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Landauer Clocking for Magnetic Cellular Automata
(MCA) Arrays
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Abstract—Magnetic cellular automata (MCA) is a variant of
quantum-dot-cellular automata (QCA) where neighboring single-do-
main nanomagnets (also termed as magnetic cell) process and propagate
information (logic 1 or logic 0) through mutual interaction. The attractive
nature of this framework is that not only room temperature operations are
feasible but also interaction between neighbors is central to information
processing as opposed to creating interference. In this work, we explore
spatially moving Landauer clocking scheme for MCA arrays (length of
8, 16, and 32 cells) and show the role and effectiveness of the clock in
propagating logic signal from input to output without magnetic frustra-
tion. Simulation performed in object oriented micromagnetic framework
suggests that the clocking field is sensitive to scaling, shape, and aspect
ratio.

Index Terms—Clock, magnetic cellular automata (MCA), quantum-dot-
cellular automata (QCA).

I. INTRODUCTION

One of the pioneering efforts in field-coupled cellular automata com-
puting evolved using quantum tunneling interactions of electrons in
neighboring cell [1] is the promising phenomenal packing density, and
the low power-delay product. In this work, we study magnetic cel-
lular automata architecture, already functionally demonstrated by pi-
oneering efforts of Imre et al. [2], [3] that promise stable operation at
room temperature alleviating the criticism of some of the other Cel-
lular Automata variations. The salient feature of the magnetic cellular
automata architectures are: 1) single-domain structure and the shape
anisotropy work magnificently to store Boolean logic as the easy axis
(� -axis in our case) magnetization; 2) magnetic coupling between the
interacting neighbors assures anti-ferromagnetic alignments (anti-par-
allel), thus generating the signal and its inverse next to each other [see
Fig. 1(a)] and; 3) since magnetic interactions are direction-insensitive,
we need an addition control apart from input to drive the informa-
tion flow from input to output which is commonly termed as clock.
We have observed that conventional adiabatic clock, having group of
nanomagnets in one clock state [4] does not work well for lengthy
magnetic cellular automata (MCA) array. So we propose a spatially
moving clock field named as Landauer clock, accomplished by mag-
netically switching cell from a null state [the state which holds no bi-
nary information (“1” or “0”)], through a switching state (in which the
nanomagnet state is determined by its neighbor) and finally to a locked
state (stable state) (in which the state is independent of the previous
neighbor).

We used a micro-magnetic simulator [object oriented micromagnetic
framework (OOMMF)] that solves the Landau–Lifshitz equations ac-
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Fig. 1. (a) Definition of logic “1” and “0” for nanomagnets. (b) Metastable
states for coupled pairs.

counting various energies (zeeman energy, magnetostatic energy, ex-
change energy, anisotropy energy, demagnetization energy, etc.). We
demonstrated the spatial temporal clock known as Landauer clock on
different length arrays (8, 16, 32), different shapes (rectangular and
oval) and different nanomagnet aspect ratio (AR). The aspect ratio is
the width to height ratio.

A few observations made by our experimental simulations for the
clocking scheme are as follows.

1) Clock field is invariant with length (8, 16, and 32) and works per-
fectly all the time, yielding anti-parallel cell.

2) Oval shape nanomagnet requires high clock field strength due to
high coercivity as compared to rectangular shape nanomagnet.
Hence it is not suitable for MCA architecture.

3) Input field required is very low as compared to the null and switch
fields and is same for both shapes (rectangle and oval) for aspect
ratios under study.

4) Clock field decreases linearly with scaling of nanomagnet.

II. THEORETICAL BACKGROUND

Magnetic field coupling is emerging as a promising successor
of CMOS. The behavior of magnetic materials is described by the
classical theory of micromagnetism. In bulk materials the balance of
dipolar coupling and exchange interaction between magnetic moments
result in complicated domain structure, opposed to small magnets
which exhibit single domain behavior. In single domain, the state
is approximately described by a single magnetization vector. The
magnetization dynamics of ferromagnetic materials can be described
by the well-known micromagnetic equations (1) and (2), describing
the time evolution of the magnetization vector field M(r, t) under
the influence of an external magnetic field distribution, H(r, t). If the
magnetic particle is sufficiently small (i.e. smaller than few times
100 nm), then its magnetization behavior can be approximated by the
single-domain Landau-Lifshitz equation.
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(1)
Here,�� is the saturation magnetization of the material, � is the gy-

romagnetic ratio, and � is a damping constant. The single-domain ap-
proximation assumes that the magnetization is homogeneous inside the
particle. Therefore ������� is a single, time-dependent vector for each
particle, and the superscript ���, identifies a specific dot in an array. The
effective magnetic field 	���

������ is the average magnetic field experi-
enced by the magnetic moment, and it is the sum of externally applied
field (Zeeman field), field originating from the magnetic dot itself (de-
magnetizing field), and coupling from the dot’s neighbors
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Fig. 2. (a) Inverter. (b) Majority gate.

where � � is the demagnetization tensor, which takes into account the
shape anisotropy. The matrix ����� is the coupling between nanomag-
nets � and �. Both � and � are constant for a given geometry.

III. REVIEW OF MAGNETIC CELLULAR AUTOMATA

The magnetic cellular automata (MCA) concept is a version of the
field coupled quantum-dot-cellular automata (QCA) architecture that
was first proposed in [1]. The nanomagnets couple to their nearest
neighbors through magnetostatic interactions, try to align anti-parallel
ground state or minimum energy state Fig. 1(a) or higher-energy
metastable state Fig. 1(b). In metastable state the polarity of nearby
nanomagnet is in same direction (parallel), which is not desired for
correct flow of information. MCA offer very low power dissipation
and high integration density of functional devices. In addition, it can
operate over a wide temperature range. A nanomagnet logic device
consists of a finite number of dots. Fig. 2 illustrates two basic building
blocks that would be used to construct MCA circuits.

IV. CLOCK STRUCTURE

In magnetic QCA, first clocking scheme is proposed by Alam et al.,
where periodically oscillating external magnetic field is applied along
the hard axis (�-axis) of group of nanomagnets [4] and is adiabatically
removed from all the cells simultaneously.

From our simulation experiments, we observed that even though the
previous scheme is easy to implement and works well for short array
(upto length 4), larger array of nanomagnets cannot be clocked through
the above scheme. Fig. 3 demonstrates the frustrations in 8 MCA array
of size 60�90�20 nm� �width�height� thickness�, using this clock
scheme where the entire set was driven to hard axis at the same time
and released adiabatically (all of them at the same time). We gave 70
mT field along hard axis and then reduced the field adiabatically and
finally to 0 mT. One can easily observe from Fig. 3(d) that magnet (2
& 3) and magnet (7 & 8) are reaching a metastable state which is not
anti-parallel.

We realized that releasing field simultaneously from group of nano-
magnet, the input output directional information flow is not valid, as
not only the input would be driving the output, but the output will have
impact over the input making the information reversible. As shown in
Fig. 3(c), output (right most) nanomagnet is stronger in polarization
and influencing the driver.

The observation led us to design the true spatial Landauer clocking
where each releasing clock state would have only one nanomagnet and
the clock appears moving from input to the output deriving the direc-
tional aspect of conventional logic which is explained in Section IV-A.

A. Spatially Moving Landauer Clocking Scheme

We propose a novel clocking scheme for MCA where in essence, we
deliver a spatially varying field from input to the output.

The information processing in our scheme requires the interaction
of the following three fields.

Fig. 3. Conventional clock (Alam et. al): simulation result for eight nano-
magnet rectangle shape MCA array. (a) Clock field in hard axis is applied to
make all the nanomagnet null. (b) Release the clock field adiabatically and
input is applied to the left most nanomagnet. (c) The first and last nanomagnet
has strong magnetization during releasing hard axis field, hence output also
start driving input. (d) Not aligned correctly, frustration at 2 & 3 and 7 & 8
nanomagnet due to the bidirectional flow of information.

1) Null Field: It is the strong field applied to the hard axis (�-axis)
of the nanomagnet, resulting in the Null clock state which holds
no binary information (“1” or “0”). A large group of nanomagnets
can be placed in null clock state.

2) Switching Field: It is reduced hard axis (�-axis) field, resulting in
switching clock state in which the nanomagnet state is solely de-
termined by its previous neighbor. There is only one nanomagnet
in switching clock state.

3) Input Field: It is the small biased field given to the input nano-
magnet in � -axis to propagate the information down the line.

In this scheme, we drive all the cells initially to null state (hard axis)
and then we decrease the field of the input nanomagnet to switching
field while the remaining nanomagnets are at null state. In the next time
slot we decrease the field of next nanomagnet while rest are still at null
state and so on, thereby removing field from the nanomagnet cells one
by one.

Fig. 4 illustrates, in more detail the Landauer clocking scheme for
MCA. The figure shows an MCA array, implemented with five nano-
magnets. The geometry of nanomagnets allows three distinct states of
magnetic polarization, which depends on the strength of magnetic field
applied to the cell. Fig. 4 illustrates the snapshots of the circuit at dif-
ferent stages as it is clocked using the Landauer clocking scheme. We
are giving input to the left most nanomagnet of MCA array and the
output signal propagate to the right of the MCA array. The flow of
information across the array is controlled by the clocking signal. The
purpose of clocking field is to gradually drive the nanomagnets in a
particular state, from null to active state. The active state is determined
by the state of the neighbor nanomagnet. In this clocking scheme ini-
tially all the nanomagnets are in stable antiparallel state. All the nano-
magnets then drive into null state by null clocking field in hard axis
(�-axis) as shown in Fig. 4(a). Then we move the strong null field
from the left most nanomagnet, and give the small switching field in
hard axis, which brings it into switching state, and at this point input
field is given as shown in Fig. 4(b), while the rest nanomagnets remain
at null state. Now clock field is moved from next magnet and it comes
into the influence of switching field and hence it moves into the stable
state (magnetization in � -axis) as shown in Fig. 4(c). The nanomagnet
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Fig. 4. Landauer clocking: Showing seven stages for five nanomagnet chain.
Yellow color shows the null state; pink color is for switching state; red “1” and
“0” for blue. Each stage is for 0.5 ns. (a) Null state, all the nanomagnets in
the array forced in hard (�-axis) axis. (b) The null-field from the left most nano-
magnet is moved, comes under the switching field, at this time input “1” is given.
(c) Null-field from the second nanomagnet is moved and comes under the influ-
ence of switching field while remaining nanomagnets are at null-field. (d) The
second nanomagnet attained the stable state according to the previous neighbor
(first nanomagnet) and a third nanomagnet comes under the switching-field.

Fig. 5. (a) Simulated eight MCA array of 50 � 100 � 20 nm of rectangle
shape. (b) Simulated eight MCA array of 50 � 100 � 20 nm of oval shape.
(c) Simulated eight MCA array of 60 � 90 � 20 nm of rectangle shape. (d)
Simulated eight MCA array of 60� 90� 20 nm of oval shape magnet.

in switching state is influenced by the stable state of the previous nano-
magnet as opposed to the following nanomagnet, which is in null state.
This is because the magnetization of the null state nanomagnet is in
�-axis. In this manner the null field is removed from all the nanomag-
nets, resulting in directional information flow from input to output as
shown in Fig. 4(d)–(g).

We ran various simulations (using OOMMF simulator) and validated
the functionality of Landauer clock for different lengths (8, 16, 32)
and shapes (rectangular, oval) MCA arrays. Fig. 5 shows the simulated
result for eight MCA array. Also experimentally we demonstrated, by
moving the strong permanent magnet over the MCA array and looking
the array in magnetic force microscopy (MFM) that array aligned anti-
parallel [5].

To summarize few important features of proposed spatially moving
clock scheme, we have the following:

• Landauer clock has directional flow of information from input to
output, as output has no impact on driver (input), unlike conven-
tional adiabatic clock;

• our Landauer clock is not similar to Landauer phase clock used
for molecular QCA, in which after every fourth cycle first phase
repeats [6];

• Landauer clock implies that in every switching (releasing field)
clock state there should be one nanomagnet rather than a group of
nanomagnets.

V. SIMULATION RESULT

In this section, we employed spin dynamics and Landau–Lif-
shitz–Gilbert equation, which is packeted in OOMMF code to obtain
time evolution. We wrote the script for spatially varying field using
embedded function Oxs_StageZeeman.

Our main focus is to study Landauer clocking schemes with soft
permalloy (80–20) magnetic interconnects under various design sce-
narios. The parameters values used for the numerical calculations were
���Saturation magnetization� � �����, � (Exchange energy coeffi-
cient)� �����	 and��Anisotropy constant� � ��
�	. These param-
eters are the characteristic property of magnetic material (Permalloy)
which are used in calculating various energies (Zeeman energy, mag-
netostatic energy, exchange energy, anisotropy energy, demagnetiza-
tion energy, etc). We study the required clocking field strength and
switching field strength varying primarily three parameters aspect ratio,
shape, and scaling.

A. Aspect Ratio and Shape

It is already demonstrated that the reliability of coupling between
nanomagnets is shape dependent [2]. The geometry of the nanomagnet
introduces the shape anisotropy term �����, which is the source
of magnetic field called demagnetizing field. The relation of shape
anisotropy and geometry is given by

��� � �
�

	
�

� � (3)

	� is the magnetic moment of the 
th cell. Shape anisotropy is
present due to the dipolar interaction between the individual spin
within the nanomagnet. The term � is the constant, � � ���

�

� �w/h�,
calculated by solving the magnetostatic energy [7].

“�” is proportional to the aspect ratio [width (w)/height (h)] and it
is evident from the (3) that shape anisotropy is directly proportional to
the aspect ratio of the geometry.

We looked into the four different aspect ratios 0.4, 0.5, 0.66, 0.8, uti-
lizing Landauer clock. From our simulation results we found out that
shape anisotropy is not only important for reliability of coupling be-
tween nanomagnets, but it plays a significant role in clock field strength
also. It has been proved that very low aspect ratio requires very high
external field due to high coercive field. If we take high aspect ratio,
i.e., the more square like structure with smaller coercive field, it pre-
vents magnetic arrays being used for magnetic logic devices.

The nanomagnet array of size 60 � 90 � 20 nm� requires less null
field (70 mT) for both shapes rectangular and oval as compared the
size 50� 100 � 20 nm� and 40� 100 � 20 nm� array. It is depicted
from Table I(a) that for rectangle shape, the null field required for as-
pect ratio 0.4 is more than twice (150 mT) than for aspect ratio 0.6
and for aspect ratio 0.5 it is 30 mT more than that for aspect ratio 0.6.
The oval (angular) shape with aspect ratio 0.4 and 0.5 required high
null field because of strong demagnetization field (shape anisotropy).
The shape anisotropy require high null field because the energy differ-
ence between the two states is dependent on the shape and size of the
nanaomagnet [2]. Table I(b) shows that oval shape of aspect ratio 0.4
required null field three times more than that for aspect ratio 0.6 and
nearly twice that for aspect ratio 0.5. Hence in general oval shape and
low aspect ratio requires high null field.

We have also noticed that high aspect ratio (0.8), having square like
structure did not work. It did not attain ground state as shown in Fig. 6.
The magnetization in �-axis (hard axis) is more comparable to the
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TABLE I
(A) FIELDS REQUIRED FOR RECTANGLE SHAPE NANOMAGNET CHAIN. (B) FIELDS REQUIRED FOR OVAL SHAPED NANOMAGNET CHAIN

Fig. 6. 8 nanomagnet rectangle shape MCA array with aspect ratio 0.8 �72�
90 � 20 nm �.

� -axis (easy axis). Hence it is hard to flip the nanomagnet with high
aspect ratio.

The switch field is less than the null field as shown in Table I. We
have seen similar trend, the Oval shape requiring high switch field
which decreases with increase in aspect ratio. The 0.6 aspect ratio re-
quire less switch field (20 mT) as compared to the 0.5 and 0.4 aspect
ratio.

Through our simulation results we have shown that input field re-
quired is very low and is same for aspect ratio 0.5, 0.66 (5 mT) irre-
spective of the shape as shown in Table I. While the input field required
for low aspect ratio 0.4 is less (3 mT) than the other two aspect ratio.

B. Length of Nanomagnets

We also did the clock study on three different arrays lengths (8, 16,
32). The clock field required for 60� 90� 20 nm� nanomagnet array
of 8, 16, and 32 elements is 70 mT null field, 20 mT switch field, and
input field is 5 mT. For 50 � 100 � 20 nm� MCA array the field re-
quired for correct evaluation is 100 mT null field, 30 mT switch field
for rectangle shape and for oval shape, 130 mT null field, 40 mT switch
field is required which is same for all length arrays (8, 16, and 32). So
in general the MCA array length does not matter with regards to the
clock field strength.

C. Scaling

From the shape anisotropy study, we concluded that rectangular
shape is best for the MCA architecture, as it required less clock
field strength as opposed to oval shape. We conceive our next
study, i.e., scaling of nanomagnet, with the rectangular shape and

TABLE II
SCALING RESULT FOR 60 � 90 � 20 nm RECTANGLE SHAPED EIGHT

NANOMAGNET MCA ARRAY

60 � 90 � 20 nm� (0.6 AR) size nanomagnet MCA array. It has
been demonstrated that MQCA-based logics are scalable. We have
scaled the MCA array with different factors and observed that clock
field strength decreases with scaling as explained in Table II. This is
because as we scale down the size of nanomagnet array the surface
volume of the nanomagnet decreases, resulting in small magnetization
hence requiring less clock field to reevaluate the array. Thus, we show
in this work that spatially moving clocking field is essential for correct
logic propagation.
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