plane, was proposed to be applied in the case of memristors;
thus providing information on specific features they demonstrate, such as their
switching properties [47].

Beginning from the definition in the case of memristors, the Dynamic Route
defines the course of a non-zero state variable, within its phase plane, when
memristor’s voltage (for flux-controlled) or current (for charged-controlled) gets
a specific value. Notice that this is equivalent to plot Eq. 2. Consequently, the
DRM is a parametric collection of a theoretically infinite number of Dynamic
Routes [47]. In Fig. 1, a typical example of a DRM is presented. In this figure
three distinct cases appear; the most characteristic is the case in middle, which
includes a stable and two unstable equilibrium points (where dX/dt = 0).

Important features of DRM and consequences coming out of it, include the
following (for a comprehensive and detailed presentation, see [47]):

• DRM is infinitely dense.

• For visualizing DRM, only some of the Dynamic Routes (a finite number)
are displayed.

• Any point of a dynamic route, belonging to the upper half plane, moves
to the right (increasing the value of the variable).

• For a dynamic route belonging to the upper half plane, the higher it stands,
the faster its points move along their tracks (to the right).

• Any point of a dynamic route, belonging to the lower half plane, moves
to the left (decreasing the value of the variable).
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Figure 2: Parameters of a conductive filament when considered as a truncated cone.

• For a dynamic route belonging to the lower half plane, the lower it stands,
the faster its points move along their tracks (to the left).

• Points laying on the horizontal axis, are equilibrium points (since their
possess null velocity dX/dt = 0).

• An equilibrium point in 2D may be stable (the trajectories are such that
the points converge towards it) or unstable (the points diverge from it).

The dynamic route for a zero parameter value – in the case of memristor for
zero voltage v=0 (or current i=0) – reduces to the Power-Off Plot (POP). The
POP has been proposed as a tool for identifying memristor volatility in simple
visual way. According to [47], any memristor demonstrating one stable and two
unstable equilibrium points appears to be a volatile device; on the contrary,
non-volatile memristors demonstrate one unstable and two stable equilibrium
points.

Finally, it is worth commenting on one important issue that could be easily
identified by utilizing the DRM: the dynamics demanded in order to achieve
switching in a memristor device (i.e. setting and resetting it) can be visual-
ized on the DRM. This way it becomes clear that these two operations could
be achieved by obliging the operation point to change the dynamic route for
a specific period of time. This operation is usually achieved by the applica-
tion of suitable positive or negative pulses that compel switching between two
equilibrium points.

3.2. Example of DRM: Toy Model
For the shake of clarity, a simple toy model, that can be easily conceived,

is presented in this section. Let’s consider that the memristive behaviour is
mediated by a conductive filament, defined as in Fig. 2. To provide a physical
basis, we can consider a model described by [48], but strongly simplified to retain
only some features. We can describe this model using the formalism presented
in the previous section as the following set of equations:
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i = G(ϕ, v, r) · v (6)

ṙ = gϕ(ϕ, v, r) = A · v · exp(−B · r2

a+ v
) (7)

G(ϕ, v, r) = K
r2

h
(8)

L(ϕ, v,x) =
∂gϕ(ϕ, v,x)

∂v

= A · e−
Br2

a+x
a2 + 2av + v(Br2 + v)

(a+ v)2
(9)

J(ϕ, v,x) =
∂gϕ(ϕ, v,x)

∂r

= −2 A B
v r

a+ v
· exp(−B · r2

a+ v
) (10)

In the equations above A, B, and K are constants related to the technology,
and h is the device dielectric thickness. The radius r is defined as an effective
average between rmax and rmin in Fig. 2. This model corresponds to an ex-
tended memristor device, since neither the Laplacian (Eq. 9) nor the Jacobian
(Eq. 10) are nil. In addition, we can see that the POP equation (Eq. 7 for
v = 0: ṙ(v = 0) = 0) is nil. Thus, the model corresponds to an extended
memristor with long-term memory.

This very simple model already leads to a behaviour showing some of the
most intriguing dynamics of real resistive memristor devices, namely a high
dependence on initial conditions (i.e., the initial radius of the CF), and a reset
voltage (i.e., the voltage where the radius gets to zero) depending on both the
initial conditions and on the shape and frequency of the used waveform, as has
been shown experimentally [41, 49].

The dependence on the input signal shape and frequency of this model is
shown in Fig. 3, where four different signals are plotted versus time until the
filament breaks at r = 0, all starting from the same initial point. Notice that this
is equivalent to the reset point. The same waveforms are plotted in Fig 4, but
plotting the current versus the voltage. In the case of the sinusoidal waveforms
(blue and black lines), the memory effect is clearly shown in the apparition of
lobes. Thus, this demonstrates that a repetitive signal can be used to set the
desired resistance of the device.

On a separate thread, we have then used Eq. 7 to plot the evolution of the
radius versus the radius (the Dynamic Route Map, DRM), in Fig. 5. In this
plot, it is clearly seen that the radius decreases faster for higher voltages and
smaller radius, as expected.

Finally, we have used the same Eq. 2 to plot a 3D surface in Fig. 6, where
we have also plotted the evolution of the waveforms in Fig. 3. Notice that
when using this representation, the evolution of the system means that all the
waveforms simply move over the surface defined by Eq. 7, thus providing a
valuable insight into the dynamics that govern the device.
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Figure 3: Temporal evolution of the curve of the applied signal until the reset point for different
waveforms. Notice that the curves stop when the reset point is reached (the CF radius gets
to zero) and, thus, have different lengths.
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Figure 4: Current vs Voltage evolution of the curve of the applied signal until the reset point
for different input waveforms, as shown in Fig. 3. Notice that the curves stop when the reset
point is reached (the CF radius gets to zero).
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Figure 5: DRM of the CF radius, as in Eq. 7, for various constant voltages. The arrow shows
the direction of increasing voltage between 0 and 2V, with 0.4V increment.

Figure 6: Evolution of the curve of the applied signal in the DRM space. The curves are
extracted from those in Figures 4 and 5, as calculated with Eqs. 6-10. Notice that the curves
stop when the reset point is reached, which is when the CF radius gets to zero. The surface
corresponds to the 3D representation of Fig. 5.
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3.3. DRM in a Flux-Charge model
As another example, we will consider an already existing model [50, 51, 52,

53], derived from that presented in [28]. This model starts by defining a relation
between charge and flux, as in Eq. 11.

Q = Q0 · (
φ

φ0
)n (11)

The memconductance G is then described by:

G =
dQ

dφ
= n · Q

φ
(12)

Its rate of change can be written by taking the derivative of the memcon-
ductance (12) as following:

dG

dt
= G · v · n− 1

φ
(13)

Notice that this is already the DRM equation for the conductance. However,
it can written in a more compact way assuming that n is nearly a constant:

dG

dt
= G (n− 1)

d

dt
ln(φ) = G

d

dt
ln(φn−1) (14)

The effective radius reff of the conductive filament can also be calculated
easily, assuming a cylinder [30, 38]:

G =
σ π r2eff

h
(15)

where σ is the conductance of the conductive filament, assumed to be nearly
constant.

Then, the radius and its rate of change can be expressed as:

reff = r0
√
G (16)

where r0 =
√
h/σπ.

dreff
dt

=
r0

2
√
G

dG

dt
=

1

2
reff

d

dt
ln(φn−1) (17)

For instance, let us consider the case of a simple ramp for the input voltage
with slope α:

V = αt (18)

Then the flux is:
φ =

1

2
αt2 + φ0 (19)

Then, the DRM can be expressed as:

dG

dt
= (n− 1) G

d

dt
ln

[(
1

2
αt2 + φ0

)]
=

(n− 1) G αt
1
2αt

2 + φ0

(20)

or using the effective radius:
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Figure 7: DRM for the effective radius and its temporal derivative for different voltage ramp
slopes (α), using memristor model described by Eq. 21. Notice that dreff/dt is plotted in
absolute value.

dreff
dt

=
(n− 1) reff αt

αt2 + 2φ0
(21)

Figure 7 plots Eq. 21 for different values of the slope α to obtain the DRM
in the case of the effective radius. It can be seen that the rate of change of
the radius reff increases when the radius decreases, which is coherent with
a thermal model where the relation between the volume where the power is
generated and the surface where the power is dissipated goes as 1/reff . This
behaviour implies a higher power dissipation efficiency for smaller radius, thus
causing higher radius decreasing rates due to higher temperatures.

4. Experimental Measurements and Results

After introducing the DRM technique, we have presented two different ex-
amples on how to calculate it in the case of two models. These two examples
have shown how to interpret the evolution of the system under different input
waveforms. This method has then been utilized to interpret data obtained from
real devices.

We have measured TiN/Ti/HfO2(10 nm)/Al2O3(2 nm)/W devices, where
the dielectric layers were grown by Atomic Layer Deposition. For all our mea-
surements, the W layer was grounded and the different input voltage signals
were applied to the TiN/Ti top electrode. To estimate the DRM, we considered
the effects of different ramp speeds and sine function voltage signals of differ-
ent frequency, measuring 100 Resistive Switching (RS) cycles for each different
waveform as in [49]. The ramp speeds were (0.08, 0.16, 0.24, 0.34, 0.43) V/s,
while the sinusoidal signal frequency were (0.0131, 0.0340, 0.0540) Hz.
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The measurements were performed by using a HP 4145B parameter analyzer
and a probe station. The signals were generated by the 4145B, which was GPIB
connected and controlled remotely. This same instrument was also measuring
the currents through the devices under test. Figure 8 shows some examples
of the I-V curves measured for a selected device under the different inputs
waveforms, where a significant dependence on frequency and shape is observed,
as expected [41, 49].

Figure 8: Examples of different I-V curves of the selected devices under different waveform
excitation.

This work has focused on the low (LRS) to high resistance state (HRS)
transition. In our case, for slow signals, and assuming that the conductive
filament (CF) has a truncated-cone shape, we could consider the minor radius
r of the CF as the sole estate variable, as in Fig. 2 (in the most common case
of filamentary conduction ReRAMs).

For this region, the resistance R of the conductive filament (CF) was esti-
mated by using Eq. 22 and the values in Table 1. The CF shape was assumed
to correspond to a truncated-cone with small radius r, high radius 4 ∗ r, and
thickness h. Using these assumptions, we have estimated the radius evolution
for each measured curve during the LRS to HRS. This process is depicted in
Fig. 9, and can be divided into three parts:

1. IV curves. The I-V curves were measured for each LRS to HRS transi-
tion, and the reset point was determined.

2. Resistance Determination. From the previous experimental curves,
the resistance up to the reset point was calculated using Ohm’s Law.

3. Radius calculation. Using the resistance calculated in the previous step,
and the value of the conductance in Table 1, the value of the radius was
estimated as:
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Figure 9: a) Current versus applied voltage (the reset curve section employed in the calculation
is shown in bold) obtained making use of an input voltage with a ramp of -0.08 V/s; b) The
resistance is extracted and shown versus the applied voltage; c) The conductive filament radius
versus applied voltage is estimated.
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Table 1: Technological parameters and fitting constants used for the TiN/Ti/HfO2/Al2O3/W
stack used to fabricate the ReRAM memristive device. (* The value of h is calculated by
adding the thicknesses of the HfO2 layer (10 nm) and theAl2O3 (2 nm)).

Parameter Value Units
h (∗) 12 nm
σ 5·105 S/m

3.5 4 4.5 5 5.5 6 6.5 7 7.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

r (nm)
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/d

t
(n

m
/s

)

Figure 10: Radius of the conductive filament versus dr/dt (in absolute value), extracted from
experimental measurements as described in the text. The points correspond to the evolution
of the CF, as estimated, and the lines show their moving average.

r =

√
h

4πRσ
(22)

Since the thermal inertia can be neglected in the low frequency operation
regime considered for our calculations, a first order memristor can be assumed.
Plotting the values of radii extracted, using Eq. 22, for several reset curves,
applying both ramp input voltage signals and sinusoidal input waveforms v(t),
results in Figure 10. To create this figure, we first have plotted all the [r, dr,
v(t)] points. Then, to obtain a drawing similar to Figure 5, we plot in Fig. 10
the points corresponding to constant V values. In this same Figure, the lines
correspond to a moving average. It has to be pointed out that each full I-V cycle
causes different initial CF r values. Notice that the moving averages strongly
resemble those in Figures 6 and 7, as expected.

As a second step, we have plotted in a 3D graph the [v, r, abs(dr/dt)]
triplets, corresponding to the experimental measurements (see Figure 11) to
further emphasize that their dynamic behaviour is located on a surface. These
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points define the DRM surface, where all the trajectories of the system must lay
on. It is apparent in this Figure that the DRM behaviour seems to hold true
for all the curves considered. The deviations from this surface are attributed
to random fluctuations in the initial size and shape of the conductive filaments,
which are created anew in the set part of the cycle. Additionally, another source
of error is the propagation of the measurement error and noise, which directly
translates into deviations of the estimated CF radius.

It is worth pointing out the existence of two secondary bumps in Fig. 11,
probably due to multiple CF. These bumps are clearly exposed in Fig. 12, which
is simply a rotation of Fig. 11.

4
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8 0

0.2
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0.6
0
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0.4

0.6

0.8

1

r (nm) V (V)
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/d

t
(n

m
/s

)

Figure 11: 3D plot of the experimental DRM, showing also an empirical surface fit. The
points correspond to a random selection of extracted [V, r, dr/dt] triplets. For the sake of
clarity, three specific indicative trajectories are marked as red lines.

It has to be noted that results from both the toy model (Eq. 7) and the
charge and flux model (Eq. 21), closely resemble experimental data; thus show-
ing that the model reproduces the physics behind the reset mechanism, in a
reliable way. Specifically, all of them show very similar behaviour in the evo-
lution of the radius time derivative, which accelerates as the radius tends to
zero; further reflecting the positive feedback process between conductance and
temperature, which is behind reset events in resistive switching devices.

Moreover, it has to be noted that the evolution of the experimental curves
dr/dt vs. r and v(t) fall on a surface in the 3D plot, as predicted by the models,
and as shown in Figure 11. This last result hints for the fact that the response
of the device under an arbitrary input is being mainly governed by the initial
conditions (aka the initial CF radius) and the shape of the DRM.

15



Figure 12: Rotation of the 3D plot of the experimental DRM, showing the presence of two
secondary bumps on the main surface, caused probably by the existence of different CF.
The points correspond to the whole range of extracted [V, r, dr/dt] triplets, and the grid
corresponds to an empirical fit of those points.

5. Conclusion

In this paper we have made a presentation of the Dynamic Route Map
(DRM) concept and its great potential in the modelling and analysis of mem-
ristive devices. To do so, we have tackled with the DRM analysis from the
modelling side on a first step. In particular, we have addressed the issue by
means of two memristor models based on different paradigms. The first of
those models is based on a physical description of the memristor, assuming
filamentary conduction. It is described by an explicit equation for the radius
variation, that, under the convenient formulation, leads to the calculation of
the system DRM. We have plotted this DRM, and we have shown that differ-
ent effects (reset voltage dependence on the waveform, variation of the device
behaviour caused by different waveforms, etc.) are easily explained using this
framework. We followed the same approach using a second model, which is
based on a memristor definition through a nonlinear analytical link between the
device charge and flux. We have also derived an expression for the CF radius,
and plotted the DRM for this second model, obtaining a shape that resembles
the one of the previous case.

As a second complementary step, we have extracted experimentally the DRM
of a ReRAM device. This is an interesting task, involving many modelling
assumptions and measurement noise. We considered a truncated-cone shape
for the conductive filament, and extracted the CF average radius in much the
same way than for the charge-flux model. The results show that all the points
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move very close to the surface generated by the DRM, independently of the
input voltage signal waveform, or the actual considered cycle. Consequently, we
have shown that, actually, the memristors are not behaving differently under
different stimuli. It is simply that the observed device response is the projection
on the I-V variables of a trajectory on a different phase space determined by a
governing state variable, its rate of change, and the input stimulus. The relation
between these magnitudes is what really defines the device behaviour, and, as
shown, this relation can be experimentally determined.
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