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Fig. 1. Symbols of the three circuit elements defined by the authors. These devices are
generally asymmetric.

hen studying circuit theory, we learn that there are three
fundamental circuit elements: the resistor, the capacitor,
and the inductor. The first element determines the relation
between current and voltage, the second between charge
and voltage, and the third between current and magnetic flux (or the time
integral of the voltage). These passive two-terminal devices are basic building
blocks of modern electronics and are therefore ubiquitous in circuits.
However, we are also taught that they do not store information. Even if the
state of one of the above elements changes, the information about the new
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state will be lost once we turn off the
power source and wait some time.
This point may seem irrelevant, but
it is instead fundamentally crucial:
storing information without the need
of a power source would represent a
paradigm change in electronics. For
instance, we would need many less
active elements (like transistors) to
perform any type of computation or
processing.

This state of affairs has changed
completely by the introduction in 1971
of the concept of memristor (short for
memory-resistor) by Chua [1], [9],
who noticed that fundamental circuit
theories miss an element determining
the relation between magnetic flux
and charge. Equivalently, the memris-
tor relates the current to the voltage
[1], [9] but, unlike its traditional coun-
terpart, its resistance, upon turning off
the power source, depends on the
integral of its entire past current wave-
form. In other words, it has memory of
past states through which the system
has evolved. The concept has re-
mained mainly theoretical until last
year, when interest has resurfaced due
to the realization of such a device by a
group at Hewlett-Packard using tita-
nium dioxide thin films [2], [10]. In
this device, the resistance changes ac-
cording to the voltage applied to the
system, via the migration of atomic
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defects, which consist in the absence
of some oxygen atoms (oxygen vacan-
cies) in certain regions of the film.
Due to this effect, when the power
source is turned off, the oxygen
vacancies do not easily migrate back
to their original position, and the
system maintains its new resistance
state.

Early this year, the authors took an
extra step and generalized the concept
of memory devices to capacitors and
inductors, thus defining two new
memdevices: memcapacitor and mem-
inductor [3] (see Fig. 1 for the symbols
we have introduced for these ele-
ments). In these devices, the capaci-
tance and inductance, respectively,
depend on the state and history of the
system. In addition, all these elements
show pinched hysteretic loops in the
two constitutive variables that define
them: current—voltage for the mem-
ristor, charge—voltage for the mem-
capacitor, and current—flux for the
meminductor. However, there is a
significant difference between these
new devices and the memristor: un-
like the latter, a meminductor and a
memcapacitor can store energy. A de-
tailed analysis of these new devices
and their properties is given in [3],
which will appear in a forthcoming
issue of this PROCEEDINGS.

It is important to note that, like for
the memristor, devices already exist
that operate like memcapacitors [4]
and meminductors [5] even though
they have not been categorized as such.
In these instances, other mechanisms
are at play, such as a finite charging/
discharging time of nanocrystals em-
bedded in a capacitor [4] (mem-
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