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Multiple nonvolatile and well-separated capacitive states can be obtained in a two-terminal ferro-
electric capacitor setup by fine tuning the polarization switching process. This approach allows for the
implementation of memcomputing (same platform for storage and computing) capable ferroelectric struc-
tures. Digital and analog storage modes are exemplified in this work together with an algorithm for
simple binary computation functions such as OR/NOR and AND/NAND for data processing on the same
device. Results are obtained by controlling the polarization switching process in ferroelectric multi-
layers such as Pb(Zr0.2Ti0.8)O3/SrTiO3/Pb(Zr0.2Ti0.8)O3 and Pb(Zr0.2Ti0.8)O3/BaTiO3/Pb(Zr0.2Ti0.8)O3.
Besides memcomputing, these results can be used for nondestructive capacitive reading of information in
simple ferroelectric capacitors or can open the way toward applications such as neuromorphic and chaotic
circuits.
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I. INTRODUCTION

One of the realities of present and future technologies
is the ever-increasing need for computing speed and high-
density information storage. This technological race gives
rise to numerous challenges related to various limitations
of Moore’s law, such as the rising cost of chip manu-
facturing and physical limitations due to size reduction
[1]. For these reasons the concept of memcomputing is
gaining traction since the processing and storing of infor-
mation is performed on the same physical platform [2,3].
This new paradigm relies on passive circuit elements with
memory function, such as memristors, memcapacitors and
meminductors [4,5]. Unfortunately, there are only a small
number of systems exhibiting capacitive switching behav-
ior [6–11]. Conceptually, memcapacitors are different from
already existing electrically programmable capacitors such
as varactors and typical ferroelectric capacitors: the set
capacitance values are maintained without a power supply
and, most importantly, the read operation for each state is
nondestructive [12].

Ferroelectric materials have shown great promise for
nonvolatile memory applications, considering that the two
polarization orientations can be associated to the two
Boolean bits used in digital computing. The exploitation of
commercial ferroelectric random access memory to its full
potential is severely hindered by the destructive reading
process of the stored information, which requires multiple
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rewriting operations. These repeated cycles will eventually
alter the stability of the ferroelectric phase and compro-
mise device operation [13,14]. A nondestructive capacitive
reading will resolve this disadvantage; however, induc-
ing different capacitive states in a ferroelectric structure
can be associated with the partial switching of polariza-
tion or with a shifting of a capacitance-voltage loop due
to an internal field, leading to different capacitance val-
ues for the two stable polarization states. Unfortunately,
the first case is a transitory phenomenon for ideal struc-
tures, and for the second case the capacitance difference
between the two values is insignificant and cannot be
used effectively. Currently, the link between the memcom-
puting field and ferroelectric materials is realized with
ferroelectric-based memory structures exhibiting resistive
switching behavior [15–20]. For logic gates, ferroelectric-
based structures (e.g., graphene-ferroelectric metamateri-
als and organic ferroelectric multilayers) can be used for
digital computing [21,22].

In this article we demonstrate memcapacitive effects
in structures based on ferroelectric-insulator-ferroelectric
(F-I -F) thin-film layers. The findings are corroborated
by repeatable experimental measurements and theoretical
modeling demonstrating the presence of multiple, stable
and individually addressable capacitive states. In addition,
the capacitance states for these structures depend on the
past states along the system evolution path. This prop-
erty can be harnessed for logic operations such as OR/NOR
and AND/NAND while storing the result on the same phys-
ical device, in accordance with the parallel computation
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philosophy [23]. Finally, it is shown that intermediate
capacitance states can be obtained in between two extreme
values, which is the equivalent of an analog-type mem-
ory, a behavior that can be exploited in neural networks
mimicking the functionality of the brain.

II. THEORETICAL ASPECTS

Sequential switching of ferroelectric polarization in
three-layer structures such as Pb(Zr0.2Ti0.8)O3 (PZT)/
SrTiO3 (STO)/Pb(Zr0.2Ti0.8)O3 (PZT) was demonstrated
both experimentally and theoretically in [24]. It was shown
that there are four different polarization states that are
stable in time and available for information storage. The
theoretical arguments for proving the multi-polarization
states in the F-I -F structures are based on the Landau-
Ginzburg-Devonshire (LGD) model [24].

The free energy of the three-layer structure was obtained
as a function of the polarization state in each ferroelec-
tric layer, revealing that the F-I -F device studied has four
equilibrium states with distinct polarizations [Fig. 1(a)]. In
addition, it will be shown below that this setup also has dis-
tinct capacitance states. Starting from a given state of the
structure, it is possible to map its evolution as the voltage
is modified. Figure 1(b) shows the positive branch of the
theoretical hysteresis curve obtained using the LGD the-
ory detailed in [24]. In order to prove the nondestructive
reading operation in the F-I -F structure, one must obtain
different capacitance values between the available polar-
ization states. If the system is initially set in a stable state
where the polarizations in both ferroelectric layers are set
to point in the upward direction (toward the top electrode),
as the voltage is continuously increased, the system will

(a) (b)

FIG. 1. The theoretical description of stable ferroelectric
states and the switching between them based on the LGD
model. (a) The free-energy landscape (energy vs polarization of
each ferroelectric layer) of an F-I -F structure in equilibrium.
(b) The positive polarization hysteresis branch of an F-I -F het-
erostructure and the schematic representation of the polarization
orientation in each ferroelectric layer for different states.

remain in the initial state [see the corresponding minimum
of the free-energy function in Fig. 1(a)] until V = VC1. At
this point the system is able to switch to the next available
equilibrium state that corresponds to the case where the
polarization in each ferroelectric layer has different orien-
tation (i.e., one is pointing downwards while the other is
point upwards). One important note is that the new state is
considered stable because it is maintained when the volt-
age is slowly returned to 0 [see the red curve hysteresis in
Fig. 1(b)]. Continuing to increase the voltage beyond VC1,
the system will eventually reach its final state where the
two polarizations are pointing downwards at V = VC2. By
approximating the entire structure with an equivalent cir-
cuit of three capacitors connected in series one can write
the total equivalent dielectric constant of the three-layer
structure as follows:

ε(V) = (d1 + di + d2)

[
d1

(
1
ε0

dP1(V)

dE1(V)
+ 1

)−1

+ di

εi
+ d2

(
1
ε0

dP2(V)

dE2(V)
+ 1

)−1
]−1

, (1)

where εi is the dielectric constant of the insulator inter-
layer, and P1(V), E1(V), P2(V), and E2(V) are the polar-
izations and electric fields in the two ferroelectric layers.
Using Eq. (1) and the theoretical model for the three-
layer heterostructure [24], one can determine that the par-
tial reversal of polarization [i.e., the intermediate state in
Fig. 1(b)] leads to an increased dielectric constant of the
structure compared to the initial and final states. This
result is fundamentally different than the simple ferroelec-
tric capacitor case where the two available polarization
states have indistinguishable capacitance values. Thus the
theoretical description demonstrates the existence of four
stable polarization states and, more crucially, two distinct
capacitance states: a high capacitance state (HCS) and a
low capacitance state (LCS).

III. THE MEMCAPACITIVE EFFECT

It is now clear from the theoretical results that the non-
destructive reading process could be achievable in F-I -F
structures by a capacitance measurement that is a non-
destructive process, where the amplitude of the signal is
much lower than a coercive voltage; however, a more
compelling argument is the experimental verification. For
this reason F-I -F capacitors have been fabricated using
Pb(Zr0.2Ti0.8)O3 as the ferroelectric material and two types
of insulating materials: STO and BaTiO3 (BTO). While the
latter is known to be ferroelectric at room temperature, it
has a much lower saturated polarization compared to the
PZT layers such that its electrostatic contributions at the
PZT interfaces are similar to an insulator.
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The main result in Fig. 2(a) is the dynamic hysteresis
measurement for the PZT-BTO-PZT structure, showing
the clear decoupling of polarization switching in the two
ferroelectric layers predicted by the theoretical model in

(a) (b)

(c) (d)

(e)

(f)

FIG. 2. Two different capacitance states. (a) The hysteresis
loops obtained for a complete switching cycle for the case of
a BTO interlayer exhibiting four switching peaks in current-
voltage characteristics accompanied by a steplike increase in the
polarization loop; the extreme peaks situated at higher voltages
correspond to a totally reversed polarization, where the ferroelec-
tric polarization is either oriented up, toward the top interface in
both ferroelectric layers, for negative voltages, or down, toward
the bottom electrode in both ferroelectric layers, for positive
voltages; the intermediate peaks are obtained when the applied
voltage changes its polarity and indicates a partial reversal of
polarization in only one ferroelectric layer, generating either a
head-to-head or a tail-to-tail configuration between the polar-
izations of the two ferroelectric layers. (b) The capacitance vs
frequency, using 0.2-V ac signal, measured after setting HCS and
LCS states, respectively. (c) Voltage pulse sequence, combining
high-amplitude and low-amplitude pulses with 0.1 s duration,
used to repeatedly change the capacitance of the system between
LCS and HCS; the capacitance values are measured at 1 kHz fre-
quency and with 0.5-V ac signal. (d) RPC ratios for the BTO
and STO interlayer cases, respectively, for different frequencies
and ac signal amplitudes. (e) evolution of the two distinct capac-
itance states, during the 104 s time period, measured at 1 kHz
frequency and 0.2 V amplitude of the ac signal. (f) Distribution
of capacitance values for HCS and LCS, measured at 1 kHz and
0.5-V ac signal, and distribution of the voltage threshold defined
as the voltage necessary for switching from LCS to HCS for 15
different contacts.

Fig. 1. Changing the capacitive state can be achieved with
a simple pulse sequence shown in Fig. 2(c). A negative
−18-V dc pulse will set the polarization toward the top
electrode interface in both ferroelectric layers, which is
attributed to an LCS. The following positive +7-V dc
pulse will reverse the polarization toward the bottom elec-
trode in only one ferroelectric layer, which brings the
structure to an HCS. Moreover, the two states have dif-
ferent dielectric losses, suggesting that the loss mechanism
depends on the relative orientation of polarizations in the
two PZT layers (see the Supplemental Material [25]). For
a quantitative description of the differences between the
dielectric properties of the two states, one can define the
relative variation of capacitance between the two polariza-
tion states (RPC):

δRPC(%) = CHC − CLC

CLC
× 100, (2)

where CHC and CLC are the HCS and LCS capacitance val-
ues, respectively. The RPC values for both structures are
shown in Fig. 2(d) for different frequencies and amplitudes
of ac signals. The BTO interlayer case has higher RPC
values in the lower-frequency regime and they become
approximately equal to the STO case toward 100 kHz. For
both cases the RPC decreases at higher frequencies, the
differentiation between the two capacitive states being sig-
nificant in the low-frequency regime. The dielectric behav-
ior of the two states is better represented as a capacitance
vs frequency measurement in the 100 Hz to 1 MHz range,
presented in Fig. 2(b) (the dielectric loss for the same fre-
quency range is shown in Fig. S2 in the Supplemental
Material [25]). It is clear that the most important contribu-
tion to the capacitance of the structure is achieved toward
the static frequency regime due to the different relative ori-
entations of polarization in each ferroelectric layer and the
induced electrostatic boundary conditions at the interfaces.
When the frequency is increased, the charges contributing
to the compensation of polarization charges and associated
depolarization field, as well as the space charge regions
that may develop at ferroelectric-insulator or ferroelectric-
electrode interfaces, cannot follow the rapid changes of
the ac field, and the capacitive response is diminished,
evolving toward the intrinsic dielectric properties of the
constituent layers. This behavior, together with the two
capacitance states with different capacitance and dielectric
loss values, is observed for both the PZT-STO-PZT and
PZT-BTO-PZT structures. Figure 2(d) also shows that the
relative difference between LCS and HCS, measured by the
RPC value, becomes larger toward higher values of the ac
signal amplitude. This can be associated with the increase
of capacitance as the ac signal amplitude approaches the
magnitude of the coercive voltage.

An important aspect of information storage is the reten-
tion property, which was monitored over time for both the
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HCS and the LCS states [see Fig. 2(e)] for up to 104 s.
The nondestructive aspect of the reading operation is also
emphasized. It can be observed that during the continu-
ous 104 s capacitance measurement, there is only a 10%
drop in the capacitance of HCS; however, the net differ-
ence between the two states is clearly maintained. This
behavior reflects that the partially reversed states of the
system, while stable from an energy point of view, will
tend to evolve toward the totally reversed states that are
energetically more stable and in consequence have a lower
capacitance. The ability to differentiate between the HCS
and LCS is repeatable for many contacts, as can be seen in
Fig. 2(f).

IV. OPERATING LOGIC FUNCTIONS

As was shown above, the three-layer heterostructures
clearly exhibit four polarization states but only two dif-
ferent capacitance states. Changing between these system
states is schematically illustrated in Fig. 3.

The possibility of switching between polarization states
with distinct associated capacitance values using two dif-
ferent voltage pulses can be used to build algorithms for
logic functions. The logic operation is determined by an
appropriate choice of the initial state followed by two
particularly defined pulses with different amplitudes and
polarities as input logic “0” (L0) or input logic “1” (L1),
which can lead to stabilization of different system states
that can be read nondestructively by the capacitive method.
It is therefore possible to realize Boolean logic functions

FIG. 3. Schematic representation of the switching possibili-
ties between the four polarization states with the two different
capacitive values using corresponding signals. The red and blue
triangular pulses are the low- and high-amplitude voltage pulses,
respectively.

AND/NAND and OR/NOR using two binary input signals, as
illustrated in Figs. 4(a) and 4(b).

Thus, in Fig. 4(a) the system is initially set in a low
capacitive state by applying a negative high-amplitude
pulse, for which the polarization is oriented in the same
direction in both PZT layers. If a positive low-amplitude
voltage pulse defined as L0 is applied, the system will
evolve into a partially reversed polarization state with
a high capacitance value. Furthermore, the system can
remain in the same state if the same pulse is applied or
can be changed to a totally reversed polarization state
with a low capacitance value if a positive high-voltage
pulse is applied, defined as L1. If the initial state is sub-
jected to an L1 pulse, the system will change to a totally
reversed state with low capacitance where it will remain
whether a logic L0 or L1 pulse is further applied. Thus,
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FIG. 4. Logic operation using an F-I -F capacitor. The repre-
sentation of the polarization states in an F-I -F structure during
different stages (initialization and computation) of a logic oper-
ation for the OR/NOR case (a) and for the AND/NAND case (b),
together with the corresponding simulations of the logic opera-
tions obtained by changing the capacitance state (HCS or LCS)
of the system using different combinations of pulses. The HCS
and LCS states can have 0 or 1 values associated for logic opera-
tions and the results are memorized on the computation cell and
can be accessed at any time.
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the system will be set to an HCS if only two consecu-
tive L0 pulses are applied, otherwise the system will be
in an LCS for any other combination of two pulses. By
associating the two capacitive states with Boolean values,
the final states are the result of an OR(HCS, 0; LCS, 1) or
NOR (HCS, 1; LCS, 0) logic operation, as summarized in
Table S1 in the Supplemental Material [25]. Similarly, in
Fig. 4(b) the initial state of the device is set to a partially
reversed polarization configuration with a corresponding
high capacitance value using a negative high-amplitude
voltage pulse followed by a positive low- amplitude one.
This scenario allows the implementation of an AND/NAND
logic operation. The L0 and L1 are defined for this case
as a positive high-amplitude voltage pulse and a positive
low- amplitude voltage pulse, respectively. It is clear from
Fig. 4(b) that only the consecutive appliance of two L1
inputs determines a final HCS, while for the remaining
three input combinations an LCS is obtained (see also
Table S2 in the Supplemental Material [25]).

At this point, the proposed F-I -F structure shows simul-
taneous information storage and computation functions,
since the result of the logic OR/NOR or AND/NAND oper-
ations can be stored as HCS or LCS. Furthermore, such
devices can be used to realize cascade computations for
defined operations. It can be easily verified that for the case
of an OR operation, multiple combinations of L1 or of L1
with L0 inputs will leave the system in a low capacitive
state and only a combination of L0 inputs will change it to
a high capacitive state. The same results apply for multiple
AND operations.

V. ANALOG STORING SCHEME

The remarkable properties of the F-I -F devices pre-
sented thus far can be regarded as extreme cases, in that the
multi-polarization states used until now are fully saturated.

Further investigations reveal that intermediate capaci-
tance states can be set using different voltage amplitudes
for the writing pulses [see Fig. 5(a)]. Until now, an inter-
mediate state referred to the case where the polarizations
in the two ferroelectric layers of the F-I -F device had
opposite orientations but are fully saturated. For this case,
however, the intermediate values of capacitance can be
associated to the partial reversal of polarization in the two
PZT layers, as schematically presented in Fig. 5, where fer-
roelectric layers are formed by multiple domain regions.
After the −25-V prepolarization pulse, the system is in a
complete reversal of polarization toward the top electrode
interface. When positive voltage pulses are applied, differ-
ent ferroelectric domains will start to reverse toward the
bottom electrode interface. From an electrostatic point of
view any combination of ferroelectric polarization orien-
tations is possible between the monodomain ferroelectric
layers, as it was shown in Secs. II and III. Thus, for any

(a)

(b)

(c) (d)

FIG. 5. Multiple stable states with continuous capacitive val-
ues. (a) A continuous spectrum of capacitance values, with stable
intermediate states measured for the STO interlayer case at
1 kHz frequency with 0.5-V ac signal; insets show schematic
illustrations of polarization configurations associated with dis-
tinct capacitive states. (b) An example of a voltage sequence
combining pulses with different amplitudes and polarities used
to access different capacitive states. (c) The piezoresponse phase
signal obtained using the poling map: the upper PZT layer
present totally reverses polarization toward the surface for neg-
ative applied bias (bright central rectangular zone) while for
positive bias the polarization remains partially reversed, forming
with 180◦ domain structure. (d) The piezoresponse phase signal
obtained by applying the poling map with a voltage gradient on
the totally reversed polarization area from (c): the switching of
polarization takes place gradually with increasing the amplitude
of voltage; different degrees of partial switching of polarization
are obtained in the 8–37 V range.

complete or partially reversed polarization in the ferroelec-
tric layers, the structure has areas with high capacitance
states and areas with low capacitance states, respectively.

024053-5



GEORGIA A. BONI et al. PHYS. REV. APPLIED 12, 024053 (2019)

The equivalent capacitance of the structure will cover the
range between the LCS and the HCS, such that

CLC ≤ αCLC + βCHC ≤ CHC, (3)

where α + β = 1 are the ratios of the areas correspond-
ing to LCS and HCS, respectively. The sum αCLC + βCHC
is the equivalent capacitance of the structure, consider-
ing that the multiple areas with CLC and CHC form a
parallel capacitance connected circuit. These intermediary
polarization states have been evidenced in current-voltage
and polarization-voltage characteristics shown in Fig. S4
within the Supplemental Material. All data exhibit differ-
ent remnant polarization values, with an almost rectangular
shape and no significant back-switching contribution when
the voltage drops to zero. This assumption is also exper-
imentally verified by performing piezoresponse atomic
force microscopy (PFM) investigations in the three-layer
structure. A special poling procedure is designed. Firstly,
a rectangular area is subjected to −40 V applied volt-
age in order to ensure a complete reversal of polarization.
After this treatment, the PFM tip is used to scan the same
area from left to right while the applied voltage on the
tip is gradually increased [see Fig. 5(d)]. The PFM scan
in the phase mode revealed that the polarization switch-
ing, reflected in the domain structure, took place gradually
from a totally up state to totally down one, with a mixed
structure of 180◦ domains in between.

The PFM results are in very good agreement with mul-
tiple studies in the literature showing the apparition of
180◦ nanoscale poly-domain configurations in multilay-
ered ferroelectric-insulator structures [26,27]. Such nonho-
mogeneous systems also present stable intermediary states,
corresponding to incompletely switched polarization, over
long periods of time, due to a wide distribution of coer-
cive voltages in different nanoscale regions [28,29]. These
results can be used for constructing an analog-type fer-
roelectric memory or artificial synaptic circuits, with the
demonstrated property of nondestructive reading [30].

All partially switched polarization states in the head-to-
head and tail-to-tail polarization configurations of the two
constituent layers exhibit a relaxation on the values of the
attributed capacitance with time. The drop is significant in
the first seconds before converging toward a stable value.
This phenomenon is related to the presence of the insu-
lator interlayer and the discontinuity of the polarization
charges, which is mandatory for obtaining this sequen-
tial polarization switching and different capacitive states.
In addition, large depolarization fields are not uniformly
distributed in the ferroelectric (FE) layers (since one inter-
face is in contact with a metallic electrode and the other
with an insulator layer). Also, different defects and struc-
tural differences (domains, domain walls, pinning centers,
etc.) will appear in these structures compared to simple
FE layers. These defects have a significant role in the

switching dynamics, for example a voltage pulse sets a
particular configuration of polarization and domain distri-
bution, but reducing the voltage to zero could determine
a back-switching of polarization in a certain volume of
the layers in such a way that the system evolves toward
a minimum energy. Another explanation could be related
to the redistribution of charges inside the structures dur-
ing switching in order to compensate the newly induced
polarization state. This process could be continued after
removing the applied voltage or could be delayed com-
pared with the moment of the switching. Even if this
relaxation seems to be a general phenomenon for all polar-
ization states, the fact remains that these systems present
a good separation and differentiation between the states at
all measured moments.

One should also keep in mind that this study is a proof
of concept for nondestructive reading of polarization states
and many aspects such as the relaxation of the capaci-
tance are suitable for separate study. A better choice of
constituent materials, optimization of layer thicknesses
and operational optimization (time duration of the volt-
age pulse, ac signal amplitude, frequency) could solve the
capacitance relaxation problem.

VI. CONCLUSION

Information storage and processing with nondestruc-
tive reading operation are demonstrated in F-I -F thin-film
multilayered heterostructures. Two distinct, well-separated
and nonvolatile capacitive states have been obtained for
two test devices, PZT-STO-PZT and PZT-BTO-PZT, asso-
ciated with different polarization configurations of the two
ferroelectric layers. The capacitor memory setup presented
has a wide variety of uses, with demonstrated capabili-
ties as nonvolatile memory with nondestructive reading
and the ability to perform binary logic operations on the
same chip. These properties open the way for building
parallel computation systems extending beyond the von
Neumann architecture. Also, by specially designed algo-
rithms the current circuit architecture based on classic logic
gates can be simplified and optimized, leading also to sig-
nificantly reduced power consumption and reduced cost of
manufacturing.

Furthermore, by switching the polarization in each
ferroelectric layer gradually, quasistable states can be
obtained, presenting a continuum of capacitance values.
This opens the way for nonvolatile analog memory devel-
opment with nondestructive reading capabilities for con-
structing neuromorphic or chaotic circuits.
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