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ABSTRACT The idea of nanomagnetic Boolean logic was advancedmore than two decades ago. It envisaged
the use of nanomagnets with two stable magnetization orientations as the primitive binary switch for
implementing logic gates and ultimately combinational/sequential circuits. Enthusiastic proclamations of
how nanomagnetic logic will eclipse traditional (transistor-based) logic circuits proliferated the applied
physics literature. Two decades later there is not a single viable nanomagnetic logic chip in sight, let alone
one that is a commercial success. In this perspective article, I offer my reasons for why this has come to
pass. I present a realistic and tempered vision of nanomagnetic logic, pointing out many misconceptions
about this paradigm, flaws in some proposals that appeared in the literature, shortcomings, and likely pitfalls
that might stymie progress in this field.

INDEX TERMS Nanomagnetic logic, magnetic tunnel junction based logic, dipole-coupled nanomagnetic
logic, logic reliability, practicality.

I. NANOMAGNETIC BOOLEAN LOGIC
Traditional logic gates use a transistor as the primitive binary
digital switch to implement the conditional dynamics of a
gate. The transistor switch is fast, reliable, has isolation
between the input and output terminals, has voltage or current
gain, and also has a high conductance on/off ratio – all
of which are conducive to implementing logic circuits. It’s
inherent drawback, however, is that it is a volatile device and
hence the output bit of an end-of-chain logic gate must be
transferred to a remote memory bank for safekeeping. That
bit may then have to be fetched back from the memory bank
to execute the next instruction set and subsequently returned
to the bank for preservation. This transfer back and forth
between the processor (gate) and the memory slows down
the computation and is ultimately the most serious bottleneck
in von-Neumann architectures. In contrast, a nanomagnetic
logic gate is non-volatile (because it is implemented with
nanomagnets) and hence the output bit can be stored in-situ
in the gate, thus eliminating the need to transfer it to a
memory bank. This feature lends itself to powerful non-von-
Neumann architectures (e.g. ‘‘computing in memory’’) and
myriad other applications. It is this property (non-volatility)
that initially spurred interest in nanomagnetic logic.
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Furthermore, it was also conjectured that a nanomagnetic
switch may be more energy-efficient than a transistor
(although this is not always true) but this advantage could
be offset by the slower switching speed. In fact, the energy-
delay product of a nanomagnetic switch has never been
convincingly shown to be significantly smaller than that of a
transistor. The switching speed however is a moot issue since
the speed of a computational task is determined more by the
nature of the problem and the architecture of the computer
than the working speed of its constituent elements. A case
in point is the human brain versus a digital supercomputer.
Neurons respond slowly, in time scales of milliseconds,
and yet the human brain easily outperforms the best digital
supercomputer (whose transistors switch in ∼100 picosec-
onds or less) in such tasks as face recognition. Since mag-
netic switches may be amenable to superior architectures
because of their inherent non-volatility, their slowness may
be (at least partially) offset by their compatibility with such
architectures. Moreover, there is now significant research in
anti-ferromagnetic switches which switch much faster than
ferromagnetic switches [1] and they are capable of reaching
the switching speed of a modern day transistor.

A recent study explored the effect of slow device switching
speeds in Boolean logic and used the memristor as an exam-
ple [2]. Amemristor is typically an order of magnitude slower
than a magnetic switch. The study focused on ternary logic
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and concluded that slow switching remains an impediment,
but can be tolerated for specific types of circuitry. Although
slow switching is undeniably a disadvantage, it is not the
primary reason why magnetic devices are not the preferred
constituents of Boolean circuits. The primary reason is the
lack of error resilience (unreliability) that magnetic devices
suffer from and that preludes their application in state-of-
the-art Boolean logic circuitry. I discuss that later in this
perspective.

The basic idea of implementing a binary switch (the
primitive element of a logic gate) with a nanomagnet is a
simple one. Consider a nanomagnet shaped like an elliptical
disk, as shown in Fig. 1. Because of the shape anisotropy
energy in such a nanomagnet (caused by the elliptical shape),
the magnetization can point only along the major axis of
the ellipse (easy axis), either pointing to the left, or to the
right, as shown in Fig. 1(a). If the nanomagnet has signifi-
cant surface magnetic anisotropy, then the magnetization can
point normal to the surface – either up or down – as shown
in Fig. 1(b). The former kind of nanomagnets – of the type
shown in Fig. 1(a) – are said to possess in-plane magnetic
anisotropy (IPA) whereas those of the latter kind – shown
in Fig. 1(b) – are said to possess perpendicular magnetic
anisotropy (PMA). PMA nanomagnets are more immune to
shape and size variations than IPA nanomagnets and hence
preferred in many applications. In the ensuing discussion,
wewill focus on IPA nanomagnets, but wewill return to PMA
nanomagnets when the distinction between them is important.

FIGURE 1. A nanomagnet shaped like an elliptical disk has two stable
magnetization orientations which can encode the binary bits 0 and 1.
(a) in-plane magnetic anisotropy, and (b) perpendicular magnetic
anisotropy.

The two stable orientations of the magnetization shown
in Fig. 1(a) can encode the binary bits 0 and 1. If we can
switch the magnetization between these two orientations with
an external agent, then we will realize the primitive binary
switch. This is the basic idea of a nanomagnetic switch. The
nanomagnet is of course assumed to be ideal, with no defect
or pinning site that can give rise to metastable states, i.e.
metastable orientations that deviate from the major axis of
the ellipse. We will also assume that the magnetic mate-
rial is amorphous and hence there is no magneto-crystalline
anisotropy that could spawn additional stable or metastable
states. Finally, we will assume that the nanomagnet is small
enough to have a single domain, meaning that all the spins

inside the nanomagnet point in the same direction because of
mutual exchange interaction.When we flip the magnetization
to switch the bit, all the spins in the single-domain nanomag-
net rotate in unison, acting like one giant classical spin [3].
This is called coherent switching and it may reduce energy
dissipation during the switching process.

The contrast with the transistor switch is immediately clear.
In a transistor, the two bits 0 and 1 are encoded in two con-
ductance states of the device (high and low). These two states
are demarcated by the amount of electrical charge stored in
the device. More charge present might make the device more
conductive and less charge present will make it less conduc-
tive. Thus, the two bits are actually encoded in the amount
of charge present in the device. To change the conductance
state from one to the other (and thus switch the bit), electrical
charge must flow into or out of the device [4], leading to
the passage of a current and the inevitable associated energy
dissipation. This is a shortcoming of all charge-based devices.
After all, charge is a scalar quantity and has only magnitude
and no direction. Hence if we use charge as the state variable
to encode bit information, as we do in a transistor, then we
must do so using two different magnitudes or amounts of
charge. Switching from one binary bit to the other would
then necessitate changing the amount of charge stored in the
device, accompanied by unavoidable current flow and energy
dissipation. This is the reason why charge-based devices tend
to be relatively energy-inefficient. Of course, that begs the
question if a nanomagnetic switch can be switched without
causing any current flow and therefore be more energy-
efficient. I discuss this next.

II. DOES CURRENT FLOW HAVE TO ACCOMPANY THE
SWITCHING OF A NANOMAGNET?
If we use the magnetization of a nanomagnet to encode the
binary bits, as in Fig. 1, then we are using a vector quantity
whose direction (not magnitude) represents the bit informa-
tion. On the surface it seems that flipping the direction should
not require any current flow (and indeed no current needs
to flow inside the nanomagnet) which would eliminate any
energy dissipation associated with current flow when we
switch. This is actually not true. Flipping the magnetization
can be achieved in many ways, but they typically do require
flow of some current, if not within the nanomagnet itself,
then somewhere else. We can think of flipping the magne-
tization with a local magnetic field, but that would require
generating that field with a local current. We can also think
of flipping it with a spin polarized current, as in spin-transfer-
torque (STT) [5] or spin-orbit-torque (SOT) [6] based switch-
ing, but generating a spin current without a corresponding
charge current flowing somewhere (not necessarily within the
nanomagnet) is unusual and not known to this author. There
are voltage controlled mechanisms of flipping magnetization,
such as voltage controlled magnetic anisotropy (VCMA) [7]
or voltage generated strain [8], but where there is voltage,
there is also current. The two are related by Ohm’s law.
Of course, it can be argued that if the voltage is dropped over
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an infinite resistance, then the current through the resistor
will be zero. Unfortunately, even an infinite resistance will
have a capacitance in parallel (even if it is a parasitic one),
which will be charged by the voltage (resulting in a charg-
ing current) and that action will dissipate energy as long as
the charging time is finite. In fact, most voltage controlled
mechanisms of switching the magnetization of a nanomagnet
(e.g. VCMA or voltage-generated stain) ultimately involve
charging a capacitor and there is a charging current asso-
ciated with that process. Hence, it is very unlikely, if not
impossible, that one can flip magnetization without causing
an accompanying current flow somewhere. Thus, there will
be energy dissipation during switching the magnetization of
a nanomagnet associated with current flow. Whether that
dissipation is larger than what is encountered in switching
a transistor, or smaller, depends on the type of transistor
and the magnet switching mechanism employed. There are
many ways to switch the magnetization of a nanomagnet
and some are more energy-efficient than others. However,
what is important to realize is that switching a nanomag-
net also requires current flow to take place somewhere, even
though the nanomagnet is not a charge-based switch. It is
a misconception that nanomagnets can be switched without
requiring current flow. Therefore the nanomagnetic switch is
not inherently more energy-efficient than the transistor.

III. IS IT TRUE THAT A NANOMAGNET DOES NOT LEAK
AND HENCE THE STANDBY POWER DISSIPATION IN A
NANOMAGNETIC SWITCH IS ZERO?
It is well-known that a complementary-metal-oxide-
semiconductor (CMOS) switch has a non-zero standby
power dissipation because both the p-channel device and
the n-channel device making up the CMOS conduct non-
zero amount of current when they are off, i.e., they ‘‘leak’’.
The standby power dissipation is entirely a consequence of
the non-ideality of CMOS causing the leakage. An ideal
CMOS should not leak and should conduct current only
during switching, resulting in no standby power dissipation at
all. It is often believed by proponents of nanomagnetic logic
and switches that nanomagnetic switches need not suffer
from standby power dissipation because nanomagnets do not
‘‘leak’’. Furthermore, it is sometimes claimed that this has
to do with the fact that a transistor is a ‘‘volatile’’ switch
(because stored charges leak away) while a nanomagnet is
‘‘non-volatile’’. Let us examine this issue in more detail.

Whether nanomagnetic switches leak or not depends on
how they are utilized in nanomagnetic logic circuits. For
the purpose of this discussion, I will first classify nanomag-
netic logic into two basic types: one that uses nanomagnets
deposited on an insulating substrate, which interact with each
other via dipole coupling to elicit logic functionality, and
another that uses amagnetic tunnel junction (MTJ) [discussed
later in this section] as the central element of a Boolean
logic gate. The first type is among the oldest and has been
termed ‘‘magnetic quantum cellular automata’’ [9]–[11].
A schematic depiction (not representing any particular gate

FIGURE 2. Nanomagnets deposited on an insulating substrate to
implement magnetic quantum cellular automata type architecture. These
nanomagnets do not have a leakage path and hence do not leak.

or circuit) is shown in Fig. 2. Here the nanomagnets indeed do
not leak charges (ideally) since no current ever passes through
them.

However, numerous groups have shown that this class is
too error-prone for logic [12]–[17]. Hence the fact that there
is no leakage is little consolation since the paradigm is too
unreliable to be of any use in Boolean logic. We will re-visit
this paradigm later again in Section IV.

The other type uses a ‘‘magnetic tunnel junction’’ (MTJ)
to function as a gate [18]–[21]. It is generally much more
reliable than magnetic quantum cellular automata. The MTJ
is shown in Fig. 3 and has been used as a memory cell, reader
and writer of bit information stored in the magnetization
states of nanomagnets, artificial neurons and synapses, Boltz-
mann machines, Bayesian inference engines, and Boolean
logic gate. It has three layers shaped like elliptical disks.
The two outer layers are ferromagnetic and the intervening
spacer layer is an insulator. One of the ferromagnetic layers
is a ‘‘hard’’ or ‘‘fixed’’ layer whose magnetization is per-
manently oriented along one of the two stable orientations.
The other ferromagnetic layer (whose magnetization encodes
the bit information) is the ‘‘soft’’ or ‘‘free’’ layer whose
magnetization can point in either of the two stable directions
and hence encode either bit 0 or bit 1. To ‘‘read’’ which bit
has been encoded in the soft layer, one simply measures the
electrical resistance between the two ferromagnetic layers.
If the magnetizations of the two layers are mutually parallel,
then the resistance is low and when they are antiparallel,
the resistance is high. Since the magnetization of the hard

FIGURE 3. A magnetic tunnel junction (MTJ) converts magnetic
orientation into electrical resistance and enables the electrical reading of
a binary bit encoded in the magnetization orientation of a nanomagnet. It
is therefore the most commonplace magnetic switch. Here we have
shown an implementation with magnetic layers that have IPA, but a PMA
implementation works similarly.
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layer is known and it is fixed, the measured resistance (high
or low) will tell us whether the magnetization of the soft layer
is pointing to the left or right. In other words, we can deduce
whether the encoded bit is 0 or 1. This makes the MTJ an
ideal ‘‘reader’’ of magnetic bit information. It can also be
used to ‘‘write’’ magnetic bits using STT, SOT, VCMA, etc.
In fact, theMTJ can be used as a reader andwriter inmagnetic
quantum cellular automata as well, although this is not always
necessary.

In addition to the reading and writing functions, the MTJ
can also be configured to act as a universal Boolean logic gate
(NAND, NOR, etc.) [18]–[21]. In that role, it essentially acts
as a magnetic switch with two conductance states – on and
off. Note, however, that this is exactly similar to the case of a
transistor where the two bits are encoded in two conductance
states. Reading the bit requires flow of current (because we
have to measure the conductance) and that is accompanied
by energy dissipation. Writing the bit also requires flow of
current somewhere (as discussed earlier) and causes energy
dissipation. There is no reason to presuppose that this dissi-
pation is always lower than that encountered in a transistor
switch although there is also no fundamental reason why it
cannot be lower.

Since we are discussing leakage, we will compare the ratio
of the two conductances representing the two bit states in a
transistor with that in a nanomagnetic switch like the MTJ.
This is the so-called ‘‘on/off ratio’’ and it determines how
leaky a switch is. For transistors, this value would typically
exceed 105. Consider a field-effect transistor with a threshold
voltage of 0.5 V. Considering a constant sub-threshold slope
of even 100 mV/decade (the minimum in an ordinary transis-
tor at room temperature is about 60 mV/decade), the on/off
ratio is 10(0.5/0.1) = 105. The highest on/off ratio reported
in an MTJ so far is less than 10:1 at room temperature [22].
Therefore, for the same on-current, the off-current in theMTJ
switch is at least four orders of magnitude larger than that in
the transistor switch, making the MTJ switch actually leak
much more than the transistor switch.
When a memory cell is implemented with an MTJ, a tran-

sistor is usually placed in series with the latter and syn-
chronized with it (i.e. the transistor is off when the MTJ
is off) and this does reduce the leakage considerably, but
MTJ based Boolean logic paradigms do not admit of such
‘‘series transistors’’. In fact, such a transistor may impair the
functionality of the logic gate. Therefore, theMTJ based logic
gates will leak much more than transistor based gates!

A clever strategy to ameliorate the high leakage associated
with the low on/off ratios ofMTJs was devised inmLogic [23]
which used current steering to reduce the deleterious effect of
leakage. However, it accomplished this with buffers and addi-
tional circuit overhead, which compromises circuit density,
among other things.

IV. UNRELIABILITY OF NANOMAGNETIC LOGIC
As stated earlier, the attractive feature of nanomagnetic
Boolean logic is its non-volatility. Because a nanomagnetic

gate is non-volatile, different stages of the computation need
not be synchronized to a single clock and the gates can be
operated asynchronously, leading, perhaps, to lower energy
dissipation [18] regardless of whether the switch itself is par-
ticularly energy-efficient or not. It also enables easy imple-
mentation of non-von-Neumann architectures, as discussed
earlier. Despite this attractive feature, nanomagnetic logic has
not become mainstream and that may have happened because
of its unreliability.

The switching error probability of a binary digital switch
is the probability that an attempt to switch it from one stable
state to the other fails owing to extraneous influences such as
device defects or thermal noise. The switching error probabil-
ity of a transistor is typically on the order of 10−15 [24], while
the switching error probability of a nanomagnet is usually
several orders of magnitude larger. The latter probability
depends on the switching mechanism employed (e.g. spin-
transfer-torque, spin-orbit torque, VCMA, strain, etc.) and
therefore also on the amount of energy dissipated during
switching since these different mechanism have different
levels of energy dissipation. Generally, there is a trade-off
between energy dissipation and error probability, which is
true of both nanomagnets and transistors [4]. For comparable
amounts of energy dissipation, the transistor is much more
error-resilient, i.e. it has a much lower error probability.
Strain-mediated switching of nanomagnets is one of the most
energy-efficient nanomagnet switching mechanisms [25].
Simulations have shown that the room-temperature error
probability in switching pristine defect-free IPA nanomag-
nets with strain exceeds 10−9 [12]–[15] and it is significantly
higher if defects are present [26]. PMA nanomagnets are less
vulnerable to structural variations (shape and size variations)
but they are still very vulnerable to thermal noise whose
effects are not ameliorated by PMA. This does not bode well
for nanomagnetic logic. Logic has stringent requirements for
reliability since bit errors in logic circuits propagate. If the
output bit of a logic gate is erroneous and that is fed as the
input to the next logic gate, then the output bit of that latter
gate will also be corrupted and so on. In other words, errors
are contagious in logic circuits. In contrast, errors in memory
circuits are not contagious. If the bit stored in one memory
cell is corrupted, then it does not corrupt any other cell.
Errors are also dynamic in logic chips and relatively static
in memory chips. That is why many on-chip error correction
schemes exist for memory, but not for logic.

The fact that magnetic switches are unsuitable for logic
has been pointed out by a number of authors [26], [27]. One
particularly vulnerable paradigm is the so-called ‘‘magnetic
quantum cellular automata’’ (mentioned earlier) which relies
on dipole coupling between neighboring nanomagnets to
implement Boolean logic gates [9]–[11]. The high error rates
in this paradigm accrue from the fact that dipole coupling is
usually too weak to withstand thermal noise. Dipole coupling
based circuitry is also not scalable in size since the dipole
coupling energy is proportional to the square of the volume of
the nanomagnets. Our own experiments with ultra-low energy
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dipole-coupled NOT gates implemented with strain-switched
nanomagnets (strain is generated with voltage) have shown
that the error probabilities are several tens of percent when
the energy dissipated to switch is a few to few tens of aJ [28].
Of course, there is always a trade-off between energy-cost
and reliability [4]. These experiments suggest that low-energy
dipole coupled architectures may not be viable for logic after
all.

One claimed experimental demonstration of a dipole cou-
pled majority logic gate using IPA nanomagnets reported the
gate error probability to be 75% [10]. This is really no surprise
since, among other things, IPA nanomagnet-based architec-
tures are extremely sensitive to even slight lateral misalign-
ment of the nanomagnets if global clocking mechanisms are
used and this makes the paradigm extremely error-prone and
unrealistic for logic applications [29]. A later experiment
used PMA nanomagnets to construct the majority logic gate
with the hope that the reliability will improve because PMA
nanomagnets’ operations are relatively immune to shape and
size variations as well as, perhaps, misalignment [11]. How-
ever, even though a low error rate was claimed, it was not
mentioned what this error rate was (probably because insuf-
ficient data were available). Another paper claimed ‘‘error-
free’’ propagation of bits in a chain of nanomagnets making
up an inverter, using the same paradigm [30], but there is no
mention of how many times the propagation was attempted
and how times it succeeded, or if more than one chain was
probed. This then provides no information on the error proba-
bility. If the construct worked 1 out of 1 time, it does not tell us
whether it also works 10 out of 10 times or 3 out of 10 times,
etc. All we can infer from this experiment is that the error
probability is not 100%, but then it could be anything between
0% and 99.999. . . %.
In 1956, von-Neumann had shown that the maximum toler-

able error probability in a single majority logic gate working
in isolation is 0.0073 [31]. The error probability will have
to be several orders of magnitude smaller than that if the
gate has to work in a ‘‘circuit’’ comprising millions of gates.
Suffice it to say then that constructs like magnetic quantum
cellular automata are too unreliable to harness for Boolean
logic operations. Yet, numerous theoretical proposals for shift
registers, full adders and more complex circuits that utilize
the notion of magnetic quantum cellular automata continue to
appear in the scientific literature and will probably continue
in the future. Invariably they assume millions of pristine
defect-free nanomagnets all working at a temperature of 0 K
(when no thermal noise is present) and all of them switch
with 0% error probability. No thought is given to the fact that
not a single magnetic quantum cellular automata system (that
performs a useful calculation) exists anywhere in the world,
even two decades after the first proposal appeared. There has
been no industrial interest in this idea in 20 years which could
be ascribed to its non-viability.

The MTJ based proposals are much more reliable than
dipole coupled architectures like magnetic quantum cellular
automata because they do not rely on weak dipole coupling,

but they have their own disadvantages as well. One of them,
termed ‘‘all-spin logic’’ because it obviates the need for
spin-to-charge conversion at any stage [19], relies on compli-
cated clocking schemes for operation. The error probability of
this paradigm has not been reported, but it is likely to be high
because of the need for complicated clocking. Another [20]
uses anMTJ to implement a full adder in a hybrid circuit con-
figuration. Its error-resilience is unknown. Yet another [21]
uses a basic strain switched magnetic tunnel junction to
implement a universal Boolean logic gate and reports a theo-
retical error probability of∼10−8 at room temperature.While
these proposals are interesting and based on sound science,
their reliability remains questionable, not to mention the fact
that the poor on/off ratio leads to other undesirable effects.
However, they may be relatively energy-efficient and exhibit
a reasonably small energy-delay product.

There is, unfortunately, almost no prior study of the relia-
bility of MTJ-based nanomagnetic logic. Ref. [32] undertook
such a study using a 4-terminal MTJ based logic gate termed
‘‘m-Gate’’ in the spirit of m-Logic [23]. These gates are
built with current-driven MTJs switched via spin transfer
torque. The authors showed that the m-Gate is more reliable
than m-Logic and calculated the error probabilities of 2 and
3-terminal NAND and NOR gates as a function of the power
supply voltage. They showed that the required gate error
probability of 10−15 can be obtained when the power supply
voltage is 40-50 V! At a reasonable power supply voltage
of 1 V, the error probability is almost 100%! This clearly calls
into question the viability of such MTJ-based nanomagnetic
logic.

Despite all their shortcomings for logic,MTJs are of course
very suitable for ‘‘memory’’ as opposed to ‘‘logic’’. Memory
is much more forgiving of errors than logic because if a
single cell is corrupted, it does not ‘‘infect’’ any other cell.
Moreover, the high leakage in the MTJ (because of the poor
on/off ratio) is mitigated by placing a transistor in series
with the MTJ in a memory cell and that transistor is used
for reading and writing. MTJ based memory has become
mainstream because of the excellent endurance, high density,
very long retention times, good latency, and compatibility
with a crossbar architecture. Two terminal memory is usually
implemented by writing bit information with spin-transfer
torque, while three-terminal memory (with much lower write
energy dissipation but larger footprint) is implemented by
writing data using spin-orbit torque. Although this perspec-
tive addresses magnetic logic and not magnetic memory,
we briefly digress into this discussion here for the sake of
completeness.

Another genre of nanomagnetic logic proposals that is
popular utilizes magnetic domain walls and encodes bit infor-
mation in the magnetization direction of domains [33]–[35].
They do not suffer from the problem of leakage or poor on/off
ratio because they do not employMTJs in the logic processing
itself, but their error resilience is not likely to be high since
domain wall magnetization can be vulnerable to stray mag-
netic fields and thermal noise. Many proposals require the
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FIGURE 4. Cartoon to illustrate the requirement of ‘‘concatenability’’ in
logic circuits.

domains to propagate through racetracks and domains may
get trapped or stuck at locations within the racetrack that have
defects, resulting in error. Therefore, their suitability for logic
is again questionable.

V. NANOMAGNETIC LOGIC PROPOSALS THAT DO NOT
SATISFY THE REQUIREMENT OF CONCATENABILTY
It is well-known among logic designers and electrical engi-
neers that logic computing has to fulfill certain fundamental
requirements in addition to performing Boolean operations
(see, for example, refs. [19], [21], [36]). Among them are:
concatenability, non-linearity, isolation between input and
output, gain, universality, reliability and scalability. Con-
catenability implies that the output of one logic gate can be
fed directly to the input of the next logic gate to implement
combinational and sequential circuits for performing logic
computing. Obviously, this would require that the input and
output variables (bits) be encoded in the same physical quan-
tity. For example, if the input is encoded in voltage states, then
the output must also be encoded in voltage states in order to
be fed directly to the input(s) of the next logic gate. If the
input(s) and output(s) are dissimilar quantities (e.g. the input
bit is encoded in voltage and the output bit is encoded in light
intensity), then transducers will be required to precede every
input port in order to transduce the arriving output signal from
the preceding gate to the correct physical form that the input
terminal of the successor gate can accept. Converting light
intensity to current, for example, will require a photodetector
as the transducer.

I illustrate this with a simple cartoon in Fig. 4 using a two-
input and one-output gate like the traditional AND, NAND,
OR or NOR. Suppose that one of the inputs is a ‘‘triangle’’,
the other is a ‘‘square’’, while the output is a ‘‘circle’’ –
all dissimilar shapes. Then the output of first logic gate can
never be fed directly to either input of the second since one
input of the second gate can accept only a ‘‘triangle’’ and the
other a ‘‘square’’ and neither can accept a ‘‘circle’’. Here, one
would require transducers to (metaphorically) transduce the
‘‘circle’’ to a ‘‘triangle’’ and a ‘‘square’’ at every logic stage.
These transducers may be so costly in terms of hardware
(device footprint, energy dissipation, cost, etc.) that it will
not be worth it. That is why concatenability is a fundamental
requirement for logic computing [19], [21], [35] because it
eliminates the need for any transducer.

Sometimes, the transducer may be simple. For example,
if the output variable is voltage and one input variable is cur-
rent, then a simple resistor can act as the transducer. However,
in many cases, the transducer may have to be much more
complex. In fact, in some logic proposals that I will discuss

next, the transducer will have to be so complex that it will
consume much more energy than the gate itself, its footprint
will be much larger than that of the gate, and its operation
may be slower than that of the gate. The performance is then
dictated by the transducer and not the gate! This is the reason
why concatenability is a fundamental requirement of logic
circuits and those that violate it are simply impractical.

Many published magnetic logic proposals actually violate
this requirement. One of the earliest ones among them is the
‘‘magnetic quantum cellular automata’’ proposal of ref. [9].
This deals with 2-input and 1-output Boolean logic operations
like AND, NAND, NOR, and OR that are carried out with
dipole coupled nanomagnets. In this scheme, one input bit
is encoded in the sign (positive or negative) of a magnetic
field pulse, another is encoded in the phase of an oscillating
field and the output is encoded in the magnetization state of a
chain of magnetic dots measured with the magneto-optical
Kerr effect. They are all dissimilar quantities! Therefore,
immensely complex transducers will be needed preceding
every gate to convert the magnetization of a chain of nano-
magnets into both the sign of a magnetic pulse and the phase
of an oscillating field. This is not a practical paradigm.

Another non-concatenable logic proposal is based on an
MTJ-like device acting as the primitive switch to implement
Boolean logic functions [18]. Here the two input bits are
directions (or polarities) of a current and the output bit is
the magnetization of a layer. The magnetization can be con-
verted to an electrical resistance with an MTJ-like device and
then the electrical resistance can be converted into a current
magnitudewith a constant voltage source. Finally, the current
magnitude has to be converted into a current polarity (or
direction) with some kind of a current level shifter. Suffice
it to say that this assembly of transducers that must precede
every gate will detract seriously from the efficacy of such a
paradigm.

Yet another non-concatenable scheme has appeared more
recently. Ref. [35] has proposed implementing Boolean logic
gates with magnetic elements using current density (to induce
spin-orbit torque) as one input, laser fluence as the other input
and anomalous Hall effect voltage as the output. An electro-
optic modulator type device will be needed as a transducer
to convert the voltage into laser fluence and a resistor will be
needed as the other transducer to convert the voltage into cur-
rent density, and they will be required at the input terminals
of every logic gate. It does not matter how good the electro-
optic modulator is. Its very presence is a nuisance and the
truth is that it should not be required at all. Needless to say,
this scheme is not practical either. Unfortunately, schemes
like this continue to appear in many applied physics journals
and will probably continue to appear in future.

The non-concatenability flaw may not be unique to nano-
magnetic logic gates and my list of (proposed) magnetic
logic gates that suffer from this flaw (that I have mentioned
above) may not be exhaustive either. The purpose of this
discussion is to merely show that many nanomagnetic logic
proposals are in violation of the basic tenets of logic design.
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Their claims of superior energy efficiency, smaller footprint,
etc. (if they are made) are meaningless because the energy
dissipation and the footprints of the complex transducers have
not been factored in. In almost all of these proposals, the need
for the transducers (arising out of the failure to satisfy the
concatenability requirement) was not even realized.

There are some magnetic logic proposals that recognize
the need for concatenability and avoid using transducers at
every stage, but they require additional overhead such as a
reset scheme and domino-style clocking [37], whichwould be
inconvenient albeit not as debilitating as requiring complex
transducers preceding every gate. Suffice is to say that cas-
cading magnetic logic gates often poses additional challenges
that detract from their efficacy as Boolean logic processors.

VI. CONCLUSION
New ideas naturally generate excitement and are some-
times embraced without sufficient scrutiny. Nanomagnetic
(Boolean) logic ideas have been around for at least two
decades and yet not a single one of them has become main-
stream or commercially viable, despite all the exuberant
claims of superiority and the undeniable benefit of non-
volatility. Perhaps the primary reason for failure is the lack
of error-resilience. Additionally, some proposals lack some
essential features like concatenability and would therefore
never be practical or useful. The science behind these propos-
als is usually sound, but many of these proposals flout basic
principles of logic design, which has prevented them from
coming to fruition. Furthermore, most purported experimen-
tal demonstrations of nanomagnetic logic, available in the
literature, have demonstrated the operation of a single gate
which is a far cry from a logic circuit where multiple gates
have to be concatenated to elicit logic functionality. A single
gate does not establish viability.

There are many nanomagnetic Boolean logic proposals in
the literature. The purpose of this perspective is not to critique
them all, but rather to point out potential pitfalls with some
specific examples. There are daunting obstacles that stand
in the way of implementing practical nanomagnetic Boolean
logic schemes, some of which have been discussed here.

A serious research effort is currently underway to
implement non-Boolean computing machinery with nano-
magnets [38]–[51]. Their requirements are very different
from those of Boolean logic and fortunately are well suited
to the features of nanomagnetic switches, especially their
attribute of non-volatility. These paradigms are relatively
forgiving of switching errors, poor on/off ratio, and the slow
switching speed of nanomagnetic switches. Many of these
constructs actually use MTJs to realize such functions as
quantum annealers [38], neurons and synapses [38]–[40],
probabilistic computing modules [41], image processing (for
encoding pixel color – black or white - in the conductance
state of an MTJ) [42], Bayesian belief networks where the
parent and child nodes are implementedwithMTJs [43]–[45],
restricted Boltzmann machines for image classifica-
tion and recognition of handwritten digits [46], integer

factorization [47], invertible logic [48], computer vision [49]
and physically unclonable function (PUF) generation [50].
Low barrier nanomagnets, where the thermal stability is
intentionally reduced allowing the magnetization to fluctu-
ate randomly in time are very useful for binary stochastic
neurons [51]. Many of these applications, e.g. neuromorphic
processors are extremely forgiving of errors since they com-
pute in a collective mode where the cooperative activities of
many MTJ neurons acting in unison produce the result of the
computation and the overall operation is not impaired if some
of the neurons misfire or are defective. This is analogous to
the human brain where the cognitive ability is not inhibited
even if some neurons die or are erratic. This area may be
the one where nanomagnets will (hopefully) find a niche and
even steal a march over their transistor counterpart. Boolean
logic is not the arena where nanomagnetic switches have,
at least so far, made any significant impact.
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